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Biagio Fernando Giannetti b, Lívia Cristina Pinto Dias a 

a Universidade Federal de Ouro Preto, Brazil 
b Post-graduation Program in Production Engineering, Paulista University, Brazil   

A R T I C L E  I N F O   

Keywords: 
Brazil 
Dam failure 
Ecological economy 
Environmental valuation 
Fundão dam 

A B S T R A C T   

In 2015, the ‘Fundão’ dam’s failure in Brazil released 44 million m3 of tailings that traveled 670 km in the ‘Doce’ 
river watershed crossing 40 municipalities and two states until reaching the Atlantic Ocean. Since then, a public 
civil action (PCA) is responsible for litigation processes, and recently established a value of US$ 43.8 billion to 
repair losses and damages, a value that brings doubts about its accuracy in expressing the loses and damages of 
the disaster. This claims for alternative methods for its monetary quantification than the current tradicional 
economic ones. Among others biophysical approaches, the emergy accounting appears as a powerful tool due to 
its donor side perspective that objectively quantifies value and recognizes energy quality. This study aims to use 
emergy accounting as method to firstly identify and then quantify the impacts of ‘Fundão’ dam’s failure, 
considering exclusively the negative direct and immediate impacts. Three categories are considered to quantify 
loses and damages: (I) suppressed stocks in the mud passage and deposition areas (MPDA), (II) social disruption, 
and (III) changes in landscape. For all the three scenarios of turnover times (Tt), results show that about 98% of 
total emergy in the suppressed stocks are related to (II) and (III), while only 2% in average is related to (I). This 
discrepancy highlights the importance of accounting for (II) and (III) since they are often disregarded or not 
directly considered by traditional economic approaches. From a macroeconomic perspective, the highest total 
emergy-based dollars (emdollar, EmUS$) found for scenario #3 reached EmUS$ 149.18 billion, a value 3.4 times 
higher than the US$ 43.8 billion established by PCA. This higher value is equivalent to the annual emergy 
demanded by the Ecuador economy with 18 million inhabitants. Rather than providing an accurate monetary 
value for the ‘Fundão’ disaster repair, this study contributes for the advancement of discussions about using 
biophysical methods such as emergy accounting that allows tracking all numbers for objective verification as 
alternative to the traditional economic approaches in quantifying losses and damages of high proportion 
disasters.   

1. Introduction 

Mining derived products are vital components in modern societies. 
However, the mining industry activity generates million tons of tailings 
per year, which can be disposed in the natural environment, be handling 
in backfilling, or stored behind dam structures (Lottermoser, 2007). It is 
estimated that there are between 29,000 and 35,000 tailings storage 
facilities worldwide (WMTF, 2020), where “tailings dam” is the main 
storage method (KOSSOFF et al., 2014). At tailing dam facilities, dam 
failures have dumped more than 250 million m3 of tailings and have 

caused almost 3000 human deaths (SANTAMARINA et al., 2019). More 
than 300 ruptures were recorded in the last century, of which 50 were 
classified as very serious (CSP2, 2020). In this category, Bowker and 
Chambers (2015) surveyed public damage costs related dam failure 
cases funding records of 14 cases between 1990 and 2010. Of these, only 
7 had sufficient data for analysis and are shown in Table 1, together with 
the recent disruption that occurred in Brazil. The values in Table 1 do 
not show a pattern between the damage values and the variables that 
compose them, although these have been used in the classification of the 
magnitude of the disruptions. It is possible that other variables, not 

* Corresponding author. 
E-mail addresses: juliano.scarpelin@usp.br (J. Scarpelin), feni@unip.br (F.D.R. Agostinho), cmvbag@unip.br (C.M.V.B. de Almeida), biafgian@unip.br 

(B.F. Giannetti), livia.dias@ufop.edu.br (L.C.P. Dias).  

Contents lists available at ScienceDirect 

Ecological Modelling 

journal homepage: www.elsevier.com/locate/ecolmodel 

https://doi.org/10.1016/j.ecolmodel.2022.110051 
Received 21 February 2022; Received in revised form 6 June 2022; Accepted 8 June 2022   

mailto:juliano.scarpelin@usp.br
mailto:feni@unip.br
mailto:cmvbag@unip.br
mailto:biafgian@unip.br
mailto:livia.dias@ufop.edu.br
www.sciencedirect.com/science/journal/03043800
https://www.elsevier.com/locate/ecolmodel
https://doi.org/10.1016/j.ecolmodel.2022.110051
https://doi.org/10.1016/j.ecolmodel.2022.110051
https://doi.org/10.1016/j.ecolmodel.2022.110051
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2022.110051&domain=pdf


Ecological Modelling 471 (2022) 110051

2

explained in Table 1, are part of the composition of the damage values, 
but the information on the methodology used to define values for each of 
the listed cases was not identified in the review. Fundão’s collapse was 
by far the most impacting event in tailings volume and linear distance . 

Fundão’s dam failure released about 44 million cubic meters of 
mining tailings, which traveled more than 670 km in water courses and 
adjacent territories in the states of Minas Gerais and Espírito Santo, until 
reaching the Atlantic Ocean (IBAMA, 2015, INSTITUTOS LACTEC, 
2020). Villages were dissipated, 19 human lives were immediately lost 
(CRUZ and DOMINGUES, 2017) and several health problems affected 
the population (VORMITTAG et al., 2018; NEVES et al., 2018; LINS 
et al., 2019), which still has to deal with a slow and insufficient repair 
system (ZHOURI et al., 2016; ALEIXO and BASTOS, 2018; SCARPELIN 
et al., 2020). The identification, valuation, and repair obligation are 
objects of legal dispute involving the population, governments and 
mining companies. Despite the complexity of assessing environmental 
impacts, a first approximation of disaster valuation was legally deter-
mined in Public Civil Action (PCA), which established the base value of 
US$ 43.8 billions for repairing all losses and damages (Brasil, 2016). 
That value was established from comparison bases with another disaster 
repair investments: the Deepwater Horizon oil platform explosion in the 
Gulf of Mexico in 2010 (Brasil, 2016; BRASIL, 2020). This comparison 
was adopted without any methodological description or objective 
justification about the assumed equivalence. 

Other monetary valuation methods, as contingent valuation, were 
also applied to sustain the US$ 43.8 billions, but they were considered in 
a partial way and developed only to claim compensation and reparation 
for the affected families. Contingent valuation method was applied in 
several studies and lawsuits (MOTA, 2001; HAUSMAN, 2012), but this 
method has limitations related to the interviewee’s beliefs, to the in-
terviewee’s lack of understanding about the environmental resources 
(COSTANZA et al., 1997; KRAMER and MERCER, 1997; Serôa Da Motta, 
1997; CHRISTIE et al. 2012), and their socioeconomic status (MAIA, 
2002). Critics argue that the central problem with this and other tradi-
tional economic approaches is that the money paid for environmental 
products and services does not consider the work done by nature and 
cannot be used to assess the real environmental wealth, that means, the 
effort of nature in providing resources to build and to maintain natural 
capital that provides environmental services (ODUM, 1996; BROWN 
and ULGIATI, 1999; ODUM and ODUM, 2001). This limitation is also 
expressed by Costanza et al. (1997) in their seminal article, which says 
that “…if we actually lived in a world that was ecologically sustainable, 
socially fair and where everyone had perfect knowledge of their 
connection to ecosystem services, both market prices and surveys of 
willingness-to-pay would yield very different results than they currently 
do, and the value of ecosystem services would probably increase”. The 
traditional valuation methods raises doubts about its accuracy because it 
does not allow tracking back to on how it was established. All these 
uncertainties claim for alternative approaches in quantifying environ-
mental disasters. 

Biophysical-based tools are alternatives to traditional economic 

valuation tools, as they quantify the investment of natural resources in 
the production of goods and services (GASPARATOS and SCOLOBIG, 
2012). Among others, emergy accounting is an important 
biophysical-based tool that can be used to assess the environmental 
impacts of disruption. Developed between the 1960s and 1990s, emergy 
accounting consists of an assessment tool to guide policy and an enter-
prise decision-making (ODUM, 1996; BROWN and ULGIATI, 1997). 
Unlike the traditional economic approach, the use of the emergy method 
allows calculating both the usage and the esthetic values to be compared 
on the same basis (ODUM, 1972; BROWN et al., 1993, 1996). For this 
comparison, all resources used to make a product or service available are 
tracked back and expressed in amount of solar energy (units of sej, 
Joules of solar emergy). Thus, emergy accounting integrates ecological 
and economic values, regardless of human perception or preference 
about them (ODUM, 1996; ODUM and ODUM, 2001) that leads to a 
stronger biophysical-based sustainability model related to the precau-
tionary principle (GASPARATOS et al., 2008). However, others authors 
claim for the necessity to consider or reflect the needs and expectations 
of the stakeholders as strategical aspect for practical application of 
policy decision making (GASPARATOS and SCOLOBIG, 2012), i.e. sci-
entific robustness and policy relevance should be equally sought. 

In the emergy accounting method, energy, material, labor, infor-
mation and relationships are identified, modelled, and quantified, 
allowing the evaluation of emergy variation in scenarios of the same 
system with and without environmental changes (ODUM, 1972; 
BROWN, 2005; LEE and BROWN, 2021). Scientific literature shows that 
emergy studies are being published for the most distinct systems as 
agriculture systems (Agostinho et al., 2008), fossil fuel production 
(BROWN et al., 2011), environmental impacts (DUAN et al., 2010; 
CRISTIANO and GONELLA, 2019), and countries and cities (SEVEG-
NANI et al., 2016; LEE and BRAHAM, 2020), but very few studies are 
focusing on the environmental disasters caused by man (e.g. BROWN 
et al. 1993). 

In this present study, we recognize the importance in establishing 
economic values for the loss and damage due to tailings spills. Addi-
tionally, we investigate that traditional economic approaches for such 
task bring uncertainties and do not allow tracking back the calculation 
procedures and assumptions. This work aims to quantify the environ-
mental impacts of the passage and deposition of tailings sludge from an 
emergy biophysical perspective. As a case study, the disaster occurred in 
Brazil 2015 (named as ‘Fundão’ dam failure) is considered to allow 
quantitative analysis. Rather than provide an accurate economic value, 
this work contributes to the discussions of advantages and disadvantages 
in using emergy accounting instead of traditional economic approaches 
in quantifying environmental disasters. 

2. METHODS 

2.1. Case study description 

On November 5th, 2015, the ‘Fundão’ tailings dam collapsed and 

Table 1 
Loss and damage costs in dam failures classified as very serious during 1990–2010, including Brazil.  

Location Year Tailing’s volume 
(106 m3) 

Lineardistance (km) Immediatefatalities Repair value(106 US$) 

South Africa, Merriespruit a 1994 0.6 4 17 46 
Guyana, Omay a 1995 4.2 80 – 156 
Philippines, Marinduque a 1996 1.6 27 – 185 
Spain, Aznalcóllar a 1998 6.8 41 0 437 
Romania, Baia Mare a 2000 0.1 100 0 246 
China, Shanxi, Xiangfeng a 2008 0.2 2 277 1429 
U.S.A, Kingston F. Plant a 2008 5.4 4 0 1300 
Brazil, Fundão b 2015 44.0 670 19 43,800  

a Values of US$ in 2014 from BOWKER & CHAMBERS (2015);. 
b BRASIL (2016). 
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destroyed parts of towns, villages, farms, and natural protected areas 
along the ‘Doce’ river watershed. Since the disaster, different works 
have been published: Aires et al. (2018) investigated the land use 
changes due the tailings passage; Queiroz et al. (2018) pointed the 
metals contamination possibility in the estuarine region; and Milanez 
et al. (2021) highlighted the gaps in mining disasters repair mechanisms. 
Besides existing other aspects that were affected by the ‘Fundão’ dam 
disaster, the present work is limited to the areas in which mining tailings 
walked through within the watershed. The case study is in the ‘Doce’ 
river basin (Fig. 1) and corresponds to the mud passage and deposition 
area (MPDA) calculated as 28,082 ha that affected 40 municipalities 
(INSTITUTOS LACTEC, 2020). 

2.2. Identification and quantification of the suppressed stocks (or assets) 

Secondary raw data were collected to sustain the scope definition 
(boundaries) of this study. It was considered the Brazilian legislation 
that classifies environmental impacts as described in the 001/86 reso-
lution of Brazilian Councill for the Environment (Sánchez, 2008) as 
illustrated by Fig. 2. The aspects encompassing ‘losses’, ‘damage’ and 
‘environmental impacts’ (immediate, direct, and negative ones) as a 
result of MPDA are included in the boundaries of this study. Due to the 
unavailability of data, other attributes of Fig. 2 were not accounted for, 
as well for both the positive environmental impacts and the negative 
indirect ones. 

The option to evaluate and quantify the suppressed stocks derives 
from the definition of natural capital used in the valuation of natural 
resources by Costanza et al. (1997), which considers stocks of materials, 
energy or information existing at a given time in a system. The identified 
stocks for the ‘Fundão’ dam failure were organized, and represented by 
an energy hierarchy (Fig. 3) diagram that represents the previous 

Fig. 1. Spatial representation of the studied case: Doce river basin limits and municipalities affected by the mud passage and deposition area (MPDA) in Minas Gerais 
(MG) and Espírito Santo (ERS) States. Legend: hydropower plants (HPP). 

Fig. 2. Brazilian environmental impacts classification as interpreted by 
Sánchez, 2008. Black boxes indicate the attributes considered in our study as 
result of the suppressed stocks by the tailings walk through and its deposition. 
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transformation processes making available energy to support the sub-
sequent transformations (GIANNETTI et al., 2019). Specifically, three 
evaluated stocks suppression categories were identified and named as (I) 
MPDA stocks, (II) social disruption, and (III) landscape – all they are 
detailed explained in the next subsections. The sum of I, II and III results 
on the total emergy lost in the suppressed stocks due to tailings 
walk-through and deposition. 

2.2.1. Identifying the suppressed stocks in the MPDA (I), social disruption 
(II), and in the landscape (III) 

The suppressed stocks categories were defined according to the data 
available from technical reports and scientific literature. Table 2 shows 
the MPDA stocks (I), that correspond to quantitative information for 
different categories of land use that were affected by MPDA, as well 
power plants structures and biomass suppression (vegetal and animal). 

As for the stocks suppressed in social disturbance (II), data available 
are more qualitative than quantitative, which makes difficult to pre-
cisely identify the stocks affected. Table 3 presents data related to 
human-health and other sociocultural variables of the affected popula-
tion, which although being qualitative data, all they were used to 
identify the suppressed stocks for social disturbance (II). 

Part of the damage to historical and cultural heritage may be linked 
to the destroyed buildings, while nontangible aspects of these stocks 
were not properly identified to allow sketching an emergy quantification 
(Fig. 4). As a way of considering the sociocultural damage and of indi-
cating its existence, a good proxy is to use a unique unit emergy value 
(UEV, in sej/person year) to represent social disruption. This approach 
was firstly used to represent human stress losses (called here social 
disruption) in the work of Brown et al. (1993) that evaluated social and 
cultural impacts of the Exxon Valdez oil spill. Together with this UEV, 
the number of people described in the Ramboll’s (2020) survey was 
considered, which indicates the existence of 64,962 families who 

Fig. 3. Negative environmental impacts, losses and damages allocated in the global energy hierarchy. Adapted from Giannetti et al. (2019).  

Table 2 
MPDA stocks (I).  

Areas Indicators Value % of MPDA 
land total 

MPDA – Rocky 
outcrop 

Area with mud and tailing 
deposition 

17.38 ha 0.51 0.06 

MPDA – 
Agriculture 

Area with mud and tailing 
deposition 

129.79 ha 3.83 0.46 

MPDA – Built-up 
area 

Area with mud and tailing 
deposition 

5.11 ha 0.15 0.02 

MPDA – Urban 
area 

Area with mud and tailing 
deposition 

35.11 ha 1.04 0.13 

MPDA – 
Sandbank 

Area with mud and tailing 
deposition 

353.55 ha 10.44 1.26 

MPDA – Water 
bodies 

Area with mud and tailing 
deposition fish loss 

24,697.11 
ha 
10,898.88 
kg 

– 87.95  

Hydropower plant (HPP) 
useful life loss 

25 years   

MPDA – Islands 
(rivers) 

Area with mud and tailing 
deposition 

181.31 ha 5.36 0.65 

MPDA – Mining Area with mud and tailing 
deposition 

9.51 ha 0.28 0.03 

MPDA – Pasture Area with mud and tailing 
deposition 

911.82 ha 26.94 3.25 

MPDA – Forestry Area with mud and tailing 
deposition 

32.04 ha 0.95 0.11 

MPDA – Exposed 
soil 

Area with mud and tailing 
deposition 

13.37 ha 0.39 0.05 

MPDA – Native 
vegetation 

Area with mud and tailing 
deposition 

1696.24 ha 50.11 6.04 

Tailing’s plume 
(coast) 

Area with intense plume 185,000 ha    

Area with soft plume 621,000 ha   

Areas suppressed by emergency works and resettlement were not considered. 
Source: INSTITUTOS LACTEC, 2020. 

Table 3 
Social disruption (II) expressed as human-health and sociocultural losses and 
damages.  

Losses and damages Source 

- Loss of autonomy of the affected 
population regarding the maintenance 
of their ways of life 

ZHOURI et al., 2016; ALEIXO and 
BASTOS, 2018; SENNA and CARNEIRO, 
2019 

- Changing and losses of network and 
community relations 

CÁRITAS BRASILEIRA, 2017; SENNA 
and CARNEIRO, 2019; GEPSA and 
AEDAS, 2020; INSTITUTOS LACTEC, 
2020 

- Mental health damage NEVES et al., 2018 
- Illnesses related to tailings exposure VORMITTAG et al., 2018 
- Public health costs of treating 

depression 
LINS et al., 2019 

- Social suffering INSTITUTOS LACTEC, 2020 
- Loss and changes of cultural practices INSTITUTOS LACTEC, 2020 
- Changing reference and memory spaces INSTITUTOS LACTEC, 2020 
- Changing and losses of areas related to 

cultural practices 
INSTITUTOS LACTEC, 2020  
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declared themselves affected by the ‘Fundão’ dam failure. Here we 
assumed this number of families multiplied by the number of two in-
dividuals per family. Since the present work quantifies the immediate 
and direct damages related to the passage and deposition of tailings, a 
period of one year is adopted for social disturbance (II) calculations. 

For the suppressed stocks in landscape (III) quantitative data were 
also unavailable, thus the analyzed data refer to negative environmental 
impacts, losses, and damages characterized in qualitative levels of 
severity and referability (Table 4). 

A third damage extends throughout the MPDA and coastal areas 
affected by the tailings plume: the alteration of landscape elements. 
Since there are incomplete information about the landscape before the 
disaster, the calculation procedures are based on the landscape physical- 
chemical available elements. These elements were built through 
weathering and material dynamics, which processes occurred in larger 
time scale than the time of mud passage and deposition. For this reason, 
the landscape elements are represented as stocks within the energy di-
agram (Fig. 5). 

There are no applications of emergy environmental accounting on 
similar systems that considers the physical-chemical elements of the 
landscape as stocks suppressed in disasters. However, Odum (1996) 
establishes that natural resources and geological information can be 
represented as stocks when built in a time window greater than the 
window of the evaluated system. For example, Odum (1996) repre-
sented an estuarine basin as a stock formed by geological work in which 
the outflow fed tidal power plants. This same approach is considered in 
this work as a proxy to quantify the landscape (III) elements. In Fig. 5 
diagram, the features that form the landscape correspond to the flow of 
renewable resources that form the stock along a turnover time (Tt) 
corresponding to the formation of that capital. For the formation of this 
stock, annual flows are considered in five different compartments, which 
consist of the entire MPDA and the coast. The compartments are defined 
according to the data described in INSTITUTOS LACTEC (2020) 
including water bodies and coastal zone (intense and soft plume). 

2.2.2. Approach for stocks quantification: emergy accounting 
From the identified suppressed stocks suppressed (I, II and III), it is 

possible to represent them in a general energy diagram (Fig. 6). The 
stock diagram resulting a conceptual model that depicts components 
importance and relationships for the entire “Doce River” watershed 
impacted by the tailing sludge. The watershed is a complex system that 
demands external resources (natural and human made ones) to sustain 
its internal processes and distinct outputs. The diagram shows the main 
elements within the watershed including natural capital areas, agro-
ecosystems, and urban areas. The storages (tank symbols) correspond to 
the resources accumulated in a window time-period (months or years) 
longer than the time demanded by the passage and deposition of the 
tailing’s sludge; the gray colored symbols indicate the storages calcu-
lated in this work. Although representing a fraction of the entire 
watershed complexity, Fig. 6 shows that storages affected and quantified 
in this work (gray ones) had fundamental importance to reach a self- 
organized structure before the ‘Fundão’ dam’s failure disaster. 

The main information about the application of emergy accounting is 
provided in this study, thus for deeper information on the method please 
refer to seminal published papers and books such as ODUM (1996) and 
BROWN and ULGIATI (2004), among several others. The most updated 
emergy baseline (GEB) value of 12.1024 sej year− 1 is used, and the 
following emergy indicators are considered: 

(a) Transformity (Tr), or the general term Unit Emergy Value (UEV): 
Tr corresponds to the solar emergy required to generate one joule of 
service or product. Its unit is the solar emjoule per Joule (sej/J) and is 
obtained by the total emergy invested ‘Y’ divided by the energy avail-
able by the system ‘Ep’ (ODUM, 1996): Tr = Y/Ep. Transformity also 
indicates the position of the system, product, or service in the hierar-
chical scale of energy in the geobiosphere. Higher values of transformity 
indicate that higher aggregate energy was needed for its generation 
(ODUM, 1996). In this work, the UEV values were obtained from pub-
lished studies (presented in Supplementary Material A). 

(b) Emergy-money ratio (EMR): It corresponds to the total amount of 
resources (in emergy units) used by the economy in a period, divided by 
the Gross Domestic Product (GDP) of the country in the same period 

Fig. 4. Sociocultural stocks of affected communities.  
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(ODUM, 1996). The EMR is used to convert the emergy values of sup-
pressed stocks into monetary values. The EMR of 2.89.1012 sej US$− 1 

(NEAD, 2018) is used in this study, which corresponds to the national 
Brazilian EMR value for the year 2014, the most updated available. 

(c) Emdollar (EmUS$): The EmUS$ of a flow or stock is defined as the 
value of emergy divided by the EMR of a given economy in a given year 
(ODUM, 1996). The EmUS$ is a macroeconomic measure which en-
compasses the values obtained from a donor side perspective (effort of 
nature) to represent the energy quality hierarchy, aspects disregarded by 
traditional economic tools. It corresponds to an appropriate measure to 
discuss large-scale systems in the economy, since decisions that maxi-
mize the EmUS$ also maximize energy. In addition, they correspond to 
an improvement of the sustainability and of the system competitiveness 
in relation to lower EmUS$ values. 

(d) Turnover time (Tt): Although it is not an emergy indicator, it has 
fundamental importance in this work. Tt is the time required for a flow 
(amount flowing per unit of time) to replace the amount stored in a stock 
(ODUM, 1996; ODUM and ODUM, 2000). 

For better understanding, the calculations procedures performed to 
quantify the suppression of stocks through emergy accounting are: Step 
#1, each suppressed stock is identified from published reports and ar-
ticles, and then depicted in system diagrams; Step #2, an emergy ac-
counting table is built for each identified stock; Step #3, an aggregate 
emergy stored in the subsystem is calculated, which corresponds to the 
sum of all annual energy flows sustaining the stock multiplied by the 
stocks formation Tt; Step #4, the value obtained corresponds to the 
stock suppression by the tailings passage and disposal, expressed in 
emergy; Step #5, lastly, the emergy is converted into currency by 
dividing by the EMR, resulting in a macroeconomic value (EmUS$) used 
for comparisons with monetary resources. 

Understanding the complexity existing along with the calculation 
procedures, Fig. 7 presents an example of the application of this pro-
cedure to allow easier understanding. In the provided hypothetical 
example, the area occupied by the subsystem corresponds to 32 ha and 
the Tt is 20 years. Calculation of the biomass stock is as follows: 

[(R + N) + (M + S)] (1012 sej ha− 1 year− 1) (turnover time) (sup-
pressed area) =

[(1600 + 10) + (900 + 190)] (1012 sej ha− 1 year− 1) (20 year) (32 ha) 
=

(2700 1012 sej ha− 1 year− 1) (20 year) (32 ha) = 1.73 1018 sej 
Therefore, the suppression of 32 ha of biomass subsystem caused by 

the passage and deposition of tailings from the rupture of the ‘Fundão’ 
dam corresponds to as loss of 1.73 1018 sej. This value can be repre-
sented in EmUS$ by dividing the emergy value by the adopted EMR, 
which corresponds to 1.73 1018 sej/2.89 1012 sej $− 1 = EmUS$ 
598,615.92. This same procedure is performed for all the suppressed 
stocks evaluated in this work, and the EmUS$ value is compared with the 
actual US$ as established by the Brazilian court. 

3. Results 

3.1. Emergy of MPDA (I) suppressed stocks 

The 11 stocks suppressed identified in the MPDA (Table 2) were 
quantified as summarized in Table 5 - details are presented in Supple-
mentary Materials A and B. Special attention should be done to the 
anthropic subsystem named as urban area, built area, mining and water, 
which presents the highest emergy values achieving 94% of total emergy 
for MPDA. Water subsystem presents the highest emergy value due to 
the hydropower power plants (HPP) stocks suppressed. 

3.2. Emergy of social disruption (II) suppressed stocks 

The sociocultural capital stocks category is another element affected 
by the tailings passage and disposal as illustrated by Fig. 4. Table 6 
gathers the values used for the calculation and presents the result of the 

Table 4 
Landscape (III) category expressed as damage to landscape elements described 
in severity and levels of reversibility.  

Negative environmental impacts, losses, and 
damages 

Severity Reversibility 

Damage to underground features Serious Irreversible 
Changes in soil composition Very 

serious 
Irreversible 

Soil density increase Serious Partially 
reversible 

Erosive processes increase Little 
serious 

Irreversible 

Change in soil bearing capacity and deformability Little 
serious 

Irreversible 

Slope stability changes Little 
serious 

Irreversible 

Soil contamination Little 
serious 

Irreversible 

Damages in soil formation Little 
serious 

Irreversible 

Changes in water courses drainage area Little 
serious 

Irreversible 

Change in the configuration of the drainage 
network of water courses 

Very 
serious 

Irreversible 

Burial of pits and weirs Very 
serious 

Irreversible 

Increase in water solids concentrations 
(continent) 

Very 
serious 

Partially 
reversible 

Water contamination (continent) Very 
serious 

Partially 
reversible 

Sediment transport dynamic changes in Doce 
river 

Serious Partially 
reversible 

River channel silting Serious Partially 
reversible 

Change in the granulometric composition of the 
sediment 

Serious Partially 
reversible 

Change in the concentration of elements in 
sediments (continent) 

Very 
serious 

Partially 
reversible 

Increase in water solids concentrations (coast) Very 
serious 

Partially 
reversible 

Water contamination (coast) Very 
serious 

Partially 
reversible 

Sediment deposition increase (coast) Very 
serious 

Irreversible 

Change in the granulometric composition of the 
sediment (coast) 

Serious Partially 
reversible 

Change in the concentration of elements in 
sediments (coast) 

Very 
serious 

Partially 
reversible 

Source: INSTITUTOS LACTEC, 2020. 

Fig. 5. Abiotic natural capital stocks damaged on landscape elements in 
the MPDA. 
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first year of social disturbance damage, reaching 3.13E+22 sej. 

3.3. Emergy of landscape (III) suppressed stocks 

For landscape suppressed stocks, the compartments were defined 
according to the INSTITUTOS LACTEC (2020) data standardization as 
shown by emergy Tables 7, 8 and 9, including: (i) Compartment 1, 
MPDA in bodies of water from the Fundão’s dam to the Risoleta Neves’ 

Fig. 6. Energy diagram of ‘Doce’ river watershed (adapted from Agostinho et al., 2010). The suppressed stocks evaluated in this work are gray-highlighted. Legend 
for main symbols: Circles represents external sources, rectangle indicates subsystems, tank means storages, hexagon means consumer, and continuous arrows means 
energy flows. Symbol details available in Odum (1996). 

Fig. 7. Hypothetical example of using emergy environmental accounting to 
quantify stocks. R: renewable sources; N: nonrenewable sources; M: materials; 
S: services; I: nature resources; F: economy resources; Y: total yielded emergy. 

Table 5 
Emergy and monetary values for stock suppression damage in MPDA.  

Negative 
environmental impact, 
loss, and damage 

Area (ha) % of MPDAb Damage Value 
land total (sej) (% sej) 

MPDA – Rock outcrop 17.38 0.51 0.06 1.19E+17 0.01 
MPDA – Agriculture 129.79 3.83 0.46 6.96E+18 0.85 
MPDA – Urban area & 

Built area 
40.22 1.19 0.14 6.59E+19 8.03 

MPDA – Sandbank 353.55 10.44 1.26 1.23E+17 0.01 
MPDA – Water 24,697.11 n/a 87.95 4.03E+20 49.12 
MPDA – Islands (river) 181.31 5.36 0.65 3.38E+18 0.41 
MPDA – Mining 9.51 0.28 0.03 3.06E+20 37.28 
MPDA – Pasture 911.82 26.94 3.25 5.21E+18 0.63 
MPDA – Forestry 32.04 0.95 0.11 6.38E+17 0.08 
MPDA – Exposed soil 13.37 0.39 0.05 7.64E+16 0.01 
MPDA – Native 

vegetation 
1696.24 50.11 6.04 2.92E+19 3.56 

TOTAL (MPDA) 28,082.34 100.00 100.00 8.21E+20 100.00a 

Calculations details for emergy values in sej are available as Supplementary 
Material A and B. 

a Correspond to 283.98 EmUS$ millions. 
b % of MPDA land refers only to terrestrial land areas while total includes 

the watercourses. 

Table 6 
Emergy value calculated for social disruption in the first year of the disaster.  

Families People/family years UEV Damage 
(sej people− 1 year− 1) (sej) 

64,962 2 1 2.41E+17 3.13E+22  
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HPP; (ii) Compartment 2A, MPDA in water bodies along the stretch of 
Risoleta Neves’ HPP to Baguari’s HPP; (iii) Compartment 2B, MPDA in 
water bodies along the stretch of Baguari’s HPP at the mouth of the Doce 
river; (iv) MPDAs in the land area from Compartments 1, 2A e 2B; (v) 
Compartment 3, coastal zone composed by the intense and soft plume 
zones. 

According to the adopted methodology, the next step would be the 
multiplication of the emergy flows by the Tt adopted for the suppressed 
stocks. However, unlike the subsystems existing in MPDA and social 
disruption stocks, the landscape-suppressed stocks are not described as 

the total suppression of a biomass stock as in the case of forests or 
agroecosystems, or even with the suppression of human infrastructure as 
in the case of built-up areas. This requires the establishment of Tt for the 
suppressed landscape stocks, which represents itself a challenge and a 
source of uncertainties because there are no data available in the sci-
entific literature on this regard. Thus, an alternative approach is to 
consider scenarios for Tt, as explained in the next subitems. 

3.3.1. Scenario #1: replacement time TT of 50 years 
A Tt of 50 years is assumed for landscape (III) stocks in scenario #1, 

Table 7 
Emergy flows for mud passage and deposition area in water bodies.  

Note Contributions Value Units UEV Emergy flow Emergy 
unit ha− 1 year− 1 sej unit− 1 1010 sej ha− 1 year− 1 % 

Compartment 1 – from Fundão’s dam to the Risoleta Neves’s HPP 
Renewable (R)   
1 Sun 4.08E+13 J 1.00E+00   
2 Rain 7.00E+10 J 7.00E+03 4.90E+04 45 
3 Wind 1.11E+09 J 8.00E+02   
4 River 4.72E+10 J 1.28E+04 6.04E+04 55 
Total Emergy (Y)   1.09E+05  
Compartment 2A – from the Risoleta Neves’HPP to the Baguari’s HPP 
Renewable (R)      
1 Sun 4.08E+13 J 1.00E+00   
2 Rain 7.00E+10 J 7.00E+03 4.90E+04 90 
3 Wind 1.11E+09 J 8.00E+02   
4 River 4.11E+09 J 1.28E+04 5.63E+03 10 
Total Emergy (Y)   5.43E+04  
Compartment 2B – from the Baguari’s HPP to the Doce river mouth 
Renewable (R)      
1 Sun 4.08E+13 J 1.00E+00   
2 Rain 7.00E+10 J 7.00E+03 4.90E+04 87 
3 Wind 1.11E+09 J 8.00E+02   
4 River 5.61E+09 J 1.28E+04 7.18E+03 13 
Total Emergy (Y)    5.62E+04  
Total emergy flows in terrestrial land area of Compartments 1, 2A e 2B 
Renewable (R)      
1 Sun 4.08E+13 J 1.00E+00   
2 Rain 7.00E+10 J 7.00E+03 4.90E+04 100 
3 Wind 1.11E+09 J 8.00E+02   
Total Emergy (Y)   4.90E+04   

Data from Supplementary Material C. 

Table 8 
Emergy from Compartments 3: Coastal Zone, intense plume zone.  

Note Contributions Value Unit UEV Emergy flow Emergy 
unit ha− 1 year− 1 unit year− 1 sej unit− 1 1010 sej year− 1 (%) 

Renewable (R)   
1 Sun 4.08E+13  J 1.00E+00   
2 Rain 7.00E+10  J 4.90E+03 6.35E+09 17 
3 Wind 1.11E+09  J 8.00E+02   
33a Tides  9.82E+15 J 3.09E+04 3.03E+10 83 
Total Emergy (Y)    3.67E+10  

Emergy flows values have been normalized for the entire area (185,000 ha), as the continental shelf area is used in the tidal flux calculation. Data from Supplementary 
Material C. 

Table 9 
Emergy from Compartments 3: Coastal Zone, soft plume zone.  

Note Contributions Value Unit UEV Emergy flow Emergy 
unit ha− 1 year− 1 unit year− 1 sej unit− 1 1010 sej year− 1 (%) 

Renewable (R)   
1 Sun 4.08E+13  J 1.00E+00   
2 Rain 7.00E+10  J 4.90E+03 2.13E+10 17 
3 Wind 1.11E+09  J 8.00E+02   
33b Tides  3.29E+16 J 3.09E+04 1.02E+11 83 
Total Emergy (Y) 1.23E+11  

Emergy flow values for Compartment 3 are normalized for the entire area (621,000 ha) as the continental shelf area is used in the tidal flow calculation. Data from 
Supplementary Material C. 
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which means that all elements of the landscape affected by the passage 
and deposition of tailings in the MPDA and on the coast would be 
replaced within a period of 50 years. The soft plume Tt was assumed as 
10% of the intense plume Tt value, since it was necessary to assume a 
minimum value for tailings in this situation. Both assumptions increase 
the uncertainties of this study, which can be developed in future studies 
when more data becomes available. Table 8 presents the value of sup-
pressed stock obtained by multiplying the emergy flows by the respec-
tive areas and turnover time Tt of 50 years; exception for Compartment 3 
because its emergy flows already includes the areas of influence, thus it 
is multiplied exclusively by the Tt to calculate the emergy value. 

3.3.2. Scenario #2: replacement time TT of 100 years 
A Tt of 100 years is assumed for landscape (III) stocks in scenario #2. 

As for scenario #1, a Tt of 10% is assumed for the soft plume area. 
Table 9 presents the value of suppressed stock obtained by multiplying 
the emergy flows by the respective areas and turnover time Tt of 100 
years, with exception for Compartment 3 because its emergy flows 
already includes the areas of influence, thus it is multiplied exclusively 
by the Tt to calculate the emergy value. 

3.3.3. Scenario #3: replacement time T.t estimated based on the global 
material flows and releasing tailing volume 

For the landscape (III) stocks in scenario#3, a different approach for 
estimating replacement time is considered. The global sediment flux 
values is used to estimated the natural time needed to remove the sed-
iments deposited in the landscape. Table 12 shows the value of conti-
nental sediment flux calculated by considering the Tt of tailings in the 
continental area and the oceanic basalt flow value from tailings in the 
coastal zone. 

Table 11 presents the value of suppressed stocks calculated by 
multiplying the emergy flows described in the Compartments 1, 2A, 2B 
and 3 (Tables 7, 8 and 9) by the respective areas and replacement times 
Tt calculated in Table 10. 

3.4. Total emergy of losses and damages caused by the tailings release 

Table 12 presents the values of damage to MPDA stocks (I), added to 
the values of losses and social (II) and landscape (III) losses and dam-
ages, and considering the three scenarios evaluated for turnover times. 
The amounts of losses are presented in emergy values of suppressed 
stocks (sej) and in monetary values expressed by the macroeconomic 
indicator emdollar (EmUS$). Results show that total emergy and EmUS$ 
values increases according to higher values adopted of T.t adopted for 
the damage to the landscape. 

4. Discussion 

4.1. Scope definition 

Since we utilize secondary raw data to sustain our scope definition 
(boundaries), some limitations can be detected: (i) most part of our 
secondary raw data are derived from technical reports. The calculations 
and assumptions can be revisited and revised since more data be 
available. And (ii) we considered the Brazilian legislation and agregated 
the terms ‘losses’, ‘damage’ and ‘environmental impacts’. Due to the 
unavailability of more detailed data, other attributes like positive 
environmental impacts and the negative indirect ones were not 
considered. This means that the following important questions are 
outside the boundaries of this study: Have energy flows altered with the 
new post-disaster dynamics? What are the new impacts generated by the 
reconstruction and resettlement of affected communities? What are the 
impacts of the disaster on the mobilization of legal and governmental 
resources in the resolution of this socio-environmental conflict? Were 
there positive economic impacts with the dynamization of jobs and 

Table 10 
Emergy value calculated for landscape (III) loss and damages in Scenario #1.   

Area Tt Emergy flow Emergy  
ha year 1010 sej 

ha− 1 year− 1 
1010 sej 
year− 1 

sej 

Compartment 1 702.17 50 1.09E+05  3.83E+19 
Compartment 2A 4378.33 50 5.43E+04  1.19E+20 
Compartment 2B 19,616.60 50 5.62E+04  5.51E+20 
Land area in 1, 

2A e 2B 
3385.23 50 4.90E+04  8.29E+19 

Compartment 3 – 
intense plume  

50  3.67E+10 1.84E+22 

Compartment 3 – 
soft plume  

05  1.23E+11 6.15E+21 

Total     1.91E+22  

Table 11 
Emergy value calculated for landscape (III) loss and damages in Scenario #2.   

Area Tt Emergy flow Emergy  
ha year 1010 sej 

ha− 1 year− 1 
1010 sej 
year− 1 

sej 

Compartment 1 702.17 100 1.09E+05  7.65E+19 
Compartment 2A 4378.33 100 5.43E+04  2.38E+20 
Compartment 2B 19,616.60 100 5.62E+04  1.10E+21 
Land area in 1, 

2A e 2B 
3385.23 100 4.90E+04  1.66E+20 

Compartment 3 – 
intense plume  

100  3.67E+10 3.67E+22 

Compartment 3 – 
soft plume  

10  1.23E+11 1.23E+22 

Total     5.06E+22  

Table 12 
Turnover time (Tt) values for materials flow based on the tailings and affected 
area.  

Flow reference Material flow(10◦5 

g year− 1 ha− 1) 
Area 
b(ha) 

Tailing 
c(1014 g) 

Tt(year) 

Oceanic basalt a 17.52 185,000 1.25 385.66 
Continental 

sediments a 
3.35 28,082.34 1.25 13,287.15  

a Material flows values described in ODUM (1996) converted to area by 
dividing the flows by the global area. For material flows in oceans, the value of 
3.62.1010 ha is adopted, while for material flows in continents the value adopted 
is 1.49.1010 ha. 

b For the oceanic flow, the area referring to the intense plume zone was used, 
while for the continental area, the sum of all MPDAs was considered. 

c The volume of 4.4.10◦7 m3 was converted in mass (g) by the density value of 
2.85 g cm− 3 (PEREIRA and PICANÇO, 2020). 

Table 13 
Emergy value calculated for landscape (III) loss and damages in Scenario #3.   

Area Tt Emergy flow Emergy  
ha year 1010 sej 

ha− 1 

year− 1 

1010 sej 
year− 1 

sej 

Compartment 1 702.17 13,287 1.09E+05  1.02E+22 
Compartment 

2A 
4378.33 13,287 5.43E+04  3.16E+22 

Compartment 
2B 

19,616.60 13,287 5.62E+04  1.46E+23 

Land area in 1, 
2A e 2B 

3385.23 13,287 4.90E+04  2.20E+22 

Compartment 3 
– intense 
plume  

386  3.67E+10 1.42E+23 

Compartment 3 
– soft plume  

39  1.23E+11 4.74E+22 

Total     3.99E+23  
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activities related to recovery activities? If yes, which sectors were 
benefited? Although not providing answers for these questions, the 
study has considerable scientific contribution by sustaining discussions 
for the advancement of theme. 

4.2. Spatial dimension of the total emergy lost with ‘Fundão’ dam failure 
disaster 

The calculated values for stock suppression by tailings passage and 
deposition are presented in Table 12 in three different scenarios, where 
the total values vary according to the different landscape damage values. 
These variations refer to the adopted T.t in damage calculation, for 
scenarios #1 and #2 a T.t of 50 and 100 years were assumed, while for 
scenario #3 a Tt the time was estimated based on values of geobiosphere 
material flows. For all scenarios, the MPDA (I) stocks suppression values 
(that includes natural capital stocks, agricultural stocks and in-
frastructures stocks) range from 0.19% to 1.60% of total emergy, while 
for sociocultural (II) and landscaping (III) storage losses have values 

from 10 to 80 times higher. It is noteworthy the MPDAs subsystems 
differences in which the highest value of 94% for emergy (Table 5) refers 
to the suppressed anthropic infrastructure, while the remaining 6% is 
related to the suppressed biomass in natural or agricultural systems. 
Thus, the values obtained from emergy environmental accounting 
highlights the existing magnitude differences for the natural and an-
thropic (infrastructure) capitals. 

Brown et al. (1993) reported comparable results that applied emergy 
environmental accounting to quantify the loss and damage from the 
Exxon Valdez oil spills. Despite the differences between our work and 
that performed by Brown et al. (1993), it is interesting that the economic 
losses were about 20 times higher than the natural capital losses in both 
works. In the Exxon Valdez case, the indirect losses related to oil supply 
and other processes affected by the spill were disregarded, but values 
referring to recovery operations were considered. Both aspects were not 
accounted for in our study due to a lack of information, however, ac-
counting for the affected landscape (III) is a novelty of our study and it 
shows to be important since it is responsible to the largest emergy lost 
when compared to MPDA (I) and social disruption (II) for scenarios #2 
and #3 (as summarized in Fig. 8). Although high (37%), scenario #1 is 
the only in which the emergy value of losses and damages of landscape 
(I) is lower than social disturbance (II) that reaches 61%, as a result of 
the Tt of 50 years assumed. When compared to other scenarios, land-
scape (III) becomes even more important as higher the landscape’s Tt to 
return to pre-disturbance stat (before the dam’s failure). These findings 
emphasize the importance for further studies focused on determining 
more accurate Tt values. 

Based on the calculation procedures adopted in this work, it is 
possible that there is double counting since the renewable flows (R) are 
accounted in both MPDA (I) and landscape (III) damages (please see 
details in the Supplementary Materials). However, the R values in the 
MPDA are expressive (i.e., > 10% of the total emergy) exclusively for 
rock outcrop, sandbank, islands, and native vegetation, which corre-
spond respectively to 0.01%, 0.01%, 0.41% and 3.56% (Table 5) of the 
emergy in the suppressed stocks, totalizing 4% of the total emergy in the 
MPDA. Thus, even potentially existing double counting, the obtained 
values show that this influence will hardly affect the obtained results. 

Fig. 8 shows the energy hierarchy diagram for the geobiosphere, 
where the systems were arranged in ascending order, from left to right, 

Table 14 
Emergy and monetary values for MPDA (I), social (II) and landscape (III) stocks 
suppression according to three proposed scenarios for turnover times.  

Damages Values 
sej % Billion EmUS$ 

Scenario #1 
MPDAs stocks 8.21E+20 1.60 0.28 
Social disruption 3.13E+22 61.12 10.83 
Landscape 1.91E+22 37.28 6.61 
TOTAL 5.12E+22 100.00 17.73 
Scenario #2    
MPDAs stocks 8.21E+20 0.99 0.28 
Social disruption 3.13E+22 37.85 10.83 
Landscape 5.06E+22 61.16 17.51 
TOTAL 8.27E+22 100.00 28.63 
Scenario #3    
MPDAs stocks 8.21E+20 0.19 0.28 
Social disruption 3.13E+22 7.26 10.83 
Landscape 3.99E+23 92.55 138.06 
TOTAL 4.31E+23 100.00 149.18 

EmUS$ values calculated by dividing emergy values in sej by the 2014 Brazilian 
EMR of 2.89.1012 sej US$− 1. 

Fig. 8. Hierarchical organization of geobiosphere power quality and allocation of the three damage categories assessed for the three scenarios. Values in percentage 
(%) of total emergy for each scenario evaluated. Figure adapted from GIANNETTI et al. (2019). 
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according to their supporting territories, replacement time (Tt), and 
transformity (Tr) as defined by Odum (1996). The evaluated damages 
resulting from the tailings passage and deposition are allocated on the 
energy hierarchy diagram to assist their spatial visualization. In the 
environmental and economic processes windows, the MPDA’s (I) stocks 
suppression is allocated and presents an increasing emergy values from 
natural biomass to infrastructure stocks. However, for all the evaluated 
scenarios for Tt, the highest emergy values are in the human society and 
geological systems that contains the storages of social disruption (II) and 
landscape (III) lost. This result was expected because while for the 
environment and economic systems have lower Tt, the human society 
and geological & information systems have higher Tt values. This means 
that losses and damages caused at these systems located far right in the 
geobiosphere energy hierarchy will take more time to be restored and 
will cause higher overall disturbance than losses and damages caused in 
those systems located on the left portion of Fig. 8. 

The expressiveness of the landscape (III) damage and losses values 
highlights the importance in quantifying them, since they represent 
emergy values about a hundred time higher than the emergy of MPDAs 
(I). This becomes even more important because the existing traditional 
economic approaches to quantify disasters are based exclusively on the 
processes located at the second panel of Fig. 8. At this windown, in the 
economic and environmental systems interface, the valuation tech-
niques priorizes the human preference and disregard the ecosystems 
functions. (ODUM, 1996; BROWN and ULGIATI, 1999). For example, 
Cheng et al. (2021) studied the economic valuation of water resources 
and found that the perception of the economic value of an environ-
mental resource within a watershed can change according to the dis-
tance where the human settlements are located from the river: those 
who living far away from the river attributed lower economic values to 
the watercourses. Thus, applying exclusively the traditional economic 
tools to evaluate environmental assets (or to quantify disasters) would 
lead to inaccurate values restricted to human perception based on the 
economic process panels of Fig. 8. Important to say that although con-
taining several disadvantages in perceiving and quantifying environ-
mental assets (and disasters), the traditional economic valuation 
methodologies have their importance for some purposes, for instance, to 
be used in a complementary way together with emergy accounting or 
with other biophysical-based accounting to sustain more accurate de-
cisions towards more a sustainable future. Besides, traditional economic 
approaches would be considered more practical for policy decisions. 

Although distinct values for emergy has being found based on their 
spatial location in Fig. 8, and that criticisms about the limitation of 
contingent valuation from traditional economic tools were here punc-
tuated, it is necessary to bring back how Odum (2002) understand the 
geobiosphere as a system. The author emphases that “no scale is 
inherently more important than another” and that “in the 
self-organization, energy transformations unite the scales symbiotically, 
maximizing power at all scales”. This means that, even though there is 
importance on the abstraction exercise proposed in the diagram of 
Fig. 8, the intention of this type of study is not to say that certain 
damages are more important than others. However, in fact, that a system 
is more than the sum of its parts, with emergent qualities which 
dependent on the different complexity levels that interact and feed each 
other (Branco, 2014). Thus, the finding that more than 98% of losses and 
damages occurred by the ‘Fundão’ dam failure are in the last two panels 
of energy hierarchy diagram of Fig. 8 do not imply that the remaining 
2% located in the first panel must be simply ignored. This statement is in 
line with Tiezzi et al. (2003) that states about the necessity to recognize 
the value of the “priceless” environmental goods, and to allow the 
decision-makers actors to perceive the systems complexity in the 
geobiosphere. 

4.3. Monetary values comparisons 

It is noteworthy that this study is limited to direct and immediate 

damages caused by the stock’s suppression due to ‘Fundão’ dam’s fail-
ure, excluding all the indirect damages. As for indirect impacts, it can be 
quoted natural and economic flows suppression or alteration, the 
twenty-three public water supply systems shutdowns, the machinery 
traffic on roads opening and other mitigation measures, land use con-
version for population displaced resettlement, and health problems 
arising tailings exposure (AMBIOS, 2019; INSTITUTOS LACTEC, 2020; 
RAMBOLL, 2020). Direct costs invested by society, government, and the 
mining company onto repair strategies are also excluded because the 
public authorities of Justice and Civil society organizations are still 
investing for repairing purposes. Reminding that main contribution of 
this study is to promote discussions about alternative ways in quanti-
fying monetarily the disaster impacts instead of providing an accurate 
value, the obtained values can be comparable to the one established by 
the public civil action (PCA) of US$ 43.8 billion considering the total 
damage and reparation (Table 15). For comparison, the value for sce-
nario #3 of 149.18 EmUS$ is 3.4 higher than the PCA, while the values of 
scenarios #1 and #2 are 2.4 and 1.5 times lower than PCA, respectively. 
Instead of providing accurate values, the advantage of the proposed 
approach might be that all its calculations procedures and assumptions 
can be tracked for revisions, discussions, and further improvements; 
differently, the traditional economic approaches as the PDA value 
established of US$ 43.8 billion hardly allow tracing-back procedures. 
Since the three evaluated scenarios do not fully represents the total 
damages and repair costs (only the direct and immediate ones are 
included), they might be underestimated value, but they still allow 
reproduction and are transparent about how they were obtained. 

Using emergy accounting, Lee and Brown (2021) estimated the gross 
primary production and global biotic natural capital values for the 
pre-Anthropocene period, achieving a value of EmUS$ 578.5 trillion; for 
losses as result of land use changes, the value achieved was EmUS$ 88.5 
trillion. In contrast with this last value obtained by Lee and Brown 
(2021), the three evaluated scenarios in this present study correspond to 
0.02% in scenario #1, 0.03% in #2, and 0.17% in #3 of those historical 
losses. Although recognizing both studies have different stocks being 
evaluated, this direct and simple comparison is important to show how 
severe or affecting was the ‘Fundão’ dam’s failure, since this single event 
– even partially evaluated here – can be equated to 0.17% of biotic 
natural capital suppressed in the Earth, although it represents only <
0.01% of Earth’s territorial land area. Numbers raises astonishment and 
at the same time claims for further studies to overcome the performed 
assumptions and lack of data towards a more accurate value about the 
Brazilian mining disaster. 

The emergy method allows different systems can be quantified and 
compared under the same units of sej, allowing decision makers to better 
understand the performance of the evaluated systems through compar-
isons with similar or even different systems. Contrary to the traditional 
economic tools, emergy accounting is still incipient regarding commu-
nication with a non-scientific audience and its acceptance by decision 
makers, thus it is important to provide easier examples for comparisons 
regarding the obtained numbers in sej. For instance, as an attempt to 
provide a clear picture about the dimension of the ‘Fundão’ dam’s 
failure, the obtained emergy values for the three evaluated scenarios are 
compared with the emergy supporting whole South America countries 
(Table 16). Scenario #3 corresponds to an intermediate value between 
the emergy flows from Bolivia and Ecuador, in which the suppressed 
emergy by the disaster is closer to the emergy flow interruption for one 
year for Ecuador economy that currently has 18 million inhabitants. 
Similarly, scenario #2 is equivalent to the emergy demanded by Guiana 
economy with 0.8 million inhabitants, and scenario #1 with two times 
more than French Guiana economy with 0.3 million inhabitants. This 
kind of comparison is useful to efficiently communicate how big is the 
disaster, since the public is usually not familiar with emergy units. 
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5. Conclusions 

The negative direct and immediate environmental impacts because 
of ‘Fundão’ dam’s failure are modeled through emergy accounting 
biophysical tool to identify and quantify the suppressed environmental 
and social stocks by the mud passage and deposition in the ‘Doce’ river 
watershed, Brazil. According to emergy principles that focuses on a 
geobiosphere scale that recognizes the quality of energy, the identified 
suppressed stocks include the following systems: biotic natural, agrarian 
and extractive, industrial and economic, human society, and geological 
and information. This distribution of systems based on an energy hier-
archy (including territory of influence, turnover time, and transformity) 
supports a classification of the suppressed stocks according to their 
magnitude as expressed by emergy values. 

For the three evaluated scenarios, about 98% of total emergy refers 
to stocks suppression in human society and geological systems, while 
only 2% in average belongs to environment and economic processes. 
This suggests that traditional economic approaches that usually focus on 
theories based on economic processes hardly will provide an accurate 
value for environmental disasters repairs, since they are based on human 
willingness to pay under market rules and ignores the effort of nature in 
making the natural capital that sustain human development. 

The value of stocks suppressed ranges from EmUS$ 17.7 billion for the 
most conservative scenario #1, to scenario #2 with EmUS$ 28.6 billion, 
and the highest value for EmUS$ 149.2 billion for scenario #3. On the 
other hand, the value of US$ 43.8 billion was established by the public 
civil action, without any evidence about the methods applied for its 
quantification. Although direct comparisons among these values should 
be seeing with care due to uncertainties, assumptions, and boundaries 
considered to obtain them, at least one advantage of the emergy-based 
approach is that it allows tracking-back all the calculation procedures 
to verify its consistency; numbers are carefully and objectively pre-
sented, allowing reproduction and changes towards higher accuracy. 

Rather than providing an accurate value of the disaster due to 
‘Fundão’ dam’s failure in Brazil, our study supports discussions about 
the advantages in using biophysical methods (specifically emergy ac-
counting) instead of traditional economic methods for disasters quan-
tification. The advantages behind emergy are related to higher 
scientific-based objectiveness of calculation procedures, allowing 
tracking-back all numbers for verifications and improvements when 
needed. Due to unavailability of raw data, this work is restricted to the 
negative direct and immediate impacts, but future efforts are being 
developed to include also all others impacts for a complete assessment. 
Lastly, the usage of emergy-based methodological procedures are 
encouraged for future studies to quantify environmental disasters, that 
not only leverages economic impacts but also environmental and 
societal. 
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ambientais. Revista do Instituto Brasileiro de Direitos Humanos 17/18, 157–173. 

AMBIOS – Engenharia e Processos LTDA. Estudo de Avaliação de Risco à Saúde Humana 
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Técnico preliminar. Impactos sociais Decorrentes Do Desastre Envolvendo o 
Rompimento Da Barragem De Fundão, Em Mariana. IBAMA, DIPRO, CGEMA, Minas 
Gerais. Brasília:, p. 38. Available in. https://www.ibama.gov.br/phocadownload/ba 
rragemdefundao/laudos/laudo_tecnico_preliminar_Ibama.pdf. Accessed on april 
2019.  
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RAMBOLL, 2020. Relatório De Monitoramento Mensal Dos Programas Socioeconômicos 
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Contabilità Ambientale su Scala Provinciale e Intercomunale. Università di Siena, 
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