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Abstract
Extraction of Backfilled Tailings in the Dannemora Mine – Economic Potential and
Rock Stability Assessment
John Winlund

The cut–off grade determines what rock mass are economic to mine. At the Dannemora mine, in eastern
Bergslagen, Sweden, previously processed ore generated tailings (enrichment sand) with an iron content
of 21–22 % that was backfilled into large open bodies (stopes) in the mine between 2013–2015.
However, the tailings are now considered as ore reserves due to an upgraded processing plant that
lowered the cut–off from 30 % Fe to 15 % Fe. Further, with the current lowered cut–off, Grängesberg
Exploration Holding AB intends to restart production of iron ore in the Dannemora mine in new ore
bodies. However, before starting full operation of excavating the ore bodies and extracting the large ore
reserve of tailings, several challenges related to the rock stability need to be well assessed. The main
goal of this project is therefore to investigate what would be the safest and most economical technique
to extract the tailings that currently act as a stabilising rock mass against the side walls. Investigation of
borehole data, drill cores, and geometric calculations, were conducted to characterise the stope host
rocks in terms of risk for rock failure and leads to several statements. The results reveal that the host
rock has a high strength (70–80 % RQD) and there is a low risk of spalling deformation at the extracted
depths when the tailings will be removed. However, deformation as wedge failure could potentially
occur when the stabilising tailings will be removed. Further, it is shown that the amount of tailings that
can be extracted represent approximately more than one year of iron ore production in the mine. Analysis
of the host rock shows that dilution of the tailings can be favourable if the caved wall rocks contain
marble or skarn, with ore sections > 15 % Fe. The workflow demonstrates that extraction of low diluted
tailings should be done at sublevel 350 meters, before extraction of high diluted tailings at sublevel 442–
446 meters. Backfilling must be done simultaneously in order to preserve the stability against the side
walls as the tailings are removed. This project demonstrates that tailing extraction is possible, while
maintaining the stability of the host rock. The workflow presented in this thesis could be used as an
approach for similar mining operations aiming to extract backfilled material and once again process it.
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Populärvetenskaplig sammanfattning
Uttag av återfylld anrikningssand i Dannemoragruvan – Ekonomisk potential och
bergmekanisk bedömning
John Winlund

En cut–off halt bestämmer vid vilken halt som en bergmassa innehållandes värdefulla metaller, blir
ekonomiskt brytningsbar (malm). Vid Dannemoragruvan i östra Bergslagen, Sverige, har tidigare
bearbetad malm bildat en icke värdefull restprodukt (anrikningssand), innehållandes en järnhalt om 21–
22 %, som återfylldes i stora brytningsrum inuti gruvan mellan 2013–2015. Anrikningssanden har nu
blivit ansett som malm igen då ett uppgraderat anrikningsverk sänkt cut–off halten från 30 % Fe, till 15
% Fe. Med den sänkta cut–off halten, undersöker Grängesberg Exploration Holding AB vidare hur en
återstart av Dannemoragruvan, och utbrytning av ännu inte utbrutna malmkroppar, och uttag av den
stora malmreserven av anrikningssanden, ska ske. Däremot måste flera utmaningar i form av
bergstabilitet undersökas, innan uttaget av malmkropparna och den återfyllda anrikningssanden kan ske.
Detta arbete siktar till att undersöka vilket tillvägagångsätt som skulle vara det säkraste och lönsammaste
att extrahera anrikningssanden ifrån, då de agerar stabiliserande mot sidoväggarna i de stora
brytningsrummen. Undersökning av borrhålsdata, borrkärnor, och geometriska beräkningar, utfördas för
att karakterisera sidoberget till brytningsrummen för att förstå risken för bergdeformation. Resultaten
visar på en stabil bergmassa (70–80 % RQD) med en liten risk för spjälkning (uppsprickning) vid de
undersökta djupen. Risk för bergdeformation inträffar i stället som kilutfall när den stabiliserande
anrikningssanden extraheras. Vidare beräknas det att ungefär mer än en årsproduktion av järnmalm kan
extraheras i form av anrikningssand från de återfyllda brytningsrummen. Analys av sidoberget visar
dessutom att utspädning av anrikningssanden genom blockutfall och uppsprickning, kan bli fördelaktigt
om sidoberget innehåller marmor eller skarn med malmsektioner > 15 % järn. Tillvägagångssättet för
extrahering av anrikningssanden bör ske från djup 350 meter, innan den högre halten av utspädd
anrikningssand extraheras från djup 442–446 meter. Återfyllning måste ske samtidigt för att bevara
bergsstabiliteten mot sidoväggarna. Detta arbete visar att extrahering av anrikningssanden är möjligt,
samtidigt som bergstabiliteten bevaras. Arbetsflödet skulle kunna användas som ett tillvägagångssätt för
framtida gruvoperationer som söker att extrahera återfyllt material och åter anrika det.
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1 Introduction
Mining excavates rock masses to process and generate metals that is necessary for the modern society’s

needs. For example, iron is a metal used for steel manufacturing, and the demand for iron ore has never

been greater than today. Iron ore in the EU is crucial, and it is the second largest region in the world by

annual iron and steel imports. Thus, iron ore production domestically in the EU has never been as

important as today. Hugely disturbing to this, is the Russian invasion of Ukraine, 24th of February 2022,

that has put an embargo of iron imports, along stopped iron ore production in Ukraine. This restricts

approximately 20 % of the annual iron ore import, and 36 % of the yearly steel imports into the EU

(European Commision 2020). An additional challenge to the iron ore industry is the green impact that

follows. If the EU are to meet its environmental goals of green steel production, iron of higher grade is

needed with production that is carbon dioxide free, restricting important from many countries, for

example Brazil. Meeting the high–grade ore demands for green steel manufacturing, was previously a

problem in the Dannemora mine, central Sweden. The cut–off was at 30 % Fe, while the end product

had an iron content of only 50–60 % (Stålhös 1991; Dannemora mineral 2010). On the other hand, an

upgraded processing plant has today lowered the cut–off to 15 % Fe, with a final world class product

containing 68 % iron (GRANGEX 2021). Regarding this, Grängesberg Exploration Holding AB

(GRANGEX) is in favour of restarting the mine. Consequently, previously classified waste rock (< 30

% Fe) have turned into ore reserves today. Between 2013–2015, the waste rock was emplaced as

backfilled tailings (enrichment sand) with 21–22 % iron content into open former ore bodies (stopes)

inside the mine. Because of the lowered cut–off, it has now become attractive to bring the backfilled

tailings to the surface for further processing (Golder 2022). Until today, estimations of the total

backfilled tonnage reveal about 1.7–2.0 Mt of extractable tailings, equal to more than half a year of

production. Extracting the tailings is however a complicated task and needs to be well planned. Indeed,

the tailings act as support for the side walls and mostly the hanging wall, which was fragilised by the

former mining activity, and if it is removed there is a risk of rock bursts over time. Furthermore, it is yet

unknown how rock bursts from the hanging wall and roof have diluted the backfilled tailings between

2013 until today. Understanding the behaviour of the host rock and decipher the most economic and

safest way of retrieving the tailings is therefore needed.

    This study aims to provide a complete investigation of the stopes and surrounding rocks, and to

propose suitable solutions to extract the backfilled material. This work is articulated around two main

objectives: (1) Investigate the geometry of the two refilled stopes Konstäng and Kruthus. To date the

geometry of the stopes is still poorly constrained and some crucial information such as the maximum

depth at which the tailings has been emplaced, the tonnage of refilled tailings and the amount of waste

rock caving (dilution) need to be clarified. Moreover, additional challenges make this work harder as

the mine is half waterfilled and cannot be accessed at the investigated stopes. (2) Evaluate and propose

a potential workflow that the company could use to remove the tailings, maximise the production, and
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minimise effects on the surrounding host rocks. The potential consequences and hazards of tailing

removal on the host rock stability will be assessed.

    Until today, no detailed investigation of how to retrieve the backfilled tailings from the refilled stopes

has been performed in the Dannemora mine. This master’s thesis will contribute to the definitive

feasibility study of the Dannemora iron ore mine, conducted this year by GRANGEX and will be

performed in close collaboration with the mining company. This document will be used in the long–

term, as well as the short–term mine planning. Lastly, this work can be used as a reference workflow

for similar mining operations aiming to extract backfilled material and make production of it.

2 Background
2.1 Dannemora mine
The Dannemora mine is situated in the north–eastern Uppland, 100 km north of Stockholm, in the

famous mining district of Bergslagen, Sweden, (Figure 1).

Figure 1. Geological map over the Bergslagen area in east–central Sweden, showing iron oxide and sulphide
deposits. Modified from Stephens et al. (2009).
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Since the beginning of mining activity in the 13th century, approximately 30–36 Mt of magnetite iron

ore has been mined in Dannemora and the ore deposit is the second largest of Bergslagen mining district

(Stålhös 1991; Allen et al. 1996; Wik et al. 2006). The mine was in operation until 1992, and between

2012–2015. Today, there are still 25,3 Mt of iron ore reserves at an iron content of 33,44 %, distributed

along 25 iron ore bodies. The annual production starting in 2025, is projected at 3 Mt (Golder 2022).

Figure 2. Cross–section view from the east, displaying the mine layout of previously mined ore bodies (grey), the
investigated stopes of Konstäng and Kruthus (red), and ore body reserves indicated in varying colours. The ramp
between the Konstäng and Kruthus stopes is shown in red. Illustration done in Surpac.

2.1.1 Konstäng and Kruthus stopes
The Konstäng and Kruthus stopes, are situated in the southern Dannemora mining area (indicated in

Figure 2). Due to potential rock caving, the exact geometry of the open ore bodies is still unclear, and

the amount of waste rock in the bottom, side walls or at the top of the stopes are unknown. Profiles

extracted from the mining program GEOVIA Surpac show that the Konstäng stope is approximately

250 meters high, 150 meters long and 20 meters wide. The Kruthus stope is approximately 280 meters

high, 100 meters long, and 60 to 90 meters wide. The stopes are bordered below and above by unmined

ore bodies (Figure 2).

    In 1974, mining started with sublevel stoping, but changed to sublevel caving after 1984 due to caving

issues (Internal report et al. 2014, 2015). Deformation zones, which lead to redistribution of the present

ramps and collapse of the nearby host rock have been reported in the Kruthus stope (Internal report et

al. 2011). The main ramp (in red, Figure 2), to get access to the stopes, is located very close to the bottom

of Kruthus stope, which make the extraction operation slightly more complicated because of the ramp

collapsing risk.

    The Konstäng stope is divided in two parts. Refilled tailings constitute half of the volume from the

top to the middle with a cone shape, and waste rock constitute the lower part (Internal report 2015). The

depth of the roof is uncertain. The roof was approximately at 185 meters depth in 2013 (Figure 3). On

the 5th of June 2014, the roof was at 168 meters depth. On the 15th of May 2015, the roof was located

approximately at 155 meters depth. The roof depth tend to migrate towards the surface over time due to
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caving (Internal report 2015). The Kruthus stope has two piles of tailing cones at the top and covers

approximately one third of the volume, while waste rock occupies the rest. Before mining in 2012, the

two tailing piles were placed to 260 meters and 300 meters and reached a maximum of 170 meters and

180 meters depth. The roof was located in 2013 at sublevel 150 meters depth, while in 2015

approximately at sublevel 140 meters, potentially due to rock caving (Internal report 2015).

    Despite the good rock quality in Dannemora (70–80% RQD), the risk of caving from increased stress

concentration around the stopes may have increased due to progressive mining beneath the stopes

between 2012 and 2015. Additionally, the mining activity below may have caused the tailings to sink,

causing blocks from the side walls to fallout. As a result, it is still unknown how deep the top of the

roofs and tailings are today (Internal report et al. 2014).

Figure 3. Final mine map from 2015 showing the Konstäng (left) and Kruthus (right) stopes. In both stopes, the
tailings pile is approximately at a 40° of repose, and constitute ½ the volume in Konstäng, and 1/3 of the volume
in Kruthus. In Konstäng, waste rock from backfilling lies on the top, but is not indicated on the final mine map.
Potential waste rock caving is indicated to the right of both stopes. The measured roof height is shown to decrease
upwards from 2013 to 2015. The mined areas between 2013–2015 in the lower part of Konstäng and Kruthus is
indicated. Modified from internal document (2015).
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2.2 Geological setting
To better understand the host rock properties and behaviour, a detailed geological description of these

rocks is needed. In the following section, the local geological evolution will be firstly brought into a

broader perspective especially at the Bergslagen lithotectonic unit. Then the lithologies present in the

Dannemora mine as well as the tectono–metamorphic events which have affected the rocks in the area

will be described.

2.2.1 Bergslagen lithotectonic unit
The Bergslagen lithotectonic unit is a heavily mineralised area in central Sweden, containing several

thousand iron deposits and lesser amount of sulphide deposits (Stephens et al. 2009; Stephens & Jansson

2020). Until 1992, at least 420 Mt of iron ore and circa 100 Mt of sulphide ore had been produced

(Weihed et al. 2005; Stephens et al. 2009). In 2022, there are three mines in operation in the Bergslagen

area: Garpenberg, Zinkgruvan and the Lovisagruvan. The Bergslagen lithotectonic unit formed in an

extensional back–arc basin in an overall active continental margin during the Svecokarelian orogeny at

1.9–1.8 Ga (Oen 1987; Allen et al. 1996). At the active continental margin, the migration and retreat of

a hinge zone occurred over several tectonic cycles lasting 50–55 Ma, known as tectonic switching

(Hermansson et al. 2008; Stephens 2020; Stephens & Bergman 2020). The extrusive and intrusive

magmatic rocks was formed in the different tectonic cycles by anatexis of older felsic crust with addition

from mantle sources, mainly at three phases of igneous activity at 1.91–1.88 Ga, 1.87–1.83 Ga, and

1.81–1.78 Ga (Figure 4) (Oen 1987; Stephens et al. 2009; Stephens & Jansson 2020). The iron oxide

and sulphide mineralisations in the Bergslagen mostly belong to the first tectonic cycle and the host

rocks to the ore deposits consist of abundant inliers of 1.91–1.89 Ga metavolcanic rocks (Stephens 2020;

Stephens & Jansson 2020). These formed during intense volcanic activity from volcanic centres as

pyroclastic flows, metacarbonates deposited proximal to the volcanic centres during less intense

volcanic stages, and metapelitic rocks that was deposited mostly distal to the volcanic centres.

    By hydrothermal sub–seafloor metamorphism that was syn–volcanic to the 1.91–1.88 Ga volcanic

rocks, many areas in the Bergslagen lithotectonic unit generally display enrichment in sodium and is

stratigraphically overlain by rocks with potassic alteration (Allen et al. 1996; Jansson 2011). After the

hydrothermal alteration, the rocks in the Bergslagen underwent several events of deformation and

metamorphism, with local areas ranging from greenschist facies in Dannemora, to mostly amphibolite

facies in central Bergslagen, and to granulite facies present in the southern Bergslagen (Allen et al. 1996;

Lager 2001).
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Figure 4. Description of the different events of supracrustal and intrusive rocks, and deformation over several
tectonic cycles (TC) in the Bergslagen lithotectonic unit. Modified after Stephens (2020).

The formation of iron oxide mineralisation types in the Bergslagen lithotectonic unit consist mainly of

three subgroups:

1) The most common iron oxide mineralisations are hosted in manganese (Mn)–poor skarn or

carbonates, or in Mn–rich skarn or carbonates. Skarn is a Ca–Fe–Mg rock type, that vary worldwide

between several end members of iron skarn, gold skarn, copper skarn deposits, etc (Meinert 1992). Iron

skarn deposits are the largest skarn deposits with magnetite being mined, and lesser amounts of sulphides

occurs although they can be considerable at some locations (chalcopyrite, sphalerite, galena, pyrrhotite),

and traces of silver and gold, e.g., in the Dannemora. Skarn defines a certain type of alteration process

that formed the rock type, and consist of several different minerals with garnet and pyroxene as major

minerals (Meinert 1992; Hammarstrom 2002). Skarn is genetically formed in several different

geological settings, and there are mainly two formations of skarn in the Bergslagen; metamorphic skarn

and metasomatic skarn. Metamorphic skarn forms by the heat from the proximity to a granitoid pluton,

or by direct contact metamorphism. It causes recrystallisation of the precursor mineral with mass

element transfer, to form the skarn. The metasomatic reaction skarn forms the mineralisation by

elements transfer, from the reaction between reactive magmatic–hydrothermal fluids and wall rocks

around the pluton. The wall rock, consisting of Ca and Mg–rich carbonates, or magnesium rich

volcaniclastic rocks, are altered and called exoskarn. If the magma body itself becomes skarnified, it is

classified as endoskarn. Both the endo– and exoskarn can contain iron mineralisation in varying

amounts. The stratabound limestone iron oxides was formed by sub–seafloor metamorphism, causing
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metasomatic alteration to skarn, and replacement of the original carbonate strata (Allen et al. 1996). The

iron oxide mineralisation was originally hematite that was altered to magnetite during metamorphism

(Frietsch 1967; Wagner et al. 2005; Jansson 2011). Questions regards whether the exhalative iron on the

seafloor was formed at the same time as the sub–seafloor metasomatic iron oxide mineralisation. The

mineralisation may have been deposited syngenetic on the seafloor, but the area underwent varying

complex deformation and metamorphic phases, with remobilization of the mineralisation. If so, the

sedimentary mineralisation on the seafloor and the metasomatic subsea–floor mineralisation, thus

represent the same source material, but the depositional sequence of the mineralisation was just different

where one system reached the seafloor and the other was forming subseafloor metasomatic alteration

and replaced by mineralisation and skarn (Oen et al. 1982; Oen 1987 and references therein). The

metamorphism was caused by abundant felsic and mafic magma systems at depth, for example

granitoids (Jansson 2011; Jansson & Allen 2013; Jansson et al. 2022). The rising magma along the horst,

faults, or other steeply dipping conduits, provided a high geothermal gradient for fluids to alter wall

supracrustals that had been emplaced during rifting (Oen 1987; Jansson & Allen 2013). The same

mineralisation formation process is thought to have formed the Dannemora deposit (Section 2.2.2)

(Lager 2001).

2) “Kiruna–type” apatite–iron–oxide mineralisation, for example the 197.9 Mt deposit in Grängesberg,

central Bergslagen, has an ortho–magmatic signature where magnetite precipitated directly from a

crystallising magma. Subordinate amounts of expelled fluids at lower temperatures and oxidising

conditions mixed with meteoric waters and formed hematite at the end of the hydrothermal replacement

system (Frietsch 1967; Allen et al. 1996; Jonsson et al. 2013).

3) Other iron mineralisations in the Bergslagen include variable amounts of quartz–banded iron ore that

contain stratiform hematite that locally has been altered to magnetite. The banded iron is less common

than Fe oxide deposits in Mn–poor or Mn–rich skarn and carbonate rocks (Jansson, 2011; Allen et al.,

2013).

Some sulphide mineralisations in Bergslagen are classified as stratiform ash–siltstone (SAS) Zn–Pb–

Ag–Au deposits, formed from exhalations of the metal vents distally form volcanic centres in a marine

basin, during periods of low volcaniclastic sedimentation (Allen et al. 1996). The SAS deposits include

the 1.15 Mt Zn–Pb Lovisagruvan, and the 65 Mt Zn–Pb–Ag–Cu Zinkgruvan. However, the deep anoxic

environments needed to form the SAS deposits is uncommon in Bergslagen due to regular input of

volcaniclastic materials with subsequent shallow and more oxygenated marine basins, preventing

sulphide accumulations (Allen et al. 1996; Jansson & Kampmann 2017). The sulphide mineralisations

are also classified as a stratabound limestone–skarn–associated Zn–Pb–Ag–Cu±Au (SVALS). They

formed, like the stratabound iron oxide skarn and carbonate replacement deposits, from syngenetic vent

proximal sedimentation, and sub–seafloor replacement of carbonates during metasomatism,
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respectively, in a shallow marine basin when volcaniclastic sedimentation was momentarily low. The

SVALS deposit include for example the 144 Mt Zn–Pb–Ag–(Cu–Au) Garpenberg deposit, and the 28.3

Mt Zn–Pb–Cu–(Au–Ag) Falun deposit (Jansson & Kampmann 2017 and all references therein).

2.2.2 Dannemora mining district

Lager (2001) proposed a comprehensive stratigraphic succession over the Dannemora syncline where

the ore is hosted, divided into a lower formation, and an upper formation, that has been variable

metamorphosed during the Svecokarelian orogeny. The lower stratigraphic formation consists entirely

of volcaniclastic sediments formed from pyroclastic flow or pyroclastic falls 1.89 Ga ago. The

environment was either terrestrial, lagoon, or open marine. The upper stratigraphic formation is divided

in a basal unit and an upper unit, that was deposited during a less intense volcanic stage (Lager 2001;

Dahlin et al. 2012). The basal unit consist of volcaniclastic material with sporadic clasts of iron ore. The

upper unit consists of volcaniclastic material of pyroclastic flows and breccias, and lesser amounts of

ash–siltstone, intercalating stromatolitic limestone that has variably been altered to dolomite, and

evaporates. Waning volcanic activity and caldera subsidence lead to less volcaniclastic sediments in the

basins, with a following marine transgression. Renewal of volcanic activity with volcano doming instead

lead to marine regression. The evolution therefore includes several phases of quiescent and more active

volcanism leading to marine transgression and regression cycles (depositional sequences)  during what

is stratigraphically common in Bergslagen to find, intercalated carbonates with volcaniclastic material

(Oen 1987; Allen et al. 1996; Lager 2001). The iron oxide only occurs in the upper part of the

metavolcanic and metalimestone sequence (Lager 2001; Stephens et al. 2009). The iron oxide is situated

in the centre of the Dannemora syncline. The syncline is bordered to the southwest by an earlier 1.89

Ga granitoid, the “Uppsala granite”. During formation, the intrusion–related folding from the granitoid

raised the horizontal supracrustal sequence to steeply dipping layers (Lager 2001). Mafic dykes 1 to 7

meters thick formed around 1.87–1.86 Ga, cross–cut the earlier rocks sequences (Figure 5) (Stålhös

1991; Lager 2001; Dahlin et al. 2014). The metasupracrustal succession occurs as a gently overturned

syncline that is 400–800 meters wide and 3 km in length. The layers are sub–vertical near the surface

but curves out to 70° around 350 meters depth. The hinge of the fold is gently plunging 5–10° to the

ENE (Stålhös 1991; Lager 2001; Malehmir et al. 2011).

    The Dannemora area lies in a metamorphic zone that of lower to upper greenschist facies with most

primary depositional structures preserved, for example stromatolite (Lager 2001; Dahlin & Sjöström

2010). The most common deformation type in Dannemora are deformation zones. For example, 20 km

to the north of Dannemora, the major Singö deformation zone strikes NW–SE. A splay off to the shear

zone, the Österbybruk Deformation Zone (ÖDZ), truncates the eastern limb of the Dannemora syncline,

striking NNE–SSW (Persson & Sjöström 2003; Hermansson et al. 2008; Luth & Bergman 2020). A fault

zone along the shear zone 1.5 km east of the main deposits is observed as well. Mylonite occurring



9

within the fault breccia indicate that the ductile deformation in the shear zone has been reactivated

several times after 1.80 Ga (Malehmir et al. 2011).

Figure 5. Stratigraphic column over the Dannemora area. Modified from Stephens et al. (2009).

Furthermore, parts of the supracrustal sequence rocks has been variable hydrothermal altered to the rock

mechanic important mineral of chlorite fels, and skarn (Lager 2001; Frank et al. 2022). The chlorite fels

precursor was volcaniclastic material that was redeposited as turbidites at already existing sublittoral

carbonates. The volcaniclastic material was altered to chlorite fels by the same process of element

transfer through which the limestone was dolomitised. Limestone formed after transition from open

marine to a restricted lagoon, from brines enriched in calcium and magnesium. Removal and

precipitation of Ca from the brine, caused an elevated Mg/Ca ratio in the residual brine. The increased

density of the brine caused it to sink, and to replace the calcitic limestone by dolomite through

dolomitization (Lager 2001).

    Massive and disseminated iron oxide, occur preferentially as stratabound in the manganese–rich and

manganese–poor dolomitic marble and skarn, and to a lesser degree in the calcitic marble. A typical

sequence of marble–skarn–massive magnetite is often seen in the field (Lager 2001; Hellingwerf 2022).

The ore deposits formed as the 6.6 Mt Stollberg iron oxide deposit in central Bergslagen, from sub–

seafloor replacement of carbonates in a structurally rifted basin, by laterally spreading hydrothermal

fluids from a topographic hinterland. In the rifted basin, limestone buffered against the acidic fluids and
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acted as an efficient structural trap for the iron to be precipitated and replace the carbonates. The skarn

formed simultaneously (Baker & Hellingwerf 1988; Lager 2001). Sulphides in the area occur in the

upper stratigraphic unit proposed by Lager (2001), as stratabound in the dolomitic marble, but also as

fractured mineralisation. The sulphides are thought to be younger than the iron oxide ore and their origin

is proposed to come from precipitation of the hydrothermal fluids into the carbonate rocks, using the

same transport mechanism as the hydrothermal fluids carrying the iron in solution. The composition of

the fluids must have therefore become enriched in S, Cu, Pb and Zn, while Mg and Fe decreased (Lager

2001).

2.3 Rock mechanics
The stope geometry after excavation of an ore body, is structurally determined by the rock mass strength,

and the prevailing fracture orientations. Due to excavation of ore between 2012–2015 at the investigated

stopes in Dannemora, the risks of rock bursts have increased. The emplaced tailings that support the side

walls of the stopes, should be extracted as they nowadays constitute economic reserves. However, this

operation could lead to stability issues and potential collapse of the surrounding infrastructure. To

minimise this hazard, it is crucial to study the host rock behaviour (Bergman 1977; Winberg 2010).

Several rock mechanical parameters which play a significant role in the host rock behaviour are

presented below.

2.3.1 Force and stress
When a force is applied from one object to another object, it causes either a push, or a pull of the object,

to change its motion. The force is measured in Newton, as 1 N = 1 . The force acting on an area of

a surface is described by the term stress σ. Stress is a measurement of an object's internal resistance to

deformation and is defined as σ = , which is equal to one Pascal (Pa) (Fossen 2016). Pascal is often

described in mega Pascals (10  Pa = 1 MPa). The stress in the rock mass is either a normal stress, or a

shear stress. The normal stress ( ) is a force acting perpendicular to a body. It is divided into a tensile

stress, that cause elongation of the object, and a compressive stress causing compaction. The shear

stresses (τ) on the other hand, are forces that acts parallel or at an angle to an object, skewing it (Fossen

2016). The normal stresses are expressed as a vertical stress component increasing linearly with depth

( v), a major horizontal stress ( H), and a minor horizontal stress component ( h). The vertical stress is

a function of the overburden topography, and postglacial melting leading to isostatic uplift and stress

relief, while the horizontal stresses are a function of depth, residual stresses, and stresses from the

spreading of the Mid–Atlantic Ridge (Stephansson 1993; Amadei & Stephansson 1997; Wahlgren et al.

2018).

    High contractional normal stresses can keep the undisturbed rock masses in place, whereas an

excavation operation lead a decreased confining pressure and the rock mass can therefore start to move

(Wagner 2019). Furthermore, stresses cannot propagate through an open space. When the Konstäng and
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Kruthus ore bodies in the Dannemora mine became excavated, the secondary induced stresses was

instead concentrated onto the area around the excavated bodies, in this case the rand of the void

(Bergman 1977; Palmström 1995b; Trafikverket 2019). This concentration of stresses in turn increases

the risk of rock mass failure as the rock strength was exceeded.

    The heterogeneity of the rock mass makes the measurements of rock stresses difficult. The horizontal

component is dominant at the surface. From 500 meters depth, the ratio of H/ v stresses decreases

exponentially until 1000 meters depth (Viberg 1987; Hoek & Brown 1996). The magnitude of the

horizontal stresses varies with depth, and it can be difficult to estimate (Palmström 1995b). This could

partly be related to the decrease of fracture densities with depth (Martin 2007). The regional major and

minor horizontal stresses in Sweden differs from the nearby Forsmark (Figure 1) local stresses, where

the influence of the major deformation zones can have an effect (Martin 2007; Hermansson et al. 2008)

(Table 1). Summarised, stresses give estimates of rock failure probability. However, high tensile stresses

are not the only factor that can cause rock failure.

Table 1. Stress magnitudes from the Fennoscandian bedrock and the nearby Forsmark area for nuclear waste
repository. σH stand for Major horizontal stress, σh stand for Minor horizontal stress, σv stand for Vertical stress,
and z stand for depth (m). The stresses are orientated N60°W. Values taken from Martin (2007) and Stephansson
(1993).

2.3.2 Rock failure
In a mining environment, there are two main deformation types to occurring in an excavated

underground body: Brittle spalling that generates fractures parallel to the excavation surface (Figure

6A), or wedge falling or sliding which is driven by gravity and the fracture orientations (Figure 6B)

(Martin & Christiansson 2009). Both types can also be combined, as spalling can lead to wedge fallout

or rocks burst of block with major volumes (Hoek & Brown 1996).

Sweden Forsmark

Depth (m) H (MPa) h v H (MPa) h v

0–150 2.8 + 0.04z 2.2 + 0.024z 0.024z 19 + 0.008z 11 + 0006z 0.0265z

150–400 2.8 + 0.04z 2.2 + 0.024z 0.024z 9.1 + 0.074z 6.8 + 0.034z 0.0265z

400–600 2.8 + 0.04z 2.2 + 0.024z 0.024z 29.5 + 0.023z 9.2 + 0.028z 0.0265z
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Figure 6. Illustration of the two deformation types occurring in an excavated underground body. A) Spalling is
initiated as the stresses exceed the rock mass strength. The major horizontal stress σH is perpendicular to the
direction of the stope. B) Wedge falling or sliding occur when three fracture orientations act to liberate a block
(red) from the surrounding rock mass. Modified from Martin (2009).

The strength (competence) of the host rock determines the potential of rock for failure. For example,

competent rock can bear higher stresses before failing. There are two main sub–types of rock failure in

the stress induced spalling, depending on the competence of the rock. Competent rock burst instantly,

whereas incompetent flexible rock deform slowly spatially towards the free surface where the earlier

confining rock has now been excevated (Palmström 1995a). For example, ore bodies will behave more

plastically than the stiff and competent host rock which takes up a higher proportion of the secondary

induced stresses (Bergman 1977).

   The tensile strength of the host rock can be measured by the uniaxial compressive strength test. It

measures the maximum stress (MPa) that a sample can bear before it fails and cracks, under zero

compressive surroundings (Hoek & Brown 1996). The failure is seen as brittle fractures in competent

rock, known as spalling, parallel to the maximum stress direction (Siren et al. 2011). Spalling associated

with the development of several fractures, can with time lead to large scale deformation. Spalling

normally occur at greater depths (500–1000 m). However, high horizontal stresses, for example by

concentration of secondary induced stresses, can form spalling at shallower depths (Palmström 1995a;

Martin & Christiansson 2009; Peng et al. 2021). The largest risk of spalling occurs in the side walls

when the void is perpendicularly orientated towards the major horizontal stress. The Kruthus stope

strikes in the same direction as the major horizontal stress σH. However, the Konstäng stope is

perpendicular to σH, increasing the risk of spalling in the side walls (Internal report et al. 2015).

    Empirical research in mining industry has demonstrated that spalling can be reached even before the

yield strenght of the rock, if the rock starts to behave plastically (Cai & Kaiser 2014). Estimations of
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spalling is done by the ratio σ1/σc, where σ1 is the maximum stress (σH in Dannemora), and σC is the

uniaxial compressive strength (UCS). Even at ratios as low as 0.2, minor spalling has been observed.

Larger spalling starts at ratios of 0.4. Large scale failure of the rock can occur at ratios of 0.6 and above,

which is very difficult to reinforce (Martin & Christiansson 2009; Siren et al. 2011; Peng et al. 2021).

The other type of rock deformation is the wedge instability. The hanging walls of Konstäng and Kruthus

stopes has a dip of 60–80° to the SW. Consequently, 20–30° of the rock mass tends to cave until the

hanging wall reaches a dip of 90°. This is facilitated by the gravity instability of wedge fallout. Three

different fracture orientations are needed to form an individual block as a wedge, that can slide along

one of the fracture planes if the fracture angle, and friction angle, are correct, shown in Figure 6B (Hoek

& Brown 1996). If the fractures contain weak and lubricating rock infillings, for example chlorite, the

wedge will slide even easier along the fracture. If the two fractures already exist in the rock mass, the

third fracture orientation is created by the newly excavated surface which will unlock the sliding block.

Wedge fallout in the Konstäng and Kruthus stopes cannot occur as long as there will be some refilled

material (the current tailings) exerting side pressures and inhibiting the hanging wall to fall in. For

example, in the Konstäng stope, mining of ore underneath the drift, and removal of the support of the

individual blocks, initiated rock fallout (Figure 7). This rock mechanism concept is important for a better

understanding of the rock mass behaviour and the subsequent dilution.

   As previously said, wedge collapse (gravity induced failure) occurs more easily in a soft incompetent

rock than in a stiff competent rock, where the secondary induced stresses are accumulated (Bergman

1977; Palmström 1995a; Peng et al. 2021). The rock containing weak altered section of for example

chlorite, could be within a deformed zone of fault or shear zone, and the competent rock would be the

host rock. The Dannemora syncline is located close to the Österbybruk deformation zone (ÖDZ)

(Malehmir et al. 2011). This major deformation zone could lower the strength of the whole Kruthus

roof, the Kruthus foot wall, and the Konstäng lower hanging wall, although, at this point, the influence

of the stress state induced by these deformation zones has not been assessed. According to Hakami

(2006) who worked on the nearby Forsmark area, if the deformation zone is parallel to the major

principal stress, the stress state can remain unaffected. Looking at the investigated Konstäng and Kruthus

stopes, the large shear zone is oriented parallel to the major horizontal stress, suggesting that theses

parameters should be considered when assessing the rock stability in the tailing extraction plan.
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Figure 7. Modified photos with courtesy from Michael Meyer (A–C), from different times at drift sublevel 362
m, leading to the Konstäng stope. Under mining and removal of the support most likely caused the rock bursts
seen in the photos. A) Rock boulders have bursted near the open stope and covers part of the drift. B) 103 days
later, large scale rock failure has occurred and covers a larger section of the drift. C) 249 days since A, even
larger rock failure into the stope has occurred. D) View direction of photo A, B and C. Surrounding
infrastructure has been omitted to easier visualise sublevel 362.

2.3.3 Dannemora mining method
Depending on the geometry of the ore body, the mining method can vary. There can be a hybrid of

methods further on during excavation, for example going from a suitable mining method for steep ore

bodies at the beginning, to another method suited for shallow wide ore bodies as mining has progressed

(Balt & Goosen 2020). Understanding the mining methods previously used, can partly explain the

amount of dilution in a mine. Mining the ore bodies in Dannemora was previously done by sublevel

stoping. Since 1983, sublevel caving has been preferred as it was the most suitable method, at that time,

for deep, steep, and continuous ore bodies (Internal report et al. 2011). Moreover, it was safer and better

for the productivity (Atlas Copco 2007; Golder 2022). To extract ore, the production drifts are in the

foot wall where opening holes are drilled into the overlying 15–20 meters of the ore body in the hanging

wall. The ore can cave in after the forthcoming blast holes are fired into the hanging wall. The ore falls

by gravity into the drift and is transported farther. The supporting side walls of the drift (pillars) which

still contain ore, are later blasted 15–20 meters upwards from the sublevel below. During this process,

the hanging wall can cave in, in varying amount, causing dilution of the ore and the amount of caving

from the hanging wall is dependent of the ore body dip. Progressive removal of the ore body forms an

elongated section with great height over width, which is called stope (Sivakugan et al. 2014). This step
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increases the tensile stresses and cause cracking and caving. To minimise dangers for the personnel and

mining equipment, the infrastructure (sublevels and shaft) is placed in the foot wall where the overlying

foot wall protects against caving hanging wall (Hartman & Mutmansky 2002; Atlas Copco 2007).

2.3.4 Rock dilution

Dilution refers to mixing of waste rock with ore and it is a crucial parameter in mining operations as it

has an economic impact. Dilution induces an increase of milling operations leading to an increasing

tearing of equipment, while the cut–off grade increases. That is, increased rock dilution leads to more

waste rock in relation to ore material being extracted (Cokayne & Lyman 1998; Ebrahimi 2013).

Dilution is expressed as (1):

= %          (Eq. 1)

That means, if 1 ton of rock mass is extracted and the dilution is 20 %: 800 kg is ore and 200 kg is waste

rock. In sublevel caving operations, dilution grades vary from 18 up to 44 %, and normally is at 33 %

(Suglo & Opoku 2012; Wu 2020). In the Dannemora mine, due to the good host rock quality, the leftover

of the excavated ore bodies are now very large stable stopes (Figure 2). Some stopes are as big as 300–

400 meters, which are little affected by caving, and the dilution is less than 20–30 % (Internal report et

al. 2011, 2015). However, in the investigated stopes Konstäng and Kruthus, the hanging wall is less

steep than normally in the mine, thus inducing some caving (Internal report 2015). Therefore, we can

expect a higher dilution for the Konstäng and Kruthus stopes than usual but so far this has not been

measured.

2.3.5 Backfilled tailings
Backfilling refers to refilling of excavated zones in a mine with material, while tailings are defined as

the material left after processing of the ore to generate the economic minerals (Falagan et al. 2016; Araya

et al. 2021). In Dannemora, the backfilled tailings vary from fine grains (<1 cm) to larger granular grains

(1-5 cm) (Figure 8). The tailings were transferred through one hole in the Konstäng stope for backfill,

and through two holes for backfill in the Kruthus stope (Figure 9) (Internal report 2014; Internal report

2015). The pile of tailings generated during backfilling, has a cone shape at an angle of repose of

approximately 40° (Figure 3). Coarser tailings area assumed to be distributed into the lower part of the

pile, against the walls, while the finer grains are distributed on the top. Apart from the tailings emplaced

during the 2012–2015 backfilling, a layer of waste rock was added on top at the tailings in the Konstäng

stope. Mining activity starting in 2012 below the tailings, might have caused the subsidence of the

tailings down to 400 meters depth (Internal report 2014; Internal report 2015). It is therefore difficult to

estimate the exact amount of tailing which could be re–extracted and at which depth to stop.
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Figure 8. Representative photo of one sample bag containing grains of the fine rounded (<1 cm) and angular
coarse (1–5 cm) tailings placed into the Konstäng and Kruthus stopes.

Figure 9. A large cement block has been removed to access the hole for backfill above the Konstäng stope.

Tailings generated from processing of the ore by most mining operations around the world, are often

placed at the surface in dams, covering acres of land. The surface tailings are easily accessible for

transportation to the processing plants. However, in very few cases, tailings emplaced as backfilled

material inside a mine has been extracted to re–process it. In the Dannemora mine, initially backfilling

was done in 2013 to minimise tailings on the surface and to meet the environmental requirements.

Additionally, the tailings were used to stabilise the side walls by exerting pressure, preventing any

hanging wall collapses (Internal report 2015; Golder 2022). Thus, the backfilling operation was not

designed for a further re–extraction. It is only recently with the development of a new processing method

that this backfilled material became economically of interest.
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3 Methodology
To meet the main objectives of this project, a multidisciplinary approach has been conducted including

drill core data investigation, 3D modelling and numerical estimates. The volumetric estimations have

been based on existing data from internal documents.

3.1 3D envelope extraction
A 3D modelling of the Konstäng and Kruthus stopes has been performed using the GEOVIA Surpac

software, version 7.2.2022.0 x64. Two 3D envelopes have been generated allowing their volume

calculation. In Surpac, the following steps were performed: The mine layout model has been imported

into Surpac and visualised. Then all individual string objects of the infrastructure (ramps, shafts, drifts)

have been removed. The remaining part was the former ore body in grey, mined before 2012. In order

to draw a cross sections through the generated envelope and the surrounding host rock, the drill core

data has been added in the model. The geological interpolation between the drill cores has then been

done manually. Small dykes of diabase and granitoid intrusions less than 5 meters thick were not

included.

3.2 Volumetric calculation
Deciphering the geometrical and spatial distribution of the Konstäng and Kruthus ore bodies, as well as

calculation of the exact amount of tailing that need to be extracted is of paramount importance as it will

have direct implication in the tailing retrieval operation. The volumetric calculations and estimates have

been performed using the volumetric function of GEOVIA Surpac. The density and the approximate

tonnage of the backfilled tailings were known before any dilution and have been used to calculate the

amount of extractable ore based on different dilution rates. To calculate the individual stope volume

from the top to sublevel 350, a 20 % dilution has been considered. From the sublevel 350 to 460 a

dilution of 60 % has been used. The volume calculation has been performed using “Report volumes of

solids” which a tool included in Surpac. Total interval to report by was set at depth meters “-180;350”

for the upper zone of the stope, and depth meters “-350;460” for the lower zone of the stope, to retrieve

the corresponding volumes. The following calculation steps have been followed (Figure 10).

Figure 10. Calculation steps.

3.3 Spalling and wedge characterization
Uniaxial compressive strength (UCS) values measured in Konstäng and Kruthus, and nearby ore bodies,

have been used to qualitatively assess the risk of spalling and rock bursts in the host rock. Nearby

boreholes used for UCS values are from Strömsmalmen (3020, 3030), Botenhäll (3024, 3025, 3026) and

Norrnäs (3039). Measured lithologies are marble, metavolcanic rock, and chlorite veins, and the UCS
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data come from internal documents from the last mining period in Dannemora (2012–2015) where

measurements of the rock strength were conducted (appendix). The boreholes are located 1.5 and 1.3

km from Konstäng and Kruthus, respectively (Figure 11).

Figure 11. Map view of the excavated ore bodies in grey, and blue indicates ore bodies mined between 2012–
2015. The boreholes are indicated in green, situated 1.5 and 1.3 km from Konstäng and Kruthus.

Each lithology was used for calculating the σ /σ where σ  is the maximum horizontal stress in

the roof or the excavation surface, and σ  is the UCS of the sample. σ is calculated as σ =  3σ −

 σ  at the roof of the ore body. Values for the σ and σ  are the major and minor stresses. To make a

qualitative comparison regarding the influence of nearby deformation zones and their potential influence

on the stress states, the Forsmark values are compared to the regional stress values in Sweden at each

depth.

3.4 Drill core investigations
The drill core investigation has been conducted in the Dannemora core shed to evaluate the rock quality

designation (RQD). The RQD is a quality measurement of a rock section by evaluating how blocky,

sheared and fractured it is (Hoek & Brown 1996; Haldar 2018). For example, a low RQD value over the

investigated section can indicate a weak zone that can govern the rock mass strength. On the other hand,

RQD is inaccurate if parts of the drill core has been lost or not recovered (Pells et al. 2017). The RQD

is defined as the total sum of rocks at or greater than 10 cm over a section divided by the whole length

of the section (2). Drill cores situated along Konstäng stope, Kruthus stope, or in between, was

investigated. The key boreholes selected for these analyses were 3183 (Konstäng roof) and 368 (Kruthus

roof).

RQD (%) =  100 ×
Σ (Length of core pieces ≥ 10 cm)

Length of the drill core section (cm)
         (Eq. 2)

Iron ore content was also investigated along boreholes to the Konstäng and Kruthus stope using two

approaches: First, drill core inspections using a magnet as well as visual determination of textures was

conducted. The enriched sections were cut in half and sent to ALS lab measuring for example iron and

sulphide contents. Although the values of iron content have not come back from analysis at the end of

this project, it was assumed that the sampled drill core sections in the host rock to the Konstäng and
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Kruthus would contain at least 15 % Fe, that is the cut–off. Secondly, existing boreholes close to the

Konstäng and Kruthus stopes was investigated in the existing database after sampled iron contents and

drill core textures, to retrieve potential iron contents at or above the cut–off of 15 %. The goal was to

determine the impact of caving on ore content if caving would occur into the stope (add to the ore content

of tailings or diluting it). For example, would boreholes 766 and 745 add to the ore reserves if caving

occurred (Figure 12).

Figure 12. Example section looking
from the hanging wall side, showing the
Kruthus (left) and Konstäng (right)
stopes. Key boreholes of 368, 565 and
3183 are indicated, and are discussed
further on. Borehole 766 and 745 is
indicated to show how unmined
sections contain iron ore lenses, situated
in the hanging wall of the host rock. Red
colour indicates at least 30 % iron
content. Pink colour indicate at least 15
% iron content. Grey colour indicate
earlier mined volumes before 2012, and
blue colour indicate mined out areas
between 2012–2015.

4 Results
4.1 Host rock characterisation

4.1.1 Lithological characterisation
Based on the borehole data and their geological interpolation (which has been made during this project),

we can see that the foot wall of the Konstäng stope consist mainly of granitoid, whereas the hanging

wall consists of marble associated with felsic metavolcanics (Figure 13 A&B). Displayed lithologies

have been intentionally simplified therefore lithologies occurring as lenses (< 5 meters) are not shown.

The iron ore from the drill cores are found as replacement in the crystalline carbonates and in the skarn,

consistent with earlier published work, for example Lager (2001).
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Figure 13. 3D model showing the host rock lithologies surrounding the Konstäng stope. Situated in the eastern
limb of the Dannemora syncline, the layers are dipping 60–80° to the SW, and strike to the NE. Younging direction
is towards the hanging wall (HW) to the SW. A) View from the hanging wall. Red lines at the bottom left indicate
zones where sampling for iron measurements have been done. Most of samples yield an iron content between 10
to 30 %. B) View from the foot wall. Intrusive granitoids (pink) postdates the metavolcanic rocks and marble. A
skarn horizon (green) borders the intrusive rock.

In the Kruthus stope, the hanging wall consist of a large shear zone at the roof. The main lithology is

metavolcanic rock bordering half the volume to the stope, intercalated with marble. Skarn horizons are

present at the middle of the stope and are spatially related to the underlying granitoid. At the Kruthus

foot wall, mainly metavolcanic rock is present with smaller sections of intercalated marble. In the

bottom, a granitoid with a skarn horizon to the stope boundaries is also present (Figure 14 A&B).

Figure 14. 3D model showing the host rock lithologies surrounding the Kruthus stope. Situated in the eastern limb
of the Dannemora syncline, the layers are dipping 60–80° to the SW, and strike to the NE. A shear zone occurs at
the roof. A) View from the hanging wall: in the upper stope, metavolcanic rock is dominant. The stope is bordered
by a granitoid at the bottom associated with a skarn horizon. Marble at the northern part of the stope and iron ore
is visible at the bottom of the stope. B) View from the foot wall: large sections of metavolcanics rocks border the
stope, with layers of intercalated marble. The foot wall is bordered by the same granitoid as in A, with a nearby
associated skarn horizon.
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In Kruthus, there is a large shear zone found during investigation of the borehole database, and highly

fractured rock of down to 0 % RQD. Furthermore, drill core investigation and RQD measurement

(borehole 368) near the Kruthus roof, showed a very low RQD value (17.1 %) with a mean RQD of 57.1

%. There was no major shear zone observed through Konstäng. RQD measurement from a key location

(borehole 3183) at the top of the Konstäng roof, indicate local a low RQD (41 % and 53 % at depth 147

and 153 m, but the mean RQD from 143 m to 167 m is 70 %).

4.1.2 Estimation of rock failure hazard
Estimation of rock failure by spalling for nearby ore bodies (blue and yellow stacks, figure 15) are

compared to the Konstäng and Kruthus (blue and yellow stars, respectively). Input data for the σ1 (equal

to the major horizontal stress) comes from the Swedish regional shield stresses, and σc uniaxial

compression strength (UCS). In the nearby ore bodies, two out of eight marble samples (blue) show risk

of minor spalling (σ1/σc > 0.4 UCS), and one sample show risk of major spalling. The risk of spalling

only occurs at depths greater than 300 meters for the marble samples. All metavolcanic samples plot in

the safe zone (< 0.4 σ1/σc) except one sample. The Samples from Konstäng and Kruthus follow the same

trend, with marble becoming unstable at depths. Two out of three marble samples plot in the minor

spalling area (0.52 and 0.42 σ1/σc). One out of three metavolcanics samples plot in the minor spalling

area (0.41 σ1/σc), with the other two at safe σ1/σc values of 0.2 and 0.28. Values from the Konstäng and

Kruthus host rock and values from the nearby ore bodies are plotting mostly in the safe and minor

spalling zone and show the same pattern with, however, a slightly higher degree of risk of failure for

marble than the metavolcanic rocks (Figure 15).

Figure 15. Plot of the spalling values from nearby ore bodies (blue and yellow stacks) and samples from the Konstäng
and Kruthus stope (indicated numbers and blue and yellow stars).
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Using the Forsmark rock stress values as input data instead reveal that the nearby ore bodies to the Konstäng

and Kruthus stope is at great risk of major spalling from depth 300 meters for the marble samples, while the

most metavolcanic rocks have greater risk of major spalling around 450 meters depth. From the Konstäng

stope at depth 350 meters, all three marble samples plot in the major spalling zone (1.36, 1.12 and 0.95 σ1/σc).

Two out of three metavolcanic samples plot in the spalling deformation zone, and one sample in the minor

spalling zone at Kruthus depth 400 meters (1.05, 0.70 and 0.52 σ1/σc) (Figure 16).

Figure 16. Plot of the spalling values from nearby ore bodies (blue and yellow stacks) and samples from the Konstäng
and Kruthus stope (indicated numbers and blue and yellow stars), using stress concentrations from the nearby Forsmark
area.

4.2 Volumetric calculations

4.2.1 Volume of backfilled material
During backfilling in 2012–2015, 1 439 456 ton of tailings has been deposited in Konstäng and 2 899

104 ton of tailings has been deposited in Kruthus. In total it represents 4 388 560 ton of tailings for both

stopes. Additionally, approximately 50 000 ton of waste rock have been deposited on top of the tailings

in the Konstäng ore body after production ended in 2015. The tailing density is about 2.1 ton/m3, and

the waste rock about 1.8 ton/m3. The calculated volumes are therefore:

1) Konstäng =   
.  /

= 685 455 m          (Eq. 3)

1.1) Konstäng =     
.  /

= 27 777 m          (Eq. 4)
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The total occupied volume in Konstäng is 713 232 m . For the Kruthus stope instead, the calculated

volume is:

2) Kruthus total occupied volume =
. /

= 1 380 525 m           (Eq. 5)

The total occupied volume by tailings and waste rock in the Konstäng and Kruthus stopes equals

3 140 636 m3, and total tonnage to 4 388 560 ton.

4.2.2 Volume of stope and extractable tailings
The volumetric calculations performed using Surpac gives the volume of excavated rock since Konstäng

and Kruthus was first mined in 1984. The volume in Konstäng is about 1 417 730 m3 and in Kruthus 2

574 548 m3. The stopes of Konstäng and Kruthus has been divided into an upper zone (at sublevel 150–

350 m) where less caving and dilution have occurred (dilution rate of 20 %), and a lower zone (at

sublevel 350–470 m) with a higher dilution rate (60 %) (Table 2).

    The rate of dilution is assumed to be the same even though the Kruthus stope has a significantly larger

volume than the Konstäng stope. This is partly because of the extensive shear zone at the top of the

Kruthus roof, which would dilute a significant amount of the tailings, and partially because of their

proximity to one another, which would most likely result in similar collapsing over time (Figure 7).

Also, the larger stope volume gives a higher amount of extractable tailings (Table 3).

Table 2. Calculations of the volumes and tonnages in the Konstäng stope of the tailings. The backfilled waste rock
is assumed to dilute the top of the Konstäng tailings at sublevel 180–350 meters and has decreased the total amount
of extractable tailings by 50 000 ton to a total of 653 261 ton.

Table 3. Calculations of the volumes and tonnages in the Kruthus stope of the tailings. No backfilled waste rock
is emplaced at the Kruthus stope compared to the Konstäng stope.

Sublevel

depth (m)

Volume

Undiluted

Stope ( )

Refilled

tailing ( )

Dilution

rate (%)

Extractable

tailings (Ton)

Economic

revenue

180–350 523 260 262 134 20 653 261 2.5 months of
production

350–460 894 470 357 788 60 300 542 1 month of

production

Total 1 417 730 295 201 953 803 3.5 months of

production

Sublevel

depth (m)

Volume

Undiluted

Stope ( )

Refilled

tailing ( )

Dilution

stope (%)

Extractable

tailings (Ton)

Economic

revenue

180–350 1 474 477 752 398 20 1 981 697 7.5 months of
production
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The total amount of extractable tailings including Konstäng and Kruthus is about 3 305 124 ton, or 3.3

Mt. The production time of these tailings equals 12.5 months which is approximately 1 year of

production.

4.3 Tailing extraction scenarios
The host rock characterisation (geometry and mechanical properties) which has been conducted during

this project is of great help to formulate solution to extract the tailing.  Different scenarios are suggested

to showing where the tailings could be extracted and using existing infrastructure. As explained

previously, extracting the tailings without any backfilling could create instability in the hanging wall

and generate cracks among other damages (Figure 17).

Figure 17. Schematic illustration of
the consequences without
simultaneous backfilling inside the
stope. The progressive removal of
tailings from time 1 to time 3
contemporaneously removes the
support against the hanging wall.
This causes rock wedge fallout.
Eventually, the stresses progress to
the existing drifts that can slide or
induce rock bursts. Further on, the
rock bursts cause propagation of
cracks to the surface, with roof
subsidence consequently. The
white field indicate unoccupied
volume (air) inside the stope.

Instead, extracting the tailings and simultaneously backfilling on top will help preserving the stability

against the hanging wall and stop any potential caving. However, backfilling could initiate a dilution at

the top and reduce the ore content. This situation applies only for Kruthus, as the top of the Konstäng

stope is already covered by waste rock (Figure 18).

350–460 1 100 071 440 028 60 369 624 1.5 months of

production

Total 2 574 548 1 192 426 2 351 321 9 months of

production
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Figure 18. Schematic illustration of the most optimised workflow proposed. In Konstäng and Kruthus, backfilling
is done simultaneously as the tailings are extracted. This generates an immediate support against the side walls
(black arrows). There are no rock bursts, and the tailings sink in a subsequent order from time 1 to time 3. However,
the dry backfilled material causes ore dilution at the top of the existing tailings in the case of Kruthus and need
further investigation. At the Konstäng stope, waste rock emplaced in 2015 (blue) already act as a barrier towards
future backfilling at the top and cause no further dilution.

To extract the tailings, existing infrastructure will be used. Several access locations have been proposed

to be able to extract the highest grade of ore possible and minimise high rate of dilution (Table 4).

Table 4. Description of extraction possibilities from different sublevel depths in the Konstäng and Kruthus stopes.

Sublevel (m) Comment

Low diluted zone (20 %)

260 Konstäng: No access to the main drift.
Kruthus: No access to the main drift.

300 Konstäng: Not all tailings are recovered from this sublevel.
Kruthus: Not all tailings are recovered from this sublevel.

350 Konstäng: Maximum tailing recovery of low diluted zone. New infrastructure needed.
Kruthus: Maximum tailing recovery of low diluted zone.
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High diluted zone (60 %)

442–446 Konstäng: 442, best suitable zone for the tailing extraction.
Kruthus: 446, best suitable zone for the tailing extraction.

460 Konstäng: Waste rock present at the bottom.
Kruthus: Waste rock present at the bottom.

From Table 4, the most likely scenarios of tailing extraction from Konstäng and Kruthus will be done

at: (1) Sublevel 350 m at the bottom of the low diluted zone (20 % diluted). At Konstäng however, large

machines will not fit around the small drifts to access the tailings. A new drift 40 m long, diverting from

the main drift at sublevel 350 meters, need to be produced (Figure 19). (2) After the low diluted zone is

extracted, the restricted high diluted zone will be extracted (60 % diluted). The most suitable drift for

extraction is at the sublevel 442 at Konstäng and 446 at Kruthus (Figure 19).

Figure 19. (1) Extraction of tailings from the zone with 20 % dilution, will occur at the existing drift at sublevel
350 for Konstäng and Kruthus. A new drift is marked to be able to access to the tailings. (2) Extraction of tailings
from the zone with 60 % dilution, will be done afterwards, from sublevel 442 (Konstäng) and sublevel 446
(Kruthus), respectively.

5 Discussion
5.1 Rock stability assessment and economic potential
5.1.1 Spalling instability

Deciphering the type of rock deformation (stress induced spalling or gravity induced wedge instability)

that affects the host rock was an important task which highly contribute to a better understanding of its

behaviour during tailings extraction. Using data over stress concentration for the Swedish bedrock
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showed that spalling is neglected at low excavation depth around the roof of the Konstäng and Kruthus

stopes. However, with depths, the risks of rock failure increases (Peng et al. 2021; Askaripour et al.

2022). It was especially apparent for the marble that becomes more unstable at depths due to spalling.

The risk associated to the metavolcanic rocks was lower than the risk for the marble. No UCS

measurements have been performed on the granitoids, and thus the risk of spalling could not be

estimated, for example at the Konstäng foot wall. However, as granitoids generally contain high uniaxial

compression strengths of 200–300 MPa, the ratio of σ1/σc and the risk of spalling would be lower than

for the metavolcanic and marble rocks. This means that the higher the UCS values, the less is the risk

of spalling deformation for the rock surrounding the Konstäng and Kruthus stopes. Only at depths

around 400–450 meters are there a minor risk of spalling. On the other hand, the σ1/σc ratio indicated

that a far larger portion of all samples from the Konstäng and Kruthus, including the other ore bodies as

well, were at danger of spalling when the Forsmark stress values were used as input data. Some samples

would even be extremely difficult to reinforce (above 0.8 σ1/σc) (Peng et al. 2021). Further cumbersome,

it must be remembered that the excavation of rock mass, has led to secondary induced stresses around

the rand of the stopes. These secondary stresses have not been quantitatively estimated but can be

qualitative estimated to be higher than the primary stresses before excavation of the rock mass. Thus,

the area around the Konstäng and Kruthus stopes should be exposed at higher stress magnitudes than

the stress magnitudes used for the Swedish bedrock.

    Due to recent stress measurements taken and similarities between the deformation zones in the area

(Singö deformation zone in Forsmark and the Österbybruk deformation zone truncating the eastern

syncline limb in Dannemora), the Forsmark area was chosen to be included in the comparison of spalling

deformation although the tectonic setting is not the same for Dannemora, as in the Forsmark area. In

Forsmark, the area is situated in a tectonic lens surrounded by an area of high ductile strain that was

metamorphosed in amphibolite–facies around 1.85 Ga. Further, it was assumed that faulting inside the

high ductile strain zone lead to stress release (Martin 2007). But the same effect of faulting inside the

ÖDZ has not been investigated around the Dannemora area, and the influence of stresses on the bedrock

by the ÖDZ is unknown. Hence, the most likely values used for estimating the spalling conditions around

the stopes in Dannemora would therefore be higher than the regional bedrock stress values due to the

increased secondary stresses, but lower than the Forsmark area. The application of the above spalling

conditions is, on the other hand, restricted according to Cai & Kaiser (2014). They argue that UCS

values measurements are theoretical values only and neglects other key parameters. For example, the

ratio of σ1/σc where σ1 is the σH in Dannemora, is also dependent of the irregular geometry formed by

the excavation surface. These surfaces by friction restricts the movement of blocks. Consequently, the

real in–situ strength of the rock is at least twice higher, such as spalling would occur around 0.8 UCS,

instead of 0.4 UCS. The risk of spalling leading to major failure is thus negligible in this area with the

Swedish bedrock values, but at greater risk with secondary induced stresses, and the nearby Forsmark

stresses.
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5.1.1 Wedge instability

With a low risk of spalling at the investigated depths around the Konstäng and Kruthus stopes (180–460

meters), the most probable deformation type affecting the rock in Dannemora is related to wedge fallout

or wedge sliding along existing faults. Wedge sliding is facilitated by infilling in the fractures, for

example chlorite fels–rich sections which occurs at borehole 565 at the large shear zone of the Kruthus

roof (Figure 12 and 14). From earlier logged drill section, the chlorite fels section is 3.20 meters wide,

and is parallel to the bedding of the metavolcanic rocks that strike to the NE and dip to the NW.

According to Lager (2001), many of the chlorite sections in Dannemora, is associated to hydrothermal

alteration of volcaniclastic material, at the same time of dolomitization of limestones. The 3.2 meters

chlorite section on the other hand can have formed during regional retrograde deformation.

    RQD is additionally important to consider as the more fractured the rock mass is, the greater is the

risk of wedge fallout or large–scale collapse once the surrounding tailings are removed. Investigation of

the RQD around the Konstäng and Kruthus stopes from the database reveal high RQD values (70–80

%). The risk instead comes from large scale blocks that falls out when the stabilising support is removed.

For example, during visual inspection at the Norrnäs stope in the northern part of the mine, a huge

(approximately 10 x 10 x 10 m) rock burst resided in the bottom of the stope (Figure 20). The rock burst

has been likely initiated when the support of the individual blocks was removed (ore excavation) and

the right amount of fractures and orientations was present, illustrated in Figure 6B. Furthermore, the

hanging wall in the Norrnäs stope is almost vertical (above Norrnäs 1 & 2 in Figure 2), preventing the

side wall to cave until it is vertical, and causes a locking mechanism onto the rock blocks. Despite this,

rock bursts in the Norrnäs stope occurred (Winberg 2010). At the Konstäng and Kruthus stopes, the risk

of instability and rock bursts should be higher as the hanging walls are less steep at 60–70°.

Figure 20. A large boulder at the bottom of the Norrnäs stope is visible. The block likely failed as wedge sliding
from the surface to the right in the photo. The boulder was estimated to approximately 10 meters in length.
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5.1.2 Tailing’s occupation

It was calculated that all tailings could be extracted between sublevel 180–460 for Konstäng and

Kruthus. Here, the tailings will gradually sink from the top at sublevel 180, to sublevel 350, during

extraction. However, for sublevel 350–460, this area is considered as restricted due to the amount of

caving into the bottom of the stope, but the existing infrastructure with drifts into the ore bodies and

ready to operate is seen as an advantage for the tailing extraction operation. Several sublevels

corresponding to different depths can be used to access to the tailings. However, the infrastructure

only leads to sublevel 442 and 446 at Konstäng and Kruthus, respectively, with the remaining 14-18

meters to sublevel 460 being inaccessible. On the other hand, with the 60 % rate of dilution of the

lower zone in the stopes, waste rock would probably occupy large sections, if not all these 14-18

meters, before backfilling started. Therefore, the ore losses from the restricted area would be

moderated.

5.1.3 Factors affecting the tailing’s volume
In all mining operations, the rate of dilution is difficult to estimate. However, this task is still of

importance as the processing plant needs an optimum iron ore of the same grade. The additional diluted

rock masses otherwise adds costs and limits the maximum daily amount of processable rock masses

(Suglo & Opoku 2012). The less diluted zone is safer to extract and provides economic benefits

especially if it turns out that the high diluted zone has even higher dilution grades than estimated.

    For the 20 % zone in Konstäng (sublevel 180–350 m), 50 000 ton of waste rock emplaced on top of

the tailings diluted the material. It is possible that the finer grains at the top, mixes and dilutes more

easily than the coarser and angular grains nearer the side walls. Nevertheless, it is assumed that all

backfilled waste rock dilutes the tailings. Thus, dilution is = 3.5 %. The rest of the

dilution comes from rock caving into the bottom of the Konstäng and Kruthus since it was mined in

1974, and measurements between 2013 to 2015 showing decreased height of the Konstäng and Kruthus

roofs over time. Accordingly, at least 30 to 35 meters of roof can have caved into both the Konstäng and

Kruthus stope. However, borehole 3183 (Konstäng roof) indicated high RQD values (mean 70 %)

meaning that it is unlikely that caving has occurred there.

    Caving from the 20 % zone in the Konstäng stope instead comes from the hanging wall. Whereas in

the Kruthus stope, caving is related to the large shear zone where the 3.2 meters wide chlorite section is

located. Palmström (1996) demonstrated that a deformation zone of weak rocks redistributes stresses on

to the competent host rock, therefore the zone itself would be exposed at wedge instability leading to

rock caving. Estimating the contribution of caving by the shear zone would be;

Shear zone volume = 100 m ∗ 60 m ∗ 45 m (length ∗ height ∗ width) =  270 000 m

Mass =  270 000 m ∗ 2800 kg/m = 756 000  ton
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Dilution = 1 439 456 ton tailings / 756 000 ton waste rock = 26 %

The dilution in the Kruthus is only related to caving from the roof. Also, the real shear zone dimensions

would not be as large as the assumed dimensions used in the calculation. The estimate of 20 % caving

is therefore reasonable. 60 % dilution rate in the lower zone (350–460 m) has been considered as an

acceptable estimation since the stope has been open since the 1970s and has collected waste from caving

in the bottom during all this period. Additionally, undermining started in 2012 before backfilling into

Konstäng and Kruthus stopes that started in 2013. This could result in large rock deformation and caving,

as seen at Konstäng sublevel 362 (Figure 7).

    Yet, the estimations of dilution rate come with a degree of uncertainty. For example, the distance

between the top of the tailings pile and the Konstäng and Kruthus roofs continuously decreased until

2015 when backfilling ended. Moreover, the subsidence of tailings, contemporary with backfilling on

top, induced a continuous pressure on the side walls, preventing from any caving and dilution.

5.1.4 Economic dilution

Up to now, dilution has been considered as a negative phenomenon as it can potentially decrease the ore

grade. However, it must be emphasised that the lowered cut–off grade in the Dannemora mine has

slightly changed this vision. Earlier considered waste rock below 30 % iron content can now be

considered as ore reserves if they have iron contents above 15 %. Figure 13A shows the hanging wall

of Konstäng with boreholes containing iron ore lenses corresponding to at least the 15 % cut–off grade.

Additional research around the boreholes in the Konstäng and Kruthus undermined zones (blue, Figure

12) revealed iron contents above the 15% cut–off. These boreholes were also found in areas that were

thought to have caved in 2015 (Figure 3). Because of this, the highly diluted lower zones in Konstäng

and Kruthus are diluted with iron ore rather than just a host rock with no iron content. However, not all

marble and skarn sections contain iron that is above the cut–off grade. Granitoids occur in large extent

on the foot wall side of Konstäng, while marble occur in the hanging wall of Konstäng. In Kruthus,

metavolcanic rocks border the whole stope. Thus, if caving occurs, marble from Konstäng hanging wall

would most likely have an add with iron contents.

    Another important aspect of the dilution from caving process, concerns block of rocks which are

potentially left in front of the loading drift where the ore was extracted by loading machines earlier. The

loaders were used to estimate the density of the extracted rock masses and stopped the extraction

operation when lighter density was reached. Therefore, previously considered waste rock that are now

considered as ore reserves, could have been left at the drifts.

5.2 Workflow for the tailing extraction
As presented in the results section, it is suggested that backfilling will be done on top of the stopes

simultaneously to the extraction of the upper low diluted zone and the lower high diluted zone (Figure

18). However, this cost is compensated by several major benefits such as increased stability. Indeed, the
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induced stability from backfilling can lead to a secondary ore extraction residing in the nearby ore

bodies. Also, subsidence of overlying caving rock mass is avoided.

   Compared to expensive mining methods, the backfilled tailing fragments avoid any need of mining

operations. They just need to be extracted by a loading machine, even if a new drift (40 m) will need to

be installed to get access to the tailings at the Konstäng lower diluted zone. The cost related to the new

drift is about 30 000 SEK per meter, costing in total around 1.2 million SEK. Concerning the path

followed by the drift, it was found from the drill cores that a 20 m chlorite rich zone that is not associated

to the large shear zone at the Kruthus roof (Figure 14), will be intersected if the initial plan is respected.

Given the low rock strength of chlorite (appendix), in combination with the drift being oriented

perpendicular to the major horizontal stress orientation, either this zone will have to be reinforced

greatly, or the drift will have to be shifted spatially further away from the chlorite zone. Yet, removing

the less diluted tailings from sublevel 350 at the Lyndon drift, proved to be very economic, as

approximately 0.65 Mt of tailings can be extracted.

    The extraction operation of the tailings from sublevels 442 and 446 should consider the 20 meters

down to sublevel 460 which are not accessible. It is reasonable however to consider that not much ore

reserves reside there, giving the great dilution rate. Due to these important constrains, it is better to

extract the low diluted zone at sublevel 350, before extracting the high diluted zone at sublevel 442–446

(Figure 19).

5.3 Future recommendations
To our knowledge, it is the first time that a previously backfilled material into a mining stope will be

re–extracted to make production of it. Therefore, a close monitoring of the host rock behaviour in a

short– and long–term should be conducted. Furthermore, more tests of the uniaxial compression test

should be performed directly on the Konstäng and Kruthus stopes to better constrain the rock strength.

However, even if situated close to each other, the UCS values from the different boreholes in Dannemora

could vary but most likely be in the same range (Hansson 2015). Hence it would probably not be a great

change in the results as shown above. Lastly, further investigation needs to be done on the earlier

considered dilution process and its economical implication, given the lowered cut–off grade which is

applied in Dannemora mine.

6 Conclusions
1) At the Dannemora mine in eastern Bergslagen, previously classified waste rock (< 30 % Fe) that are

now considered as ore reserves due to an upgraded processing plant (> 15 % Fe cut–off), was backfilled

as tailings (enrichment sand) with 21–22 % iron content into large open bodies (stopes) in the mine.

With the current lowered cut–off, Grängesberg Exploration Holding AB intends to restart production of

iron ore in the Dannemora mine, however several challenges related to the extraction of former waste

material need to be well assessed before starting the full operation. This project investigated an
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optimised workflow in order to maintain rock stability, extract the tailings, and to be able to extract

nearby ore bodies in the future.

2) The major lithologies around the stopes consist of intercalated metavolcanics and marble, with

younger postdating granitoid and associated skarn sections. The iron ore is closely associated to

replacement of the crystalline carbonates, and also occurs in the skarn. Dilution from caved foot wall

and hanging wall was qualitatively and generously estimated into a low diluted zone (20 % diluted) and

a high diluted zone (60 % diluted). However, the results indicate good host rock quality (70–80 % RQD),

and a high uniaxial compression strength. The risk of deformation from spalling is minor at the

investigated depths (sublevel 180–460) and the deformation risk is instead associated with wedge failure

once the support from the stabilising tailings is removed. Therefore, it is proposed to remove the less

diluted tailing zone (sublevel 180–350) from sublevel 350, before extracting the higher diluted zone

(sublevel 350–446) at sublevel 442 and 446 for Konstäng and Kruthus, respectively. Backfilling is done

simultaneously to preserve the stability and minimise any potential wedge failure from side walls.

3) Essentially, no extensive mining operations need be conducted as the tailings are backfilled as loose

fragments. It is hence economic to extract the tailings. The extraction of the tailings will have a very

beneficial effect on the Dannemora mine activity as earlier estimates of 6 months of production has

increased to more than 12 months of production. However, caution must be taken when estimating the

total tailing´s tonnage due to uncertainty in dilution estimates and should be progressively assessed,

along the impact on stability of surrounding but unexcavated ore bodies during the extraction, and the

impact on the nearby ramps and stopes.
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Appendix: UCS values used for spalling calculations

Table A1. UCS values from different boreholes and lithologies in the Dannemora mine.

hole id Id nr Sect. From Sect. To UCS Rock

3026 PL0002 27,95 37,82 129,5 Marble

3026 PL0003 27,73 28,07 117,2 Marble

3022 PL0004 83,55 27,85 142,1 Marble

3026 PL0005 86,29 83,67 169,9 Marble

3026 PL0006 89,35 86,41 90 Marble

3026 PL0007 94,2 89,47 63 Marble

3026 PL0008 80,75 94,32 70 Marble

3026 PL0009 30,6 80,87 125 Marble

3026 PL0011 104,1 103,72 157,5 Volcanic

3039 PL0012 48,79 104,22 160,2 Volcanic

3036 PL0013 92,58 48,91 136,9 Volcanic

3025 PL0016 93,35 94,23 436 Volcanic

3024 PL0017 13,8 93,47 127 Volcanic

3024 PL0018 17,55 13,92 207,8 Volcanic

3020 PL0019 12,25 17,67 109,7 Volcanic

3020 PL0020 13,63 12,37 168,6 Volcanic

3020 PL0021 16,37 13,75 165,7 Marble

3020 PL0022 69,02 16,49 202,1 Volcanic

Konstäng - 350 350 70, 85, 100 Marble

Kruthus - 400 400 100, 150, 200 Volcanic
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