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Abstract

One of the mining industry’s main concerns is thanagement of waste rock and tailings
generated by sulfide ore extractidopon exposure of atmospheric oxygen, iron sulfide&lize
generating acidity. Infiltrating water form a metaih acidic leachate called acid mine drainage (3M
that can cause serious environmental problems.ndigeor dregs (GLD) is a material that resists the
passage of oxygen and water and could thus betasszhl mine wastes, preventing their oxidation and
AMD formation. To enable its use in dry mine wasterers, the long-term efficiency of such GLD
sealing layers must be evaluated. In this stuédgghflGLD and GLD aged for 3 to 13 years was coltecte
from two sites and analysed to determine how agiifiects its chemical and physical properties. Aged
and fresh GLD were very similar with respect to thié properties important in a sealing layer. In
particular, there was no evidence of calcite digsmh in aged GLD samples. Aged GLD also exhibited
high water saturation (>91%) and chemical stabilitgth of which are important for effective longrte
sealing. The shear strength of GLD deployed irfitfld increased over time but not sufficiently tusaere
the long-term physical integrity of a pure GLD $egllayer. The development of hybrid materials with

improved shear strength will therefore be necessary
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1. Introduction

Tailings and waste rock generated by the mininguifidic ores must be managed and disposed of in a
way that guarantees the protection of the envirgninas well as human health and safety. A major
problem associated with sulfidic mine waste isfivenation of acid mine drainage (AMD) a metal-rich
acidic leachate formed by the waste’'s oxidationt teuses serious environmental problems [1]. A
common technique for preventing its formation isotoy the waste underneath a dry soil cover whose
purpose is to prevent oxygen from reaching the evastl thereby retard its oxidation [2]. The dryerov
usually consists of a sealing layer with a highrdegf water saturation to prevent oxygen influg fow
hydraulic conductivity to limit water infiltratiorthereby reducing the amount of drainage waterhiagc
the waste. A protective layer is applied abovesteding layer to protect its integrity. Unforturligtehere

is a lack of sealing materials that are both inegpe and capable of efficiently preventing oxygeml
water from reaching the stored waste in the longt€layey glacial till is often used as the seglayer

[3] when possible but many mines are not locatezldae proximity to tills with the necessary pradjes,
creating a need for alternative solutions. Recéudiss have shown that certain industrial wastes an
residues could potentially be useful in this cohfdx7].

One material that has shown particular promiser@vgnting oxygen and water ingress is green
liguor dregs (GLD) [8], which is the largest waftaction generated during the chemical recoveryecyc
at sulfate pulp mills and is classified as non-ndaas chemical waste by the Swedish EPA [9]. This
alkaline inorganic waste contains calcite, bruamorphous phases and insoluble solids, and is kiow
have low hydraulic conductivity (<0Om/s) and a high water retention capacity [8]. vRnes studies
have shown it could be a viable alternative toitiadgal materials for the construction of sealiagdrs
[8, 10-11]. However, there is a lack of informatiamits long-term performance, which is requiretbbe
it can be considered a general solution.

Four main properties have been determined to affectong-term performance of a dry cover:

hydraulic conductivity, water retention capacityegdee of saturation and physical integrity [12].



Identifying how these properties changes as themahtages will make it possible to predict a segli
layer’s long-term performance at preventing watet axygen ingress.

In this study, GLD aged for 3 to 13 years origingtfrom two paper mills was collected from
two landfill sites and compared to fresh GLD of fzene origin. The aim was to assess how the four ke
cover performance properties listed above changethe GLD aged and to thus predict its long-term

performance as a barrier to oxygen and water ircdwgr applications for sulfidic mine waste.

2. Materials and methods

2.1 Material

Fresh GLD was kindly provided by the Smurfit Kagj®K) and Iggesund sulfate pulp and paper mills,
both of which are located in northern Sweden.

Aged GLD originating from Iggesund was collectedtst Iggesund paper mill landfill. GLD has
been stored at this site since 1998 in an orgarpaéern, making it possible to collect GLD of 3aigd
13 years of age. Aged GLD (6 years old) originafirggn SK was sampled at the Rénnskar landfill at
Ronnskarsverken, Sweden, where it had been placadealing layer on top of oxidized tailings (agugbl
in 2006). The site had also been used for dispafssthow from large parts of the surrounding indatr

area.

2.2 Methods

2.2.1 Sampling

GLD from SK was sampled at a test plot at the Rk&ngndfill using a plastic shovel. In additiontact
soil cores were collected by slowly pushing a 15lomg cylinder with an internal diameter of 7 cm
horizontally into the sealing layer until it wasnepletely filled with GLD. The collected samples wer

stored at 8 °C until analysis.



GLD from the Iggesund site was collected by drjlinsing a mobile drill rig (Georig 607,
Geotech Ltd, Askim, Sweden). Samples were takeh &t auger to enable sampling at different depths
and the acquisition of material of different agEse samples were then placed in diffusion bagdukis

were taken of frozen GLD collected from the uppat pf the landfill.

2.2.2 Physical properties

Water retention capacity (WRC) was measured on agedfresh GLD in duplicate. The samples were
packed into cylinders and saturated from below. @ylmders were then placed on a ceramic plate and
pressurized from below using a pressure plate appa(Soilmoisture Corp., USA). The volume of the
loose samples was calculated from their bulk dgnaihich was determined from the weight of the dirie
samples (105 °C for 24 h) divided by the cylindedume. The total porosity of the GLD samples was
calculated according to the following equation: algborosity = (Particle density — Bulk density) /
Particle density. The bulk density of the GLD segliayer at the Ronnskar landfill was measuredhén t
field by means of a Balloon Densometer Test (nALmnultivolume helium pycnometer (Pycnometer
1305, Micromeritics, Nercross, GA, USA) was usediétermine the compact density of fresh and aged
GLD originating from Iggesund (n=2) and aged GLOgimrating from SK (n=3). The compact density
was then used to calculate the GLD’s porosity foye number (e) and degree of saturatigh (S

Ground penetrating radar (GPR) is a geophysicdinigoe for imaging the shallow subsurface
by transmitting high-frequency electromagnetic veaieo the ground [13-14]. GPR surveys were carried
out across the Ronnskar landfill to characterizeititegrity of the sealing layeA RAMAC GPR system
(Mala Geoscience, Sweden) was used with 800 MHz58@dMhz monostatic shielded antennas (Mala
Geoscience, Sweden). GPR profiles were obtainedhagually towing the antenna along measured
survey lines across the landfill. A “hip chain” wased to trigger each measurement and keep track of
distance along the profiles. The sampling frequemay 2500 MHz and a trace interval of 2 cm was used

The number of stacking was set to 8. After acqoisjtthe profiles were subjected to post-survey



processing including time zero adjustment, subivacdf DC-shift and dewow, gain function, bandpass
filter and background removal using the Reflex2fuisoftware package (Sandmeier scientific
software).

Cone Penetration Test (CPT) measurements wererpedoat both landfills according to a
standard procedure [15] to determine each testddrials undrained compressive strength)(and
angle of internal frictiond).

Cylindrical specimens (5 cm x 10 cm) of fresh GUubnh Iggesund (n=2) and aged GLD (n=3)
collected at the Rénnskar site were tested undiexiah compression with an air-hydraulic apparatus.
Compression tests were carried out at a deformagitenof 1.5 mm/s.

The dry matter content of fresh and aged GLD frggebund and SK was determined (n=3)
according to the standard method [16]. Paste pHawvadyzed on fresh and aged samples (n=3)
with a pH meter (Metrohm Ltd, 704 pH Meter, Heris&witzerland) as described previously [17].

Hydraulic conductivity tests on fresh and aged GltB3) from SK were carried out with the
Constant Rate of Strain (CRS) method according gtaadard procedure [18]. Cylinders measuring
15 cm x 7 cm in diameter were filled with GLD. Té&mples were then placed under a 30 kPa load for
28 days to mimic the conditions encountered in5ami.protective cover. The cylinders were placed in
an oedometer and subjected to a progressively asang induced stress. Drainage was only allowed
from the top. The hydraulic conductivity was calteld based on the deformation and the pore pressure
from the lower surface. Hydraulic conductivity s Ilggesund GLD of 0 (fresh), 3, 8 and 13 yeérs o
age were performed in duplicate by the ConstantdHearmeability (CHP) method according to a
Swedish standard [19] and their results were inétgol using Darcy's equation. Water was pressed
through the column from below and collected in slimgpbottles using a constant water head. The
amount of permeated water was monitored continyouhe samples’ density was then calculated,

enabling their water content to be determined afitging at 105 °C for 24h.



2.2.3 Chemical properties

Batch leaching tests on fresh GLD from SK and Iggéswere performed in duplicate according to a
modification of the Swedish Standard SS-EN 124b6[20]. Samples containing 20 g of GLD on a dry
matter basis were placed in 250ml centrifuge ®{Beckman coulter) and 200 ml of Milli-Q water kit
pH of 6.3 (matching that of the local snow) wasetith achieve a liquid/solid (L/S) ratio of 10. The
mixtures were then shaken with an end-over-endestiak 24 hours and centrifuged at 4000rpm for 10
min, after which 20% of the supernatants were resdosnd filtered through a 0.22um filter. The
leachates’ pH, electrical conductivity (EC) andaegotential E,) were analyzed immediately using a
Voltkraft PH-100ATC pH meter, a WTW Multi 350i mutieter (type Level 1 with WTW 323 electrode,
Weilheim, Germany), and a pH/ion meter (Radiometeopenhagen, Denmark) with an Ag/AgCl
electrode, respectivelyg, values were obtained by adding 207 mV to the regdiobtained with the
pH/ion meter. Chemical analyses were conductedrbgaredited laboratory (ALS Scandinavia AB,
Luled, Sweden). After the leachate’s removal, thitlds were topped up with additional Milli-Q water
restore an L/S ratio of 10, and the leachate ciilecand analysis procedure was repeated as dedcrib
above on day 3 and day 25 after the establishnfehea@xperiment.

Another series of batch leaching experiments weréopmed in duplicate using fresh GLD from
Iggesund according to a previously described mef2alli Samples containing 10g of GLD on a dry
matter basis were placed in a 150 ml polypropylbatle together with 100 ml of Milli-Q water to
establish an L/S ratio of 10. The resulting mixtuweere agitated on a shaker at 6 rpm for aboutb24sh
which was previously shown to be sufficient timeegiablish near-equilibrium conditions when dealing
with fine-grained residues [22]. The mixtures wédhen left to stand for 2 days, after which the
supernatants were collected and filtered throu@i2aum filter. Their pH was measured with a Voltkra
PH-100ATC pH-meter and their alkalinity was calt¢ethby titration with 0.1M HCI. The bottles were
then refilled with the same amount of Milli-Q waterrestore an L/S ratio of 10, and the proceduas w

repeated. After 13 such cycles, the samples wemasfierred to 1L polypropylene bottles and the



experiment continued with increasing L/S ratiosro¥® further cycles, terminating at an L/S ratio of

1800.

3. Results and Discussion

3.1 Changesin physical properties

Hydraulic conductivity tests showed no significdifference in hydraulic conductivity between fresid
aged GLD originating from Iggesund (Table 1). Hoegthe hydraulic conductivity of aged GLD from
the Rénnskar site was one order of magnitude hitftear that of fresh GLD. This was probably because
the GLD at the Rénnskar site had reacted with tiderlying tailings, since it has been shown that th
tailings below the GLD sealing layer had undergertnsive oxidation and were very acidic when the
sealing layer was applied [23]. However, the measurydraulic conductivity of 10E-8 m/s did not
appear to affect the sealing layer’'s function siaged GLD from the two sites exhibited high levefls
water saturation (91-100%; see Table 2). This @related to the material’'s high ability to holdtera
(Fig. 1), which is expected to minimize the passafyjexygen by ensuring that the GLD layer remains
saturated or almost saturated. High water reteraism reduces the risk of shrinkage and crackiregtdu
desiccation, which is a common problem with clayenals and can have significant adverse effects on
sealing layer performance. The material’'s high wadéention capacity may be due to the ionic charge
on its constituent particles’ surfaces [24-25]. llearstudies showed that the rate of oxygen ditfosi
decreases significantly as the degree of saturaticneases above 85% [26]. A pressure of -20kPa was
required to reduce th® of GLD of 13 and 8 years of age to 85% (Fig. 1hjleeGLD aged O, 3 and 6
years exhibited & of 92% at the same pressure. At the field capadigoil (-10kPa), the GLD samples
exhibited aS of 94-98%. The high water content of GLD and thrersgth of its binding to water are
major advantages for a sealing material becauseeiheourage the formation of a water-saturatedr laye

that will prevent oxygen penetration.



The use of frost-sensitive materials in sealingtaypresents a risk of ice lens formation, whichldo
damage the sealing layer via frost heaving if itlse to the ground surface in a cold region. doee,
when ice lenses melt, they form channels that caenpially allow water and oxygen to pass through t
sealing layer and reach the underlying tailingsistimpairing the sealing layer’'s function. Channel
propagation is a common problem in silty soils [28halyses of frozen GLD samples originating from
the Iggesund landfill revealed only minor segredate growth, producing pieces of ice that are d m
wide (Fig. 2). These would be expected to thawrduthe summer and would not cause remaining
channels because of GLD’s high plasticity [10]h#s previously been shown that subjecting GLD to

repeated freeze-thaw cycles did not affect its &wtilc properties [10].

Field analyses indicated that neither aging nortldegdtered the texture of the GLD. The
measured CPT parameters revealed only minor difée® between the two types of GLD and between
samples of different depths and ages. However xiai@ompression tests on aged GLD revealed its
compressive strength to be almost three times highan that of fresh GLD (Table 3). CPT
measurements also indicated that the compressimegsh of aged samples in the field was aroundewic
that of fresh material. However, although the shstaength of GLD increases with age in field
applications, the GPR studies indicated that eyt anaterial is too soft to be used alone in sgalin
layers: the buried sealing layer exhibited manytieal dislocations such that the distance betwén i
surface and the ground surface varied between @548ncm (Fig. 3). The GPR data also revealed a
section of the sealing layer that appeared palar the rest, which was attributed to the accunanadif
water above the sealing layer resulting in a weigkeof the GPR signal. A rupture of the layer was
considered unlikely due to the material’s softreass plasticity [10]. In some places, the sealiygidad
been compressed or dislocated horizontally, cautsrthickness to decline from the original 50 dnthee
time of application to 20 cm six years later.

It can be concluded that the physical propertiefredh and aged GLD are similar. The aged

GLD had not undergone any physical changes thatdimeiexpected to alter its performance as a gealin



layer. Its ability to retain water declined sometvih age, but even old material exhibited a Higigree

of saturation (91-100%), suggesting that GLD layeosild be effective at limiting the amount of oxpge
reaching the underlying mine wastdowever, the material’s low shear strength may egueblems and
reduce its long-term performance as a sealing l&gmause compression could reduce the layer's
thickness and reduce its resistance to the pasdagater and oxygen. Blending GLD with till to take
advantage of the former’s favorable hydraulic prtpe and the latter's mechanical properties hanbe
demonstrated to produce a cover material with imgdashear strength [10]. Adding fly ash has alsnbe

reported to increase the shear strength of the 31LD29].

3.2 Changesin chemical properties

It has previously been shown that GLD’s chemical arineralogical composition varies with the origin
of the wood used at the pulp mill and the mill’s Bletrieval process [8]. This makes it difficult to
directly compare fresh and aged GLD. However, caingahe chemical compositions of such materials
can still give an indication of how they respondpng.

Sulfate is a major constituent of GLD. The sulfancentrations of fresh and aged GLD differed
substantially, indicating that sulfur leaching heturred in the aged material from both Iggesurabl@
4) and Roénnskar (Table 5). Batch leaching experimem fresh GLD samples confirmed the high
leachability of S from the Iggesund material, whickt 16% of its original sulfur content during tfiest
24 hours of the experiment (Table 4). This is cstesit with the results of a previous study on the
leachability of GLD [30]. Conversely, only 0.04% tbfe original S content was lost from the SK GLD
over the first 24 hours. This may indicate that phecess used at the Rénnskar mill differs sligfrtyn
that used at Iggesund, producing more insolubleisgpecies. The Al and K concentrations of age®GL
from the R6nnskar site were lower than those inctireesponding fresh material (Table 5), whereas th
concentrations of these elements in the Iggesurd @&iried unpredictably with age (Table 4). K was th
most extensively leached of the elements considartte batch tests: fresh GLD samples from Iggdsun

and SK lost 40% and 15% of their original K congeover 24 hours’ leaching. In contrast, the ratélof

10



leaching from fresh GLD in the batch tests waseaglotv for both the SK and Iggesund materials. It is
therefore possible that the large variation inAlheontents of the aged GLD samples was due toraktu
variation between samples rather than leaching.sEmee applies to Mn and Mg, whose concentrations
varied widely in the aged GLD samples, especidliyha Ronnskar site (Table 5) but which exhibited n
appreciable leaching during the batch tests witieeimaterial. Some leaching of Cr may have occdurre
since the concentration of this metal in aged GLd» Yower than in fresh material. In the batch laagh
experiments, 1.7% of the SK GLD’s Cr content was twver the first 24 hours (Table 5). Other element
whose concentrations in aged Ronnskar GLD wererloan in fresh material and which may therefore
have leached included Ni, Cu, Co and Cd. Theseexi&rexhibited moderate levels of leaching on day 1
of the batch leaching test (0.01-0.2%). The calciarthe GLD is expected to originate from calcite a
previous mineralogical analysis showed the presefidghis mineral [8]. Calcite has low solubility in
neutral and alkaline water but dissolves more teauliacidic water [31]. The calcium concentratiafs
the aged GLD at Rénnskar and Iggesund were sindlar greater than those of fresh GLD, indicating
that the rainwater that had percolated throughGhB had not dissolved its calcite. The slightlydici
milliQ water (pH 6.3, chosen to match the pH of thelted snow at the site) used in the batch legchin
test also did not dissolve the calcite presentastf GLD. One of the original concerns about u§hd
in sealing layers was the potential dissolutiorcaltite, which could cause free Tto precipitate as
gypsum and significantly change the material'suextand structure. If gypsum had formed in this ,way
the CPT results would have indicated the presehbard sections, but the GLD was found to be dbft a
the way from the top to the bottom of the landfithe cold and only slightly acidic rainwater wasigh
incapable of dissolving the calcite. In additidme GLD is alkaline independent of its calcite con{82],
which would disfavor calcite dissolution.

The pH of the GLD at the Ronnskar landfill had éased from 12.5 to 9.3 over six years (Table
2). At the Iggesund landfill site, the pH of theedd5LD varied between 9.3-11.0 and was lower thah t
of the fresh material. It is not clear to what extéhis variation is due to natural variation betwdatches

or the dissolution of alkaline compounds. The pHi afkalinity of fresh Iggesund GLD decreased

11



steadily during titration, eventually stabilizing an L/S of 40 (Fig. 4). The pH stabilized at ~Ia
remained at this value until the test concludedrak/S of 1800. The aged GLD at the Rénnskar ldndfi
had probably already reached this stage whereay sw@nples from the Iggesund site had not. The
samples at the Ronnskar site exhibited greateatiami with age. This was attributed to the sup&fic
placement of the GLD at this site and its reactiwith the acidic tailings combined with the facathhe

site had been used for snow disposal, causing Erges on the sealing layer during snow melt. Deep
furrows caused by loaders’ wheels were visible hat $ite. The site also lacked drainage so large
guantities of water may have percolated throughstsding layer, which exhibited dislocations in the
radiogram image. Based on the slow decrease inhséreed during the sequential leaching of fresh
GLD from Iggesund, during which the samples weigksh extensively, the calcite in this materialas n
expected to dissolve to an extent that would affeajuality as a cover in the long term.

The time required for a GLD cover to become norefiomal in the field was estimated on the
basis of the materials’ density and hydraulic catidity as well as their performance in the batch
leaching experiments. A 30 cm thick GLD sealingelayith a hydraulic conductivity of 1E-08 m/s
would retain its buffering capabilities (i.e. wouldt suffer appreciable calcite dissolution) forrmthan

200.000 years.

4, Conclusions

The effects of aging on GLD largely depend on theant of water that passes through the material,
changing its chemical composition and ultimatetypt. A previous study on fresh GLD showed that
while samples varied in their chemical compositithir hydraulic conductivity, buffering capacifH,

and particle sizes were all rather consistent T8]Js is consistent with our findings, which revehleo
great changes in the properties of GLD after séyeas’ use in a sealing layer: the material eikbiba
WRC of >85% under field conditions and retainedghtdegree of water saturation with low hydraulic

conductivity independently of its age.
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Some elements, primarily sulfur and potassium, banexpected to leach from GLD-based
sealing layers over time. However, the loss oféhedements does not seem to affect its performasee
cover. The shear strength of the GLD increased tweF in the field but not to a degree that would
ensure the long-term integrity of the sealing lay@proving its shear strength is therefore a natedt
is important for the dry cover to be correctly alkd with a 1.2-1.5 m protective layer above tbaling
layer to protect the sealing layer from additiostatss of the sort observed at the Rénnskar site.

The results indicate that GLD is not expected tdemgo any physical or mineralogical changes
that will affect its ability to prevent oxygen froreaching underlying mine waste. The major conégrn
that its major constituent, calcite, might dissodwel fundamentally change its properties. Howeherge
is no indication that this will occur over perioafsthousands of years. Therefore GLD is expectdibta
viable sealing layer for mine waste in the longrter

While this study examined GLD samples of varioussagt provides no information on the
material’s responses to climatic changes suchaasitions from dry to wet periods. A 400pilot scale
study using a blend of GLD and till as a sealingtehas been established and is being monitored. Th
will hopefully provide more detailed insight intbet cover system’s performance and enable long-term

evaluation of its behavion situ.
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Figure Captions
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Figure 1. Water retention capacities of aged GlLdnfthe Ronnskar and Iggesund sites and fresh GLD

originating from the Iggesund paper mill. Note tlagiation between GLD samplesdifferent ages.
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Figure 2. Small (~1 mm) segregated ice growthsi¢atéd by arrows) visible in frozen GLD sampled
from the Iggesund landfill. The white sections hmee mud originating from the filter used duringeth

collection of GLD in the paper mill.
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ACCEPTED MANUSCRIPT
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Figure 3. A 45 m GPR profile of the GLD sealingdagt the Ronnskér site showing its integrity aer
years in operation. Vertical dislocations and w#ies in the thickness of the GLD sealing layer are
visible. The pale spot in the layer at 20-23 mrisbably due to the accumulation of water above the

surface of the GLD.
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Tables

Table 1. Hydraulic conductivity, dry matter contd@M) (n=4), dry density 43) and water content
(w) of aged and fresh GLD. SK Roénnskar refers to Girigjinating Smurfit Kappa placed at the
Ronnskar landfill whereas SK refers to fresh GLDnfr Smurfit Kappa. Data for the fresh GLD are

included for reference purposes [27]. Fresh and &jimnskar GLD samples were analyzed in triplicate.

Sample Age Depth (m) | wy (%) |w, (%) | ki(m/s) |k, (m/s) Par (t/m’) | pe; (t/m°) DM
lggesund ~13 6.7-7.0 54 56 | 8.69E-09 | 7.42E-09 0.99 1.01 5946
lggesund ~8 4.6-5.0 61 58 | 1.60E-08 | 6.80E-08 1.04 1.04 | 63+3
lggesund ~3 1.5-2.0 75 78 | 8.26E-08 | 1.78E-08 0.93 0.88 62+3
lggesund 0 0 115 117 2.74E-08 | 3.31E-08 0.65 0.64 | 60+4
SK Rénnskar 6 0.5 191 192 3.67E-08+2.9E-09 N/A N/A 4145
SK 0 N/A N/A N/A 3.23E-09+3.26E-09 N/A N/A 4444
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Table 2. Properties of aged and fresh GLD. Thedémnsity (Table 1) was used to calculate the pagrosit
(n), pore numberd) and degree of saturatio&) Compact densitypf) and pH values are reported as
averages of three measurements. SK Ronnskar nef€3&D originating Smurfit Kappa placed at the

Ronnskar landfill whereas SK refers to fresh GLBnfr Smurfit Kappa.

Sample Age (years) Depth (m) | p, (t/m3) P (t/m3) Ps (t/m3) S (%) |e n (%) |pH
lggesund ~13 6.7-7.0 1.53 1.58 2.58 91 | 1.57 61]10.310.1
Iggesund ~8 4.6-5.0 1.68 1.63 2.66 100 | 1.48 60[9.840.5
Iggesund ~3 1.5-2.0 1.62 1.57 2.58 100 | 1.85 65]10.2+1.2
lggesund 0 0 1.39 1.39 2.56 100 | 2.99 75]12.540.1
SK Ronnskar | 6 0.5 1.2 N/A 2.12+0.16 98.6 | 4.3 801[9.310.3
SK 0 N/A N/A N/A N/A N/A | N/A N/ [12.2+0.2
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Table 3. Parameters obtained from the CPT dataiaiackial compressive strength tests.

CPT measurements Lab measurements
Median undrained Angle of Uniaxial compressive strength, T,
Material compressive strength, internal (kPa)
T (kPa) friction, ¢ (°)
GLD Ronnskar (aged) 67.5 38.7 27.4+7.8
GLD Iggesund (aged) 55.9 35.2+2.7 N/A
GLD Iggesund (fresh) N/A N/A 11.8+2.2
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Table 4. Metal concentrations in GLD from Iggesiindl) fresh (n=3) expressed on a dry matter basis.
Results from the batch leaching tests on fresh &b Iggesund at an L/S ratio of 10 are also shown.

Results are quoted in terms of the %age loss vel&ti the original elemental content.

Sample batch Batch leaching at L/S 10
Element O years ~3 years ~8years ~13 years Dayl Day 3 Day 25
(mg/kg) (mg/kg)  (mg/kg) (mg/kg) (%) (%) (%)
Dry matter 57.0+0.8% N/A N/A N/A
(DM) 68.4% 66.3% 62.3%
Si 3300+490 84100 7940 37900 N/A N/A N/A
Al 6700+160 20800 4440 10700 3.8E-3 3.7E-3  -2.3E-3
Ca 2950004540 1.7E-3 3.4E-4 -8.3E-4
0 236000 339000 310000
Fe 79204910 13200 5380 6790 2.9E-3 1.6E-4 -1.4E-3
K 3410+190 8590 2020 6290 40.0 0.2 0.7
Mg 305004390 29300 20600 16200 8.2E-3 1.6E-3  -5.1E-3
Mn 17300+390 9370 6890 4980 4.6E-4 1.6E-4 -1.0E-4
P 1490+10 2370 3700 3540 N/A N/A N/A
R 36.120.2%  32.8% 36.5% N/A N/A N/A
LO1 1000 °C DM DM 40.3% DM DM
As 0.19+0.08 0.90 0.24 1.15 0.2 -0.8 0.3
Cd 14.7+0.3 5.9 7.8 3.6 4.7E-3 4.8E-4 -5.7E-4
Co 12.9+0.2 10.7 8.4 5.6 8.7E-3 8.9E-5 -2.0E-3
Cr 97.316.7 97.5 93.0 44.1 6.1E-3 3.2E-4 -1.6E-3
Cu 170+2 135 98.3 60.4 5.2E-3 -2.1E-3 3.8E-5
Hg <0.04 <0.04 <0.04 0.0415 0.3 0.1 0.05
Ni 64.6+0.6 43.2 49.6 29.2 0.2 0.01 0.02
Pb 26.1+0.3 22.3 46.9 25.4 4.4E-3 7.6E-4 7.7E-4
S 22000+400 2900 8030 8450 15.7 3.6E-4 21
Zn 2800+40 1810 1430 1110 6.6E-4 0.1 2.2E-4
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Table 5.Metal concentrations in GLD from SK (fresh GLI)=5) and SK Rénnskér (aged GLD)

expressed on a dry matter basis. Results from dhehbeaching tests on fresh GLD from SK at an L/S

ratio of 10 are also shown. Results are quotedrimg of the %age loss relative to the original eletal

content.
Sample batch Batch leaching L/S 10

Element 0 years 6 years a 6yearsb Dayl Day3 Dag 25

(mg/kg) (mg/kg) (mg/kg) (%) (%) (%)
Dry matter (DM) 41.745.8% 36.3% 53.0% N/A N/A N/A
Si 44000+39400 6260 3380 N/A N/A N/A
Al 122000+£144000 3500 2080 0.08 0.01 -9.9
Ca 220000+71600 208000 334000 3.1E-3 6.5E-4  1.6E-3
Fe 8100+5500 6130 2810 2.5e-4 5.0E-5 1.1E-3
K 1260041600 7360 <750 15.3 -5.6E-3 0.2
Mg 2220016440 43800 21200 1.0E-4 2.0E-3 1.2E-4
Mn 1000042900 19400 9060 3.2E-3 4.3EE-5 5.1E-3
P 3770+1130 3240 5540 N/A N/A N/A
LOI 1000 °C 59.3+2.6% DM 53.0% DM 45.3% DM N/A N/A N/A
As 2.2£1.9 1.6 <0.1 1.9 0.2 0.1
Cd 8.0+2.2 9.3 5.8 0.01 -4.9E-4  5.2E-3
Co 8.412.2 12.2 5.5 0.1 1.8E-3  -6.2E-3
Cr 132.7+117.3 140 71.7 1.7 0.09 0.4
Cu 196.4+144.7 156 69.8 0.2 0.03 0.4
Hg <0.04 <0.04 <0.04 3.2E-4 0.05 0.05
Ni 77.3163.3 111 70.1 0.2 4.5E-3  -0.01
Pb 21.0£5.4 16.4 10.4 8.1E-3  -2.89E-4 9.3E-3
S 1410042130 7150 1760 0.04 -0.7 -2.6
Zn 13901524 2120 1020 0.03 29E-3 0.1
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