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Abstract 
Leaching characteristics are assessed for the evaluation of secondary materials 

used in road construction. In order to form a basis for comparison of the 

leachability, Swedish rock materials have been subjected to the availability test  

NT  ENVIR 003. Microscopic studies of the mineral composition, Acid-Base-

Accounting and pH-measurements have been carried out to understand the 

leaching behaviour. Overall, the content of heavy metal minerals is low and the 

leachable amounts of the heavy metal elements and sulphur are very small. 

Under oxidising conditions the leachability of sulphide bound elements increases 

significantly. Chromium and vanadium present as substituted ions in the crystal 

lattice of oxides show very low dissolution tendencies. 

The results have been compared to similar leaching tests of metallurgical slags 

used in road construction. The dissolution of the major phase, the solubility of the 

heavy metal minerals and the total concentration of the elements are the main 

factors influencing the dissolved amount of the heavy metal elements. In 

comparison with the crystalline rock materials, the amorphous fuming slag from 

a copper smelter has very low solubility. It is noteworthy that the amount of 

soluble sulphide bound elements in the rock material is higher compared to the 

blast furnace slag. 

X-ray diffraction analysis has been performed on two rock materials in order to 

identify potential structural changes due to ageing and mechanical activation. 

This investigation does not provide evidence of surface changes due to ageing. 

The amenability of two rock materials towards leaching by the bacterium 

Thiobacillus ferrooxidans has been explored to enhance the dissolution of zinc 

and copper. It is observed that the major part of the elements is dissolved due to 

chemical leaching, both during the pH stabilisation and the subsequent 

bioleaching test. 
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The findings of this comparative study indicate that both the blast furnace slag 

and the fuming slag can be used in road making without any risk of harmful 

impact on the environment due to heavy metal leaching. Further, the use of 

primary materials, such as rock material, does not imply zero impact. 



Table of Contents 
Introduction 

Objectives _ 

Materials and Methods 

Rock materials 

Leaching test 

X-ray diffraction analysis 

Bioleaching test 

Major results and Discussion 

The potential leachability of rock material 

The leachability of rock material in comparison with that of slags 

Influence of sample preparation and ageing 

Bioleaching 

Conclusions 

Acknowledgements 

References 

4 



5 

List of Papers 

This thesis is based on the following papers that are separately appended. 

I. Tossavainen, M., Forssberg,  E.  (1999), The potential leachability from 

natural road construction materials, Science of the Total Environment 239, 

pp 31-47, Elsevier. 

II. Tossavainen, M., Forssberg,  E.,  Studies of the leaching behaviour of rock 

material and slag used in road construction: A mineralogical 

interpretation, submitted to Steel Research, April 2000. 

III. Tossavainen, M., Forssberg,  E.,  Ageing Studies of Rock Material, In 

manuscript. 

IV. Tossavainen, M., Bioleaching Studies of Rock Material used in Road 

Construction, In manuscript. 



Introduction 
Roads are important infrastructural requirements of the society. Large quantities 

of material are used in construction and maintenance of roads each year. The 

production of aggregates in Sweden 1998 was 75 Mton of which 54 % was used in 

road construction (Anon 1999). There are relatively abundant resources of high 

quality rock material in Sweden for road building i.e. crushed rock, gravel and 

till. However, the ambition to develop a sustainable society has kindled the 

interest to use secondary materials in construction, and to decrease the 

production of pristine rock material, especially gravel, which is already in short 

supply in some districts of Sweden. The most interesting alternative for the 

industries is to process and convert the secondary materials into high-quality 

products of higher value vis-a-vis conventional road-building materials. 

Three areas that must be jointly considered for successful recycling are: 

1. Technical, 2. Environmental, 3. Economical. 

Regarding the technical considerations, slag from metal production has good 

strength and durability qualities, which makes them attractive as construction 

material and they are used in road building (OECD 1997, Sherwood 1995, Ahmed 

1992, Emery 1982, Lee 1974). The technical qualities of the slags that are 

presently in use in Sweden are in many aspects superior to the rock materials. 

Blast furnace slag, especially the granulated product, is preferable to use in areas 

with low stability of the ground owing to the low bulk density of the slag and the 

high strength obtained by the puzzolanic (hardening) properties. These qualities 

imply less material consumption and fewer transports that result in economical 

and environmental benefits as well. The excellent drainage properties of the 

granulated slag-fuming slag from a copper smelter enable their utilisation in 

both road-construction and in foundations for buildings. 

From an economical and environmental point of view it is beneficial to replace 

rock material with slag, particularly in the vicinity of the slag producing plant, 

which often is situated in a densely built-up coastal area, where the resources of 
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rock material are either limited or lacking. Table 1 shows the deliveries of 

aggregates in 1998 (Anon 1999) in the three municipalities  (Luleå, Oxelösund  

and  Skellefteå)  in Sweden where blast furnace slag and a slag-fuming slag are 

produced. The deliveries of slags utilised in road building and foundations in 

1999 are included in the table. The total production of the slags is larger and the 

slags are processed and delivered for other applications as well. The total 

population in the area of the producing plant is included in the table. 

Municiplity Population/ 

area (km2) 

Aggregates 

Kton 

Slag deliveries 

Kton  

Slag 

Luleå  71000/1807 624 200 Blast furnace slag'  

Skellefteå  73000/7217 635 50 Slag-finning slag2  

Nyköping/  

Oxelösund  

60000/1455 355 160 Blast furnace slag3  

Table 1. The deliveries of aggregates in 1998 (Anon, 1999) and the deliveries of 

slag in 1999. 1) Swedish Steel AB, 2)Boliden Mineral AB, 3),SSAB Merox AB. 

The fact that the slag producing plants are situated at harbours makes it possible 

to deliver the slag by sea to places that are too far away for road transports. 

Nevertheless, the major part of iron- and steel making slags i.e. slags from 

carbon steel making and stainless steel making are not yet in use in Sweden. 

This implies that there is a substantial potential of material to be utilised, which 

may result in positive effects on the environment and the economy. 

However, not only durability and technical qualities of the material have to be 

fulfilled but also qualities regarding the environmental impact. The leaching 

behaviour of the slag has a decisive influence on weather or not it can be utilised 

in road construction, and the solubility of elements that have a potential for 

contaminating the groundwater has to be investigated. Standards regarding 

leaching tests that are of concern for Sweden are being developed within the 
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Technical Committee, Comae Europ6en de Normalisation, CEN/TC 292 and also 

within  Nordtest,  an organisation for testing in the Nordic countries. 

The Swedish bedrock materials used in road building, e.g. gneiss, granite and 

quartzite, have high strength values and low potential for weathering (Anon 

1992, Aastrup et al, 1995). Generally the content of heavy metal elements e.g. 

copper, zinc and chromium is low. Nevertheless, the elements are more or less 

leachable depending on, among other things, the heavy metal minerals. Copper is 

dissolved from sulphidic mining waste as a result of the oxidation of sulphides  

(Strömberg,  1997). It has been shown that the stone material in asphalt often 

contributes to the major part of the elements zinc, lead, copper, nickel, chromium, 

vanadium and sulphur in asphalt wear (Lindgren 1998). These elements are 

often considered to be typical highway pollutants. 

In Sweden there are, at present, no general regulations regarding the 

interpretation and risk assessment of the results from the leaching tests 

performed on secondary materials, and there are no regulations regarding 

leaching tests on primary material before use in road construction. Few leaching 

tests have been performed on rock material, which implies that there are no 

reference values available for comparison with secondary materials. In all 

probability, there may as well, be primary material currently in use with notably 

high amount of soluble heavy metal elements. 

Sample preparation may affect the leaching of elements. Grinding implies 

mechanical activation of minerals, which is used in e.g. hydrometallurgical 

processes to enhance the reactivity and recovery (Balåz, 2000, Thåcovå, 1989). 

Ageing, on the other hand, reduces the leaching of heavy metal elements in 

municipal solid waste incineration bottom ash (Meima, Comans, 1999). The rock 

materials are also exposed to bacteria, e.g. the Thiobacillus species, which 

enhances the leaching of mining wastes  (Ledin,  Pedersen, 1996). 
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The impact on the environment caused by use of primary materials has not been 

considered to the same extent as is the case regarding secondary materials. For a 

comparison of the environmental impact of primary and secondary road making 

materials, the life cycle of the product should be included according to the 

guidelines an Life-Cycle Assessment (Nord 1995). 

For a rock material a large impact is at the production place, e.g. emissions from 

the blasting, energy consumption and emissions for the crushing, sieving and 

transportation of the rock material (Stripple 1995). A slag product, on the other 

hand, is available from a process in which the major part of the impact should be 

allocated to the primary product, i.e. the metal  (Svingby,  Båtelsson, 1999). The 

leaching behaviour at utilisation, of both primary and secondary materials, may 

have an impact on the environment. Figure 1 shows a schematic drawing of the 

life cycle of pristine rock material and blast furnace slag used in road 

construction. 

Iron ore, Slag former, Energy, Pristine rock, energy 

Production 
of crushed 
rock 

Quarry 

Leaching 

Figure 1. Schematic drawing of the life cycle for blast furnace slag and rock 

material used in road construction. 
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The major factors that cause an impact on the environment are highlighted. 

Leaching from the materials is one factor of impact and it takes place at the 

quarry and the potential deposit of slag as well. 

Objectives 
The major objective of this work has been to investigate the leaching behaviour of 

a representative selection of Swedish rock materials used in road construction, to 

facilitate for comparison with similar investigations of slags used in road 

construction. The aim is to use a standardised test that has been developed and 

used for secondary materials. An overall objective is to place the impact of 

leaching in a life—cycle context. 

Materials and Methods 
Rock materials 

The nine rock materials used in the investigation were sampled from the counties 

of  Norrbotten, Västerbotten  and  Södermanland  where the slags used for the 

comparative study are available. The sampled materials, namely seven crushed 

rocks and two gravels, represented freshly crushed material produced in some 

quantities for use in the base or sub-base course. The rock materials were 

analysed with respect to the mineral composition, total concentration of 

elements, buffering capacity and natural pH. 

The secondary materials were blast furnace slag from Swedish Steel AB,  

Norrbotten  County and SSAB Merox AB,  Södermanland  County and a slag-

fuming slag from a copper smelter at  Boliden  Mineral AB in the County of  

Västerbotten.  These materials are to some extent used in road construction (see 

Table 1) and their leaching behaviour has been investigated in earlier studies 

(Rogbeck,  Elander,  1995,  Fällman,  1993,  Fällman,  Carling, 1998). 
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Leaching test 

The leaching test chosen was the Availability test  (NT  ENVIR 003, 1995). It is a 

test for characterisation of the material and it distinguishes between leachable 

and non-leachable parts at certain conditions in a geological time frame. Optimal 

leaching cänditions regarding diffusion, buffer capacity and the chemical 

concentration build-up are controlled. The batch-leaching test is performed in two 

steps; three hours at neutral pH and 18 hours at pH 4 (controlling the pH using 

0.5M nitric acid). The two leachates are combined and analysed for  redox  

conditions and the concentration of dissolved elements. Controlled oxidising 

conditions are achieved by addition of H202  (NT  ENVIR 006,1999). 

X-ray diffraction analysis 

X-ray diffraction analysis was performed on aged and freshly ground rock 

material. The objective was to investigate if it was possible to detect surface 

changes due to ageing or mechanical activation. The gravel was a naturally aged 

product, while storing in an oven at 50°C aged the crushed rock  gabbro-diorite. 

Bioleac  hing  

A screening test of two rock materials has been performed to assess their 

amenability to leaching by Thiobacillus ferrooxidans in order to enhance the 

dissolution of zinc and copper. The bacteria derive energy for the metabolism 

from the oxidation of e.g. metal sulphides. The rock materials were pH-stabilised 

to 	pH2 and leached for eight days with a culture of the bacteria using the 9K 

medium (Silverman, Lundgren, 1959) as nutrient. 

Major results 

The potential leachability of rock materials. 	(Papers I and II). 

The major minerals in the rock materials are the expected rockforming silicates 

and quartz, which have low solubility. Overall, the abundance of heavy metal 

minerals and the total concentration of heavy metal elements in the rock 

materials are low. However several sulphides; pyrite, pyrrhotite, chalcopyrite, 
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pentlandite and sphalerite, are identified by optical microscopy. The most soluble 

heavy metal elements, such as zinc, copper, nickel, are bound as sulphides. 

Chromium and vanadium, have very low solubility in spite of high concentration, 

as they are present substituted in the lattice of other minerals, such as oxides. 

Table 2 shows the total concentration and the leachability of two of the major 

elements; silicon and calcium and two of the minor elements; copper and 

chromium, for one of the materials,  gabbro  A. 

Element Total conc. mg/kg Availability % Ox. Avalability % 

Calcium 43800 3.00 2.91 

Silicon 258900 0.07 0.08 

Chromium 161 0.19 0.16 

Copper 56.3 0.36 10.7 

Table 2. The total concentration in mg/kg and the leachability in percentage of 

elements in  gabbro  A, according to the ordinary and the oxidised availability test. 

Calcium is the most soluble of the major elements and silicon is the least soluble. 

No pure calcium mineral is observed by microscopic examination and calcium is 

most likely bound in the silicate minerals. The rock materials have some 

buffering capacity owing to the silicates. The total concentration of chromium is 

high as compared to copper. However, < 0.2 % is dissolved while 10.7 % of the 

copper, bound as chalcopyrite, is soluble under oxidised conditions. The other 

sulphide bound elements showed a similar leaching behaviour as that of copper. 

The leachability of rock materials in comparison with that of slag. 

(Papers I and II). 

The leachability of rock materials in comparison with that of blast furnace slag 

and slag-fuming slag show that the dissolution of heavy metal elements in the 

slags is primarily dependent on the solubility of the major minerals (the matrix). 

Table 3 shows the total concentration and the leachability of the major elements 
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calcium and silicon for the  gabbro-diorite, the blast furnace slag and the slag-

fuming slag.  

Gabbro-  

diorite 

Av. 	Ox.av.  

Blast furnace 

slag 

Av. 	Ox.av.  

Slag-fuming 

slag  

Av. 	Ox.av. 

Calcium 

Total concentration % 4.91 4.91 27.3 27.3 14.6 14.6 

Leachability % 3.90 4.07 34.1 30.0 0.94 0.43 

Silicon 

Total concentration % 26.1 26.1 17.2. 17.2 18.2 18.2 

Leachability % 0.19 0.08 20.9 19.2 0.21 0.03 

Table 3. The total concentration and the leachability of calcium and silicon 

according to the ordinary  (Av.)  and the oxidised availability test (Ox.av.). 

The blast furnace slag has puzzolanic properties, similar to cement, and the 

solubility of the major minerals is high due to the reactions with the water. Of 

the silicon 20 % is dissolved as compared to 0.2 % for both the crystalline rock 

material and the slag-fuming slag. The slag-fuming slag is a granulated, rapidly 

cooled product. The amorphous material (glass phase) has very low solubility. 

Less than 1 % of the calcium is dissolved as compared to more than 30 % for blast 

furnace slag. The high solubility of calcium in the blast furnace slag results in a 

high buffering capacity. 

Besides the solubility of the matrix, the heavy metal mineral and the total 

concentration has an influence on the dissolved amount of the heavy metal 

element. Table 4 shows the total concentration of zinc in mg/kg and the 

leachability, expressed both in percentage and in mg/kg, for  gabbro-diorite, blast 

furnace slag and slag-fuming slag. 
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Zinc  Gabbro-  

diorite 

Blast furnace 

slag 

Slag-fuming 

slag  

Av.  Ox. ay.  Av.  Ox. ay.  Av.  Ox. ay. 

Total conc. mg/kg 58.9 58.9 2.8 2.8 13200 13200 

Leachability % 7.2 30.3 48.8 91.8 0.61 0.18 

Leachability mg/kg 4.2 17.8 1.4 2.6 80.3 24.2 

Table 4. The total concentration and the leachability of zinc according to the 

ordinary  (Av.)  and the oxidised availability test (0x.av.). 

Grinding of the crystalline rock material results in breakage primarily at the 

weak grain boundaries and the surfaces of the heavy metal minerals are exposed 

to the leachate. Of the zinc, 30.3 % is dissolved under oxidising conditions due to 

the presence as a sulphide. The high solubility of the matrix of blast furnace slag 

facilitates the leaching of the heavy metal minerals. However, the total 

concentration of the heavy metal elements is generally very low, which results in 

small amounts being dissolved. More than 90 % of the zinc is soluble but the 

amount is less than 3 rag/kg. High concentrations of heavy metal elements are 

bound in the glassy matrix of the fuming slag. The slag contains more than 1.3 % 

of zinc, but only 80 mg/kg is dissolved. 

Influence of sample preparation and ageing. 	 (Paper III). 

The great number of elements occurring in different minerals in the rock 

materials results in a X-ray diffraction spectrum containing many overlapping 

peaks that are difficult to distinguish. Separating individual peaks and signal 

from noise is complicated and the investigation does not provide evidence of 

surface changes between freshly ground and aged samples. Line broadening, due 

to mechanical activation and lattice disturbance, could not be observed in the 

investigated peaks, most likely because of too low energy input through the 

grinding. The investigation shows that the materials prepared for the availability 

test most likely does not have lattice disturbances due to the grinding. 
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Bioleaehing. 	 (Paper IV). 

The investigation indicates that bioleaching with Thiobacillus ferrooxidans has 

little or no influence on the dissolution of zinc and copper, respectively. The major 

part of thd elements are dissolved by chemical leaching during both the pH 

stabilising of the materials and the subsequent  biole  aching at < pH2. 

The investigation shows that pH condition (< 2pH) suitable for Thiobacillus 

ferrooxidans is not likely to develop in the rock material due to the dissolution of 

buffering minerals. However, the investigation does not include the influence of 

other bacteria on the rock materials. 

Conclusions 
The solubility of an element in rock materials depends on the mineral to which it 

is bound. 

Sulphides are more reactive and soluble than oxides and silicates, especially 

under oxidising conditions. The greatest amounts of heavy metal elements are 

dissolved from the sulphides, in spite of low concentrations. Very small amounts 

of chromium and vanadium are dissolved, due to their presence as substituted 

ions in the lattice of other minerals, such as oxides. 

In comparison with rock materials, the dissolved amounts of heavy metal 

elements from blast furnace slag are smaller due to the low concentrations. 

High concentrations of heavy metal elements are bound and immobilised in the 

granulated, amorphous slag-fuming slag. 

The rock material has a buffering capacity owing to the silicates, which dissolve 

very slowly. In comparison with the silicates, the acid producing sulphides 

dissolve readily and may result in a local pH drop. The acid producing- and the 

acid consuming reactions in rock material have to be further investigated. 
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The findings of this comparative study indicate that both the blast furnace slag 

and the fuming slag can be used in road making without any risk of harmful 

impact on the environment due to heavy metal leaching. Further, the use of 

primary materials, such as rock material, does not imply zero impact. 
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Abstract 

Leaching characteristics are used for the evaluation of waste materials in road construction. Few leaching tests 
have been performed on natural rock materials which implies that there is a lack of data to be used in comparison 
with waste materials. In order to form a basis for comparison of the leachability, nine natural road construction 
materials in Sweden were investigated using the availability test  NT  ENVIR 003. The results show that the leachable 
amounts of heavy metals and sulphur generally are very small, but under oxidising conditions the solubility of 
sulphide bound elements increases notably. Vanadium and chromium are probably present as ionic substitutes for 
other elements in mineral lattices and show very low leachability. The leachable amounts of some heavy elements, 
e.g. zinc, nickel and copper are higher in the rock materials and gravels than in the blast furnace slags. 10 1999 
Elsevier Science B.V. All rights reserved. 
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1. Introduction 

Approximately 40 million tons of crushed rock, 
gravel and sand were used in Sweden for ,road 
construction in 1996 (Anon., 1997). Rock materi- 
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E-mail address: mia.tossavainen@lcm.luth.se  (M. Tossavainen)  

als  used for road construction in Sweden are of 
high quality. They are mainly hard and stable 
rocks of primary formation including granite and 
gneiss with a low mica content and diabase, 
quartzite, porphyry, and lepite  (Vägverket,  1994). 
These materials have a high disposition for resis-
tance to weathering and the content of heavy 
metal containing minerals, e.g. sulphides is low. 

In many countries slags from iron and steel 
production are in general use as an alternative 

0048-9697/99/5 - see front matter 0 1999 Elsevier Science B.V. All rights reserved. 
PII: S0048-9697( 99)00283 -1 
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roadmaking material (OECD, 1997). In Sweden, 
however, the use of blast furnace slag as well as 
steel-making slag is limited, not only due to lack 
of regulations regarding the environmental 
properties for utilisation, but also because of rela-
tively abundant resources of high-quality rock 
material for construction purposes. Stricter regu-
lations for environmentally safe landfilling and a 
higher rate of recycling and utilisation of sec-
ondary materials, as well as an ambition to reduce 
the use of high-quality virgin material and land-
filling areas have increased the interest to use 
slag as aggregates in roadmaldng. 

When resource depletion and the environmen-
tal impact from construction materials are evalu-
ated, it is pertinent to investigate the life cycle of 
the material from 'cradle to grave' with a life 
cycle assessment (LCA), which is a tool for de-
scribing environmental impacts. For naturally oc-
curring rock materials the most severe impact on 
the environment probably arises from activities at 
the quarry. 

When secondary materials such as slag are to 
be evaluated the focus of attention is on their 
leaching characteristics. Leaching tests are used 
to determine the availability and actual release of 
elements that can intrude and contaminate the 
groundwater (Mulder, 1991; Van Houdt et al., 
1991;  Fällman  and Hartlen, 1996). 

Rock materials and gravels contain many heavy 
metal elements and sulphur but their leaching 
properties are usually not investigated before they 
are applied to road construction. This implies that 
there are few figures that can be used as refer-
ences when alternative materials are evaluated 
and there may also be natural materials in use 
that have notably high values of leachability of 
certain elements. 

It has been shown by Lindgren (1996) that 
stone is probably the major source of released 
metals in asphalt, while bitumen is the minor 
source. 

This paper presents the results from an investi-
gation of the total content and the leachable 
fractions of elements from commonly used natu-
ral road construction materials in Sweden. The 
results from leaching tests performed on nine 
materials of gravel and crushed rock, with main  

emphasis on some heavy metals, are discussed. 
The objective of the investigation was to obtain 
data to be used as references regarding leaching 
characteristics. 

A comparison is made with results from similar 
leaching tests performed on blast furnace slag. 

2. Materials and methods 

2.1. Inventory and sampling 

Nine natural road construction materials were 
selected among crushed rocks and gravels in three 
administrative provinces in Sweden. In these 
provinces alternative road construction materials 
are available, e.g. blast furnace slag from Swedish 
Steel Strip Products in  Luleå  and Swedish Steel 
AB in  Oxelösund  and fayalite (copper slag) from 
the copper smelter at  Boliden  Mineral AB in 
Skelleftehamn. The fayalite, in this context, is a 
slag product consisting of iron, originating from 
the copper ore, and silica added as slag former. 
These alternative materials are to some extent 
used for road construction. 

In total, 22 samples of crushed rock and 12 
samples of crushed gravel were collected from 
quarries and gravel pits. The aim was in each case 
to collect a representative sample of non-
weathered material from the production or stock 
of material for base or sub-base layer. This im-
plies that the sampling methods varied depending 
on the actual state at the quarry or gravel pit. 

During production, sampling was made with a 
front-end loader. The bucket was filled with ma-
terial from the conveyor belt, 3-4 times, and 
emptied in a string on even ground from which 
samples were collected. 

Stocks were sampled with a loader or in some 
cases manually with a shovel. When a loader was 
used the sampling was performed according to 
the above description, after removal of the sur-
face layer. At manual sampling the surface layer, 
10-20 cm, was removed before excavating mate-
rial at different places in the stock. In total, 
60-80 kg of each material was collected as 
laboratory samples. 
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2.2. Sample pre-treatment and selection of test 
materials 

The laboratory samples were divided into 1-2 
kg sub-samples by riffling. The split material was 
crushed in two steps, firstly with a jaw crusher, 
Retsch BB3, and secondly with a roll crusher, 
Humboldt Wedag WDG G9. The final maximum 
particle size was 1 mm. The crushed material was 
ground in an agate mortar to a particle size of 
95% < 125 p.m. 

The criteria for selection of test materials were 
that they should represent: a material produced 
in some quantities; typical products of the 
province; and a considerable distribution in min-
eralogy and analysis. The producers' demands for 
a good road-making material, i.e. strength quali-
ties, were included in the criteria. 

The nine finally selected materials were seven 
types of crushed rock and two types of gravel 
(Table 1). 

2.3. Sample characterisation 

The total composition of each material was 
analysed with ICP-AES and with ICP-MS (Induc-
tively Coupled Plasma Emission Spectroscopy and 
Mass Spectroscopy) according to the EPA meth-
ods 200.7 and 200.8 by SGAB, licensed by The 
Swedish Board for Technical Accreditation 
(SWEDAC). Two different digestion methods 
were used: lithium borate melt for main compo-
nents and sulphuric acid in a Teflon bomb and 
microwave oven for certain trace elements. The 

Table 1 
The nine selected materials of crushed rock and gravel 

detection limit (mg/kg) for the instrument is ac-
cording to the following: arsenic (0.1), barium (2), 
cadmium (0.01), cobalt (0.01), chromium (10), 
copper (0.1), mercury (0.04), nickel (0.08), lead 
(0.1), vanadium (2) and zinc (0.7). 

The analytical quality was regularly calibrated 
with certified rock materials and sediments. 

Sulphur was analysed with an Carlo-Erba ele-
mentary analyser. 

The particle size distribution was analysed with 
a Cilas Granolumetre 1064 in the interval 0.1-500 
p.m. The analytical method is based on laser 
beam diffraction caused by the particles. 

The specific surface area was measured accord-
ing to the BET-method with a Micromeretics 
Flowsorb 2300. Density was measured with a Mi-
cromeretics Multivolume Pycnometer 1305. 

2.4. Leaching tests 

The actual leaching from a road varies depend-
ing on the specific conditions at the site and the 
time period, which motivates an investigation of 
the potentially leachable fraction of the material. 
The leaching test chosen for this work were based 
on the availability test NEN 7341 (1992). It is a 
test to distinguish between leachable and non-
leachable fractions. Optimal leaching conditions 
regarding diffusion, buffer capacity and the 
chemical concentration build-up are controlled. 
The availability test methods used in this study 
are designed to obtain 99% depletion of a subs-
tance with an effective diffusion in the material if 
pD, = 13, or 80% depletion if pD, 15, where 

Sample Type Origin 

No 1 Gabbro—diorite  Svalget, Luleå  municipality  

No 2 Gabbro  Åkerberg, Skellefteå  municipality  
No 3 Gneiss  Hagnesta, Nyköping  municipality  
No 4 Gabbro  Kallax, Luleå  municipality  
No 5 Gravel Långviken, Skellefteå  municipality  
No 6 Gravel Larslund, Nyköping  municipality  
No 7 Granite Kopparnäs, Piteå  municipality  
No 8 Lepite Finnforsfallet, Skellefteå  municipality  
No 9 Gneiss  Balsta,  Eskilstuna  municipality  
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pD, is the negative logarithm of the efficient 
diffusion coefficient (m2/s)  (Fällman,  1997). 

The leaching tests were carried out by the 
Swedish Geotechnical Institute, SGI. 8.00 ± 0.01  
g  dried material, ground to 95% <125 p.m 
(according to measurement with a Cilas Gra-
nolumetre 1064) was leached in two steps, at pH 
7.0 for 3  h  and at pH 4 for 4  h,  at a liquid to solid 
ratio (L/S) of 100 in each step. The pH was held 
constant with a titrator (controlling the pH using 
0.5 M nitric acid). The two leachates were com-
bined before analysis (NEN 7341, 1992). The 
method was modified and standardised in 1997  
(NT  ENVIR 003). To increase the diffusion-based 
leaching the second step leaching is performed at 
pH 4 during 18  h  instead of 4  h  (Fällman,  1997). 

The oxidised availability test  (NT  ENVIR 006, 
1999) was in this study carried out according to 
the protocol for the ordinary availability test but 
at fully oxidising conditions controlled with addi-
tion of H202. 

Six materials, Nos. 1-6 in Table 1, were tested 
according to the ordinary availability test for 4  h  
at pH 4 in the second step, and three materials, 
Nos. 7-9, for 18  h  in the second step  (NT  ENVIR 
003). Four materials, Nos. 1, 2, 5 and 9, were 
tested according to the ordinary test procedure as 
well as the oxidised availability test procedure. 
The same test time were used for the second step 
in the oxidised availability test as in the ordinary 
test. 

All tests were made in duplicate. pH, conduc-
tivity and  redox  potential were measured in the 
combined leachate after the test. The  redox  po- 

tential was measured with separate Pt and calomel 
electrodes as E(Kci). 

The metal content was analysed by SGAB with 
ICP-AES and ICP-MS. Atomic fluorescence  
(AFS)  was used for mercury. The analyses were 
performed according to the EPA methods 200.7 
and 200.8. 

3. Results 

3.1. Starting materials 

The total composition of the nine materials are 
shown in Appendix A. 

The content of sulphur and heavy metal ele-
ments was low in all materials, and the highest 
content of sulphur, 0.2%, was noted in the basic 
rock materials (Nos. 2 and 4). The total content 
of mercury and cadmium was very low or below 
detection limit for the instrument in all materials. 

The particle size distributions of the nine mate-
rials are presented in Fig. 1. The density, specific 
surface area and particle size at 95% passing are 
listed in Table 2. The specific surface areas are 
expressed both as m2/g and m2/cm3  to include 
the influence of the differences in density. Two 
materials, Nos. 6 and 9, had coarser maximum 
size than specified in the leaching test standards. 

3.2. Ordinary availability test 

pH and  redox  potential in the  combined  
leachates are presented  in Table 3.  Redox condi- 

Table 2 
Particle size at 95% passing, density and specific surface area of the investigated materials 

Material  95% < 
(p.m) 

Surface area 
(m2/0 

Densitz 
(8/9n1  ) 

Surface area 
(m2/cm3)  

1. Gabbro-diorite  120 1.96 2.87 5.63 
2. Gabbro  A 102 1.38 2.90 4.00 
3. Gneiss  A 106 1.28 2.65 3.39 
4. Gabbro  B 125 1.13 2.91 3.29 
5. Gravel  A 109 1.94 2.78 5.39 
6. Gravel  B 160 1.44 2.69 3.87 
7. Granite  124 1.27 2.66 3.38 
8. Lepite  118 1.50 2.74 4.11 
9. Gneiss  B 150 1.37 2.72 3.73 
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Fig. 1. The particle size distributions of the investigated materials analysed with a Cilas Granulometre 1064 

Table 3 
pH,  redox  Eh (mV)  and pH  + pe  in the  combined leachates 

Material Ordinary availability test Oxidised availability test 

pH Eh 
(mV) 

pH + pe PH Eh 
(mV) 

pH + pe 

1. Gabbro-diorite  5.0 444 12.4 4.9 584 14.8 
2. Gabbro  A 5.0 488 13.2 4.6 602 14.7 
3. Gneiss  A 4.5 543 13.7 
4. Gabbro  B 4.4 590 14.4 
5. Gravel  A 4.6 594 14.6 4.4 624 15.0 
6. Gravel  B 5.0 601 15.1 
7. Granite'  4.4 619 14.9 
8. Lepitea  5.1 468 13.0 
9. Gneiss  B' 4.6 574 14.3 5.0 582 14.8 

'18 h at pH 4. 
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Table 4 
The leachability of major elements expressed as % of the total content (the duplicate values are presented) 

Element Unit 1.  Gabbro  
-diorite  

2.  Gabbro  
A 

3.  Gneiss  
A 

4.  Gabbro  
B 

5.  Gravel  
A 

6.  Gravel Granite  8.  Lepite  9.  Gneiss 

Al  %  0.21,0.19 0.09,0.10 0.20,0.20 0.14,0.13 0.09,0.06 0.13,0.11 0.13,0.11 0.12,0.10 0.13,0.11  
Ca %  3.95, 3.85 2.91, 3.08 8.58, 8.72 2.09,2.06 3.38, 3.33 22.4,23.9 2.40, 2.08 4.44,4.41 6.23, 6.32 
Fe  %  1.29,1.32 0.54, 0.57 1.53, 1.49 0.25, 0.26 0.97, 1.00 0.83, 1.01 1.33, 1.14 2.53, 2.30 1.20, 1.23 
K  %  11.2, 10.7 2.63, 2.76 1.32, 1.49 25.5, 25.4 4.25,4.38 1.89, 1.79 5.18, 5.32 7.65, 8.75 5.63, 4.81 
Mg  %  1.52, 1.59 0.52, 0.58 2.10,2.04 0.40,0.40 0.82, 0.82 1.42,1.38 0.76, 0.70 1.55,1.45 1.07, 1.04  
Na %  0.49,0.54 0.38, 0.46 0.43,0.44 0.55, 1.22 0.34, 0.33 0.22, 0.28 0.31, 0.22 0.29,0.32 0.19,0.14 
Si  %  0.19,0.19 0.07,0.07 0.05,0.05 0.13,0.12 0.06,0.06 0.07,0.06 0.06,0.06 0.06,0.05 0.06,0.06 

'18 h at pH 4. 
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Table 5 
The leachability of trace elements in % of the total contents 

Element Unit 1.  Gabbro-  
diorite 

2.  Gabbro  
A 

3. Gneiss 
A  

4.  Gabbro  
B  

5. Gravel 
A  

6. Gravel 
B  

7. Granite' 8. Lepiteb  9. Gneiss 
Bb  

As  %  2.67, 3.06 2.78,3.54  ND ND  1.00, 1.44 4.15,- 1.71, 1.65 2.65, 2.18  ND 
Ba %  7.83, 7.31 1.88, 2.16 0.60, 0.61 4.14,4.08 2.42,2.63 1.16, 1.17 2.39, 2.35 0.93, 0.72 1.26, 1.33 
Cd  %  22.9, 13.2 6,08, 8.84 17.1, 20.7  ND  14.9,12.0 30.5,26.0 19.6,12.2 885,9.73 35.1, 31.4  
Co %  3.19, 2.95 2,24, 2.54 3.87, 3.44 1.4, 1.58 6.64, 6.91 4.83, 5.02 5.47, 5.88 5.73, 4.15 2.54, 2.61  
Cr %  0.31, 0.23 0.19,0.19 0.63, 0.59 0.04,0.05 0.16,0.18 0.27,- 0.27, 0.26 0.36, 0.28 0.19,0.09  
Cu  %  0.59,0.52 0.40,0.31 7.18, 5.95 0.45, 0.36 0.67,0.49 1.41, 1.42 0.25, 0.28 1.03, 0.61 2.57, 1.83  
Fig  % ND ND ND  -,1.5  ND ND ND ND ND 
Mn %  4.41, 4.33 3.33, 3.54 6.62, 6.46 1.36, 1.23 4.93, 4.75 7.72, 7.96 6.83, 6.24 12.0, 11.0 2.89, 3.30 
Ni  %  4.00, 3.78 6.25, 7.52 11.5, 10.7 2.02, 1.94 7.50,7.57 6.72, 5.64 7.22, 6.34 26.0, 22.1 3.41, 3.44  
Pb %  0.93,0.70 0.43,0.45 3.18, 3.03 2.64, 1.31 1.36,1.71 19.9,24.1 4.47,1.14 1.05,0.89 3.64,2.49 
S  %  2.7,2.8 2.4,2.2  ND -,  1.4 5.8, 5.5 4.5, 5.1 8.5, 10.1  ND ND  
Sr  %  0.98,0.97 0.81,0.91 1.25, 1.30 1.11, 1.08 0.90,0.88 2.23, 2.4 0.64, 0.55 0.72, 0.70 0.89, 0.88 
V  % ND ND ND ND ND ND ND ND ND 

Zn %  7.05, 7.24 3.55, 3.20 4.68, 4.34 5.83, 6.50 5.01, 4.18 15.4, 19.8 4.30, 3.70 3.37, 2.95  .  3.60, 3.34 

a  ND = not detected. 
b18  h  at pFI 4. 
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tions are also expressed as pH + pe as suggested 
by Lindsay (1979) as a convenient single-term 
expression for defining the status of aqueous sys-
tems. 

The leached amounts in the ordinary availabil-
ity test on nine materials are presented as mean 
values of the duplicates in Appendix A. 

3.2.1. Major elements 
The leachability of aluminium, calcium, iron, 

potassium, magnesium, sodium and silicon for the 
duplicates are listed as the percentage of the total 
content of each specific element in Table 4. Cal-
cium and potassium had the highest solubility in 
all materials. The duplicates agreed well. 

3.2.2. Trace elements 
The leachability of trace elements, heavy met-

als and sulphur for the duplicates is presented in 
Table 5 as the percentage of the total content. 
The total content of cadmium was below 0.3 
mg/kg in all of the nine materials, and between 
12% and 35%, were soluble in six of them. The 
total content of arsenic varied a great deal among 
the nine materials, from 0.30 to 104 mg/kg, and 
the leachability was below 4% in all materials. 

3.2.3. Chromium and vanadium 
The total content and the leachability of 

chromium were both low in all of the nine materi-
als. The basic rock material  gabbro  B  had the 
highest total content, 331 mg/kg, but only 0.05% 
was leachable. The total content of vanadium 
varied between 17 and 282 mg/kg, but vanadium 
in the leachate was not detectable (0.005  g  /1) for 
any material. 

3.2.4. Zinc, lead, copper and nickel 
Both the total content and the leachability var-

ied between all the nine materials. The total 
content of zinc varied between 38 and 114 mg/kg. 
Eight of the materials had leachable fractions 
between 3% and 8% and in gravel  B  the solubility 
was 17.6% as a mean value for the duplicate. 

Between 2% and 12% of the nickel was soluble 
in eight of the materials and in lepite the mean 
value for the duplicate was 24.0%. The total 
content of nickel was less than 40 mg/kg in all of  

the nine materials. 
The copper content varied between 11 mg/kg 

in gneiss A and 63 mg/kg in lepite, and between 
0.3% and 7.2% was leachable. 

The total content of lead was below 11 mg/kg 
in all nine materials and the solubility was low, 
0.4-4.5%, with one exception, gravel  B,  with a 
solubility of 22% as a mean value. 

3.2.5. Sulphur 
As shown in Table 5 the major part of the 

sulphur remained in the material during leaching. 

3.3. Oxidised availability test 

Four materials: gabbro—diorite,  gabbro  A, 
gravel A and gneiss  B,  were tested according to 
the oxidised availability test with stable oxidising 
conditions. pH decreased and the  redox  potential 
increased in combined leachates compared to the 
ordinary availability tests (Table 3). 

The results from the analyses of leachates are 
presented as mean values of the duplicates in 
Appendix A and for the duplicates for both the 
ordinary and the oxidised availability tests in Table 
6. 

The major elements were generally slightly in-
fluenced by the oxidation, except for iron, were 
the oxidation (Fe' to Fe') reduced the solubil-
ity with approximately two orders of magnitude of 
the value in the ordinary availability test. The 
solubility of arsenic decreased under oxidising 
conditions for the investigated materials. 

Chromium and vanadium were not significantly 
influenced by the oxidation, but the trace ele-
ments mercury and cadmium showed a striking 
increase in leachability under stable oxidising 
conditions. 

The leachability of sulphur, copper, zinc and 
lead increased obviously in the test performed at 
stable oxidising conditions. 

4. Discussion 

The materials tested were sampled from quar-
ries and gravel pits in operation and are repre-
senting the quality which was produced at the 
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Table 6 
The availability for leaching in ordinary  (Av.)  and oxidised availability test (Ox. ay.) expressed as percentage of total contents 

Element Unit 1.  Gabbro-Diorite  2.  Gabbro  A 5.  Gravel  A 9.  Gneiss  B' 

Av.  Ox. av.b  Av.  Ox. ay.  Av.  Ox. ay.  Av.  Ox. ay. 

Ca %  3.95, 3.85 4.07 2.91, 3.08 2.86, 2.96 3.38, 3.33 3.40, 3.11 6.23, 6.32 6.48, 6.55 
Fe  %  1.29, 1.32 0.01 0.54, 0.57  <  0.00 0.97, 1.00 0.01,0.01 1.20, 1.23 0.02,0.02 
K  %  11.2, 10.7 18.9 2.63, 2.76 3.98, 5.02 4.25, 4.38 3.92, 3.61 5.63, 4.81 3.10, 3.81 
Mg  %  1.52, 1.59 0.52 0.52, 0.58 0.53, 0.57 0.82, 0.82 0.73, 0.74 1.07, 1.04 1.24, 1.23  
Na %  0.49,0.54 0.24 0.38,0.46 0.76,0.79 0.34,0.33 0.97,0.71 0.19,0.14 0.80,0.64 
Si  %  0.19,0.19 0.08 0.07,0.07 0.08,0.08 0.06,0.06 0.05,0.06 0.06,0.06 0.09,0.09 
Al  %  0.21,t).19 0.11 0.09,0.10 0.15,0.17 0.12,0.13 0.18,0.16 0.13,0.11 0.24,0.25 
As  %  2.67, 3.06  ND  2.78, 3.54 0.71,0.50 1.00, 1.44 0.28,-  ND ND  
Cd  %  22.9, 13.2 67.3 6.08, 8.84 40.3, 26.5 14.9, 12.0 34.4, 32.6 35.1, 31.4 38.7, 33.9  
Cr %  0.31, 0.23 0.22 0.19, 0.19 0.17,0.14 0.16,0.18 0.20,0.19 0.19,0.09 0.23, 0.21  
Cu  %  0.59, 0.52 23.1 0.40, 0.31 12.3, 9.15 0,67,0.49 13.4, 13.0 2.57, 1.83 23.8, 22.8 
1-1g  % ND ND ND  49.6,-  ND  89.2, 52.5  ND  56.9, 49.0 
Ni  %  4.00, 3.78 7.09 6.25, 7.52 12.0, 11.3 7.50, 7.57 9.93, 9.08 3.41, 3.44 3.26, 2.91  
Pb %  0.93, 0.70 3.79 0.43, 0.45 5.17, 4.47 1.36, 1.71 3.07, 2.92 3.64, 2.49 5.61, 5.25 
S  %  2.68, 2.78 9.50 2.37, 2.20 10.3, 9.33 5.80, 5.50 25.0, 24.6  ND ND  
V  % ND ND  AD  ND ND ND ND  4..36, 2.66  
Zn %  7.05, 7.24 30.3 3.55, 3.20 16.3, 16.6 5.01, 4.18 16.1, 13.5 3.60, 3.34 9.66, 9.58 

a  ND = not detected. 
'Single experiment. 
'18  h  at p1-1 4. 
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sampling time or was in stocks for sale. Rock 
materials vary in assays and new samples will 
most probably show a large similarity to the pre-
sented ones, but there could also be big differ-
ences for some elements. 

The nine materials were selected to represent 
typical Swedish rock material used in road-mak-
ing as base or sub-base material. These materials 
fulfil the producers' demands on a material with 
good strength qualities, including a low content of 
minerals that are prone to weathering, e.g. mica, 
and have a low content of sulphides. 

Swedish blast furnace slag has been evaluated 
for use as road-making material and examined by 
the Swedish Geotechnical Institute, SGI, regard-
ing leaching properties  (Fällman,  1993; Rogbeck 
and  Elander,  1995). 

At comparison of the analyses of the sampled 
rock materials with the analyses of Swedish blast 
furnace slag the most obvious difference is in the 
main components. Expressed as oxide, the con-
tent of CaO is between 30 and 40% in the blast 
furnace slag and ranges between 1.4% and 12.3% 
in the rock materials. This implies that the buf-
fering capacity is higher in the slag. The total 
content of silica in the two gravels ( 70%) is 
twice the total content of silica in the slag. Ex-
pressed as Fe203  the total content of iron is 
below 1% in the blast furnace slag and between 
10% and 12% in the basic rock materials. The 
total content of aluminium in the rock materials 
is in the same range as for the blast furnace slag. 

The amount of heavy metals is very low in the 
rock materials as well as in the blast furnace slag. 
The total content of many elements are in the 
same range or higher in the rock materials, e.g. 
copper, zinc, arsenic, chromium, nickel and lead. 
The amount of each element varies in a wide 
range between different rocks, but also between 
the same kind of rock, but from different locali-
ties. Certain elements are commonly associated 
with different rock qualities (Table 7)  (Ekelund  et 
al. 1993). 

Basic rock materials, e.g.  gabbro  and gabbro—
diorite, normally have higher total content of 
chromium and vanadium compared to acid rocks, 
e.g. granite and gneiss. In this investigation they 
also have a higher content of sulphur. Conse- 

quently it can be expected that the total content 
of sulphide-bound elements, e.g. zinc, lead and 
copper, is higher compared to the acid rocks. For 
the investigated nine rock materials there was no 
such obvious correspondence. 

The total content of sulphur, as well as the 
amount of vanadium, is higher in the blast fur-
nace slag compared to all the nine rock materials. 
The total sulphur content in both slags is 1.4%, 
compared to 0.2% in the basic rock materials 
studied. 

As the rock materials in this study have very 
low contents of heavy metals the analyses are 
sensitive to possible contamination in the sample 
preparation and the precision and accuracy of the 
analyses have great significance for the validity of 
the result. In many cases the analysed values are 
close to the detection limit and, consequently, the 
precision is low (high standard deviation). For 
some materials with very low total contents of the 
elements chromium, arsenic and cadmium (e.g. 
37.8 mg/kg chromium, 0.32 mg/kg arsenic, 0.08 
mg/kg cadmium) the relative standard deviation 
is between 10% and 30%. At higher total content, 
e.g. 0.13 mg/kg cadmium in gravel  B,  the relative 
standard deviation is 3%. The analysis of cadmium 
in the leachate, in some cases, has a standard 
deviation of 10-20%. The duplicate in most cases 
agree relatively well as is shown in Tables 4-6. 
The digestion methods used are developed to 

Table 7  
Important  element associations in  different  types  of  rocks  
(Ekelund  et al., 1993) 

Rock 
	

Increased contents 	Low contents 

Granites 	Mo,  Sn,  W,  K,  Pb 	Co, Cr,  Ni  

Acid volcanic 	As, Cu, Pb,  Zn  
rocks 	Cd. Ag, Hg,  Se 

Basic rocks 	Cr, Co,  Ni,  Cu, Ti, V 

Slates 	Ag,  As, Au,  Cd,  Mo,  Ni  
Pb,  Zn,  Co, U, Cu, Se 

Sandstones 
	

No specific associations 
Limestones 	of importance for geo- 

chemical interpretations 
are reported 
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preserve the volatile matter of elements, e.g. As,  
Cd,  Pb, and are good for analyses of rock mate-
rial. 

A very small quantity, 8  g,  is used for the 
leaching test, which makes it sensitive to varia-
tions in the composition. 

An availability test is designed to give an an-
swer to what the potential leachable fraction of a 
certain material amounts to. Both solubility and 
diffusion controlled leaching should be almost 
complete following the stipulated test conditions. 
The test is developed for investigation of residues 
(NEN 7341, 1992). 

In order to increase the diffusion based leach-
ing, the availability test method used in this study 
was modified so that leaching at pH 4 was per-
formed for 18  h  instead of 4  h.  The complete test 
should result in 80% depletion of a material if 
pD, 15  (Fällman,  1997). 

Three of the nine natural materials in this 
study were tested according to the modified test 
and six with the original test. 

The diffusion coefficient  (D)  for elements in 
natural rock material varies within a wide range 
depending on the mineral composition and fac-
tors like interactions with other ions in the envi-
ronment in which diffusion takes place. For ex-
ample, the diffusion coefficient for sodium in 
quartz is 1.1  x  10-19  m2/s and for calcium in 
quartz 1.4  x  10-49  m2/s. Potassium in feldspar 
has a diffusion coefficient of 1.6  x  10 	m2/s  
(Faure,  1991). 

The elements in the rock materials and gravels 
in this study have probably diffusion coefficients 
in a wide range and leaching by diffusion is not 
achieved to the same level for all elements. The 
modified test with prolonged leaching at pH 4 for 
three materials (Nos. 7-9) does not result in any 
obvious increase in solubility compared to the 
other six materials (Tables 5 and 6). 

Compared to the blast furnace slags, the avail-
ability for leaching of many elements, expressed 
as percentage of the total content, in most cases 
is lower in rock materials (Table 8). The lower 
solubility in the rock materials, quite likely, de-
pends to a great extent on the fact that the 
diffusion leaching is more incomplete compared  

to the waste materials due to lower diffusion 
coefficients. 

In rock materials their resistance to weathering 
has a large influence on the availability for leach-
ing. Different minerals are more or less prone to 
weathering and quartz is a mineral with very low, 
and calcite very high, disposition. Between these 
two minerals there are many different silicate 
minerals, among which alkali-rich feldspars are 
less prone to weathering than dark minerals (con-
taining calcium/magnesium and iron) (Aastrup et 
al., 1995). Apart from the mineral content, the 
texture and structure affect the ageing of rock 
materials. The sulphur content indicates a poten-
tial existence of sulphide minerals, which in-
creases the disposition to weathering. 

The rock materials used for road construction 
in Sweden are to a great extent crystalline rocks, 
e.g. mica-poor granites and gneiss, quartzite,  dia-
base, porphyry and lepite (Anon., 1992). These 
rocks are hard, solid and resistant to atmospheric 
changes. The materials investigated here to a 
large extent consisted of the minerals alkali 
feldspar, plagioclase, pyroxene, quartz and to a 
minor extent of minerals like olivine, hornblende, 
epidote and biotite (data to be published). Most of 
these minerals have a low disposition for weather-
ing. 

Zinc, nickel, copper and lead are often bound 
to sulphides and under oxidising conditions these 
elements are dissolved. As shown in Table 3, 
there were oxidising conditions during the whole 
or major part of the ordinary availability test. In 
spite of the fact that the content of sulphur was 
low or very low in all the nine materials, the 
heavy metal elements often bound, or associated, 
to sulphides were partly dissolved during the test 
(Table 5). Both the total content and the leach-
ability of these elements varied between the nine 
materials, however, zinc and nickel seem to be 
more leachable than lead and copper in these 
nine investigated materials. 

Cadmium with a total content below 0.3 mg/kg 
in all nine materials showed a notable high leach-
ability. The highest values were recorded for 
gravel  B,  30.5%, and for gneiss  B,  35.1%. The 
highest total content of arsenic and a leachable 
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Table 8 
The availability for leaching in four natural materials and in two blast furnace slags  (Fällman,  1993; Rogbeck and  Elander,  1995) 

Element Unit 1.  Gabbro-diorite 2.  Gabbro  A 5. Gravel A 9. Gneiss Bb  BF a BF  b  

Avail. Ox. ay. Avail. Ox. ay. Avail. Ox. ay. Avail. Ox. ay. Avail. Ox. ay. Avail. Ox. ay. 

S % 2.70 9.50 2.30 9.80 5.70 24.80 ND 14.50 21.40 35.00 47.20 59.80 
V % ND ND ND ND ND ND ND 3.51 6.48 18.00 4.80 7.72 
Cr % 0.27 0.22 0.19 0.16 0.17 0.19 0.14 0.22 0.86 0.36 0.42 2.18 
Cu % 0.60 23.10 0.40 12.60 0.60 13.20 2.20 23.30 ND 10.60 ND 7.12  
Ni  % 3.90 7.10 6.90 11.70 7.50 9.50 3.40 3.10 ND ND 21.79 32.10 
Ph % 0.80 3.80 0.40 4.80 1.50 3.00 3.10 5.40 6.90 8.83 16.68  c  

Zn  % 7.10 30.30 3.40 16.40 4.60 14.80 3.50 9.60 48.80 91.80  C.  

a  ND = not detected. 
b18  b  at pH 4. 
'Incorrect analysis. 
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fraction of 3.54%, were analysed in  gabbro  A, a 
material quarried in connection to a sulphide 
mine. Both arsenic and cadmium are often associ-
ated to sulphides. 

The availability for leaching of a certain metal 
varies depending on if it exists as a major part of 
a pure mineral or only as a trace, substituting 
ions in a mineral. In the rock materials, metals 
such as zinc, lead, copper, nickel and cadmium, 
bound or associated to minerals which are un-
stable under oxidising conditions, were released 
to a higher percentage and also in quantity, com-
pared to chromium and vanadium with much 
higher total contents (Appendix A, Table 6). 

Inspection by optical microscopy was per-
formed on thin sections of six materials, Nos. 1-6, 
in order to identify heavy metal containing miner-
als. No pure chromium mineral was observed in 
any of the materials. Chromium is, however, a 
common substitute in minerals as magnetite, il-
menite and pyroxene and these minerals were 
identified in the basic rock materials, gabbro—di-
orite,  gabbro  A and  gabbro  B.  Magnetite and 
ilmenite both were also identified in the two 
gravels, and magnetite in Gneiss A (data to be 
published). Vanadium is a common substitute in 
magnetite, (Deer et al., 1996,  p.  428). Most likely, 
vanadium and chromium in the investigated rock 
materials, to a large extent, were present as ionic 
substitutes in other crystals and this can explain 
the low leachability, compared to elements pre-
sent in pure minerals. This shows that, regarding 
the leachability of rock materials, it is decisive 
and of greater importance how the element is 
present in the mineral, than the total content. 

Two types of gravel and seven rock materials 
were examined. From this limited investigation it 
is not possible to draw any far-reaching conclu-
sions regarding differences in the leachability for 
rock materials and gravels. However, the leach-
ability of zinc and lead in gravel  B  were notably 
much higher than in the other materials, Table 5. 
In gravel  B  20% of both lead and zinc were 
released compared to 7.2% zinc and 4.5% lead as 
maximum values in the seven rock materials. Re-
garding the other investigated heavy metals, the 
leachability in the gravels compared to the rock  

materials was in most cases in the mean or upper 
range (Appendix A, Table 5). 

At inspection by optical microscopy of both 
types of gravel and four of the rock materials the 
same kind of heavy metal containing minerals 
were identified in the two gravels and in the four 
rock materials. As the source of gravel is from 
many different rocks from different localities, the 
composition of gravels varies and they also might 
contain a variety of minerals, some with high 
content of heavy metals and some with high dis-
position for leaching. A higher leachability of 
elements in the gravel compared to the rock 
material might be explained by the fact that the 
gravel has been weathered and exposed to bacte-
ria in the environment. 

Compared with the ordinary test, the test with 
controlled positive potential resulted in an obvi-
ous increase in the leachability of elements bound 
to minerals unstable in an oxidising environment 
(Table 6). 

Sulphides are unstable at oxidising conditions, 
and the elements zinc, copper, lead, nickel, 
cadmium and mercury, usually bound to or asso-
ciated to sulphides, increased in leachability in 
the oxidised availability test. 

In the ordinary test, the concentration of mer-
cury in the leachates was not detectable for any 
of the four tested materials, but in a controlled 
oxidising environment between 50% and 70% was 
soluble in three of the materials, expressed as 
mean values for the duplicates. The solubility of 
cadmium increased from 7.5% to > 30% in  
gabbro  A, and from 13.5% to > 30% in gravel A. 
These two materials have a relatively high total 
content of cadmium, 0.18% and 0.28%, respec-
tively. 

As presented in Table 3, the  redox  potentials 
measured in the combined leachates in the ordi-
nary tests were positive in all cases, 444-619 mV, 
and indicated oxidising conditions during the ma-
jor part of the test. The changes in pH and  redox  
potentials at a controlled oxidising state were 
small, particularly for No. 5, gravel A, and No. 9, 
gneiss  B.  

Nevertheless, in the oxidised test the solubility 
of sulphide bound elements increased as de- 
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scribed above, and the solubility of iron decreased 
due to the oxidising (Fe2+  to Fe3+ ) with approxi-
mately two orders of magnitude of the value in 
the ordinary availability test. It shows that the 
conditions partly have been reducing during the 
ordinary test. This implies that as the  redox  po-
tential is varying during the test, the analysis of 
combined leachates gives limited information and 
a higher rate of oxidation has an obvious influ-
ence on the leachability of sulphide bound heavy 
metal elements in rock material. 

The total content of sulphur and vanadium in 
the Swedish blast furnace slag is notably high. 
When the material is evaluated as road construc-
tion material it is of special interest to investigate 
the leachable fraction of these elements. Com-
pared to the rock materials, the leachable frac-
tion of both sulphur and vanadium in the slags 
was higher according to the availability test, ex-
pressed both as percentage of the total content 
and in mg/kg. 

The content of vanadium varied from 17 to 282 
mg/kg in the natural materials, and the two blast  

furnace slags both contained 350 mg/kg. Only 
one of the nine natural materials had a leachable 
fraction, 2.9 mg/kg, which it was possible to 
detect, but from the slag 63.5 mg/kg was re-
leased. The total content of chromium varied 
from 20 to 331 mg/kg in the rock materials which 
was high compared to 27 and 30 mg/kg in the 
blast furnace slags, but the leachable fraction was 
below 0.3 mg/kg in all nine rock materials com-
pared to 0.6 mg/kg in one of the slags. As dis-
cussed above, vanadium and chromium in the 
rock materials most probably are present as ionic 
substitutes in other minerals, e.g. magnetite. 

The investigated natural materials contain 
higher total contents of the heavy metals copper, 
nickel and zinc, and the fractions that are avail-
able for leaching, in mg/kg, are higher than in 
the slags, especially when the conditions are oxi-
dising. Fig. 2 shows the total content and the 
leachable fraction of copper expressed as mg/kg 
in the natural materials and in the two blast 
furnace slags. The mean values from the dupli-
cate tests are used. Expressed as a percentage of 

mg/kg  Available Cu 

Gab  
bro- 

Diorite  

Gabbro  
A  

Gravel 
A 

Gneiss  
B  

BFa BFb  

Fig. 2. The total content and the available fraction of Cu in four natural materials and two blast furnace slags  (Fällman,  1993; 

Rogbeck and  Elander,  1995). 
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the total content the availability for many ele-
ments is lower in the rock materials than in the 
slags, as is shown in Table 8. 

This shows that in spite of low contents of 
sulphur and heavy metal element in the rock 
material, the available amount of many elements 
is higher, especially if conditions are oxidising, 
than for the blast furnace slag, because the total 
content of heavy metal elements is very low in the 
slag. 

The particle size distribution and the specific 
surface area of the investigated materials both 
have influence on the leaching process, in the 
aspect that an increased particle size results in a 
prolonged time for the diffusion of ions and an 
increased specific surface enhances the solubility 
controlled leaching. 

The specific surface area after crushing and 
grinding varied between the materials depending 
on the original particle size distribution, the min-
eral composition, the grindability of the mineral 
and the grinding performance. The amount of 
fines has a large influence on the value of the 
specific surface area. 

As can be seen from Table 2 and Fig. 1 both 
the median size and the specific surface area 
varied between the materials with the same maxi-
mum size (expressed as 95% <). Gravel  B  with 
95% < 160 p.m and gneiss  B  with 95% <150  µra,  
contained the coarsest particles, but had a speci-
fic surface area in the same range as five of the 
other materials prepared according to the test 
specifications. As discussed above, the diffusion 
constant for many elements in the rock material 
is low  (Faure,  1991), and a prolonged duration 
time in the second step for three materials did 
not result in an obvious increase in leachability 
compared to the other six. Probably the recorded 
differences in particle sizes have a minor effect 
on the leachability for the tested materials. 

As shown in Table 5 the leachability of, e.g. 
cadmium and lead is high for the coarsest materi-
als, gravel  B  and gneiss  B,  compared to the other 
materials.  

and sulphur in rock material and gravel depends 
on the mineral composition and the environment. 
How the elements are attached to the mineral is 
more decisive than the total content of the ele-
ments. 

Heavy metals, such as zinc, lead, copper and 
cadmium which are bound or associated to sul-
phides in rock materials, show a relatively high 
availability for leaching, especially if stable oxidis-
ing conditions are maintained. These elements 
are the most leachable ones, expressed as per-
centage, among the discussed heavy metals in the 
investigated rock materials. 

Compared to blast furnace slag, the released 
amount of many heavy metals is higher in rock 
materials, because the total content of these ele-
ments in blast furnace slag is very low. However, 
the leached amounts are very small. Expressed as 
percentage of the total content, the availability for 
leaching of many elements is generally lower in 
the rock materials. 

Gravels seem to be more unpredictable regard-
ing both total content and leachability of ele-
ments compared to rock materials. The total con-
tent and the soluble fraction of heavy metals both 
can be high. 

The potentially leachable amount of heavy 
metals in rock materials and gravels can be higher 
and vary a great deal, compared to blast furnace 
slag, as rock materials and gravels vary in compo-
sition. Blast furnace slag has an even composition 
with small variations and the leaching behaviour 
is by now relatively well investigated as compared 
to natural road-making materials. 

When the environmental impact of natural and 
alternative road construction materials is evalu-
ated, it is pertinent to investigate the materials 
with an LCA, including the production of the 
natural material at the quarry, as well as the use 
of a waste material which result in less landfilling. 
The investigated leachability of the materials is 
one factor of impact but in many cases not a 
serious one. 

Acknowledgements 
5. Conclusions 

This paper contains results from a research 
The availability for leaching of heavy metals 	project focusing on environmental impact from 



46 	 M. Tossavainen,  E.  Forssberg / The Science of the Total Environment 239 (1999) 31-47 

natural roadmaking materials. The financial sup-
port was provided by  MIMER,  Minerals and Met-
als Recycling Research Centre. The authors thank  

Dr  Lotta  Lind, SSAB Merox AB, for helpful 
discussions and comments during the work. 

Appendix A: Total content and leached amounts in mg/kg for the tested materials 

1.  Gabbro-diorite  2.  Gabbro  A 3.  Gneiss  A 4.  Gabbro  B 

Total Avail. Ox. Avail. Total Avail. Ox. Avail. Total Avail. Total Avail. 

Ca mg/kg  49 100 1910 2000 43 800 1310 1280 9900 850 87 900 1830 
Fe  mg/kg  6600 894 5.2 74 800 414 3.6 17 000 257 85 000 216 
K  mg/kg  13 300 1460 2500 14 100 381 635 34 700 446 2300 588 
Mg  mg/kg  27 600 429 142 28 200 154 154 3500 71.8 47 000 188  
Na mg/kg  29 700 152 71.0 24 600 103 190 400 116 18 000 158 
Si  mg/kg  261 300 503 201 258 900 184 208 340 000 172 217 000 277 

Al  mg/kg  85 200 173 97 78 900 74 126 73 600 145 83 600 109 
As  mg/kg  5.46 0.16  ND 104  3.29 0.63 0.32  ND  1.28  ND 
Ba mg/kg  693 52.5 33.9 386 7.8 10.7 653 4.1 368 15.1 
Cd  mg/kg  0.08 0.02 0.06 0.18 0.01 0.06 0.08 0.02 0.06  ND 
Co mg/kg  16.9 0.5 1.8 19.2 0.5 2.1 3.7 0.1 22.5 0.3  
Cr mg/kg  121 0.33 0.26 161 0.30 0.25 20.3 0.12 331 0.15  
Cu  mg/kg  39.4 0.22 9.11 56.3 0.20 7.07 11.5 0.76 61.8 0.25 
Hg  mg/kg ND ND ND  0.153  ND  0.076  ND ND  0.198 0.003  
Mn mg/kg  973 52.2 37.1 1150 39.8 12.9 400 25.9 1450 18.7 
Ni  mg/kg  29.5 1.1 2.1 29.2 2.0 3.4 3.8 0.4 38.8 0.8  
Pb mg/kg  10.7 0.09 0.41 6.3 0.03 0.30 10.3 0.32 3.3 0.06  
Sr  mg/kg  588 5.7 4.7 367 3.2 2.6 72.1 0.9 760 8.3 
S  mg/kg  1400 38.2 133 2000 45.6 196 86.5  ND  2000 27.8 
V  mg/kg  177  ND ND  282  ND ND  17  ND  233  ND 
Zn mg/kg  58.9 4.2 17.8 75.7 2.6 12.4 53.9 2.4 38.5 2.4 

5. Gravel A 6. Gravel B 7. Graniteb  8. Lepiteb  9. Gneiss Bb  

Total Avail. 	Ox. Avail. 	Total 	Avail. Total Avail. Total 	Avail. Total Avail. 	Ox. Avail. 

Ca mg/kg  24 700 830 800 9600 2230 25 400 570 20 400 900 20 600 1290 1340 
Fe  mg/kg  39 400 389 4.2 17 700 163 38 700 478 25 500 616 34 100 414 7.5 
K 	mg/kg  19 600 845 738 32 800 603 24 600 1290 20 300 1661 35 000 1828 1210 
Mg  mg/kg  15 300 126 113 6200 86.2 14 800 108 7400 110 12900 137 160  
Na mg/kg  25 400 83.1 210 240 54.0 28 700 75.5 28 300 86.2 25 700 42.5 186 
Si 	mg/kg  315 000 189 173 346 000 224 303 800 177 330 000 181 309 900 194 266 

Al  mg/kg  74 600 93 124 69 900 55 77 800 93 73 600 81 81 500 98 198 
As  mg/kg  24.6 0.30 0.07 1.93 0.08 11.1 0.19 10.2 0.25 0.30  ND ND 
Ba mg/kg  628 15.9 13.2 573 6.7 744 17.6 622 5.1 857 11.1 12.1 
Cd  mg/kg  0.28 0.04 0.09 0.13 0.04 0.23 0.04 0.23 0.02 0.08 0.03 0.03  
Co mg/kg  9.0 0.6 0.9 63 0.3 9.7 0.6 5.0 0.2 9.3 0.2 0.3  
Cr mg/kg  151 0.26 0.29 37.8 0.10 107 0.29 44.3 0.14 114 0.16 0.25  
Cu  mg/kg  33.2 0.19 4.39 17.5 0.25 61.6 0.16 62.8 0.51 17.3 0.38 4.03 
Hg  mg/kg ND  0.179 0.125 0.053  ND ND ND ND ND  0.063  ND  0.033  
Mn mg/kg  752 36.4 16.9 240 19.1 690 45.0 620 71.4 651 20.2 14.3 
Ni  mg/kg  24.0 1.8 2.3 9.6 0.6 22.7 1.5 2.8 0.7 16.9 0.6 0.5  
Pb mg/kg  8.8 0.14 0.26 8.3 1.82 9.7 0.35 7.5 0.07 6.4 0.20 0.35  
Sr 	mg/kg  235 2.1 1.8 98.8 2.3 400 2.4 236 1.7 235 2.1 2.2 
S 	mg/kg  1000 56.6 248 500 24.1 1000 92.9  ND ND ND ND  58.2 
V 	mg/kg 	95.2  ND ND  32.8  ND  115  ND  37.6  ND  83.4  ND  2.9  
Zn mg/kg  84.5 3.9 12.5 45.2 8.0 69.7 2.8 114 3.6 79.5 2.8 7.6  

ND, not detected.  
b  Eighteen hours at pH 4. 
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Studies of the leaching behaviour of rock material and slag used in road 

construction: A mineralogical interpretation.  

Mia  Tosssavainen, Eric Forssberg, Division of Mineral Processing,  Luleå  University of Technology 

Abstract 

Rock material used in road construction contains heavy metal elements bound in minerals that 

are more or less soluble. There are no demands for investigations of leaching behaviour before 

use of rock materials in Sweden, which is the case regarding waste materials e.g. slag. This 

implies that there is a lack of data to be used when waste materials are evaluated. Seven rock 

materials and two gravels representing non-weathered material for use in base or sub-base 

course from three counties in Sweden have been investigated regarding mineralogy in order to 

explain the leaching behaviour. Microscopic studies of the mineralogical composition, Acid-

Base-Accounting and pH-measurements have been used to explain the leaching results 

achieved with the Availability test, (10). The identified transparent minerals were the expected 

silicate minerals for the sampled rock-forming materials. Overall, the content of identified 

opaque minerals was low. How an element is bound in the mineral is decisive for the 

dissolution of the heavy metal elements. Sulphide bound elements have a notably high 

fraction that is soluble, especially at oxidising conditions. Elements present as substituted ions 

in the crystal lattice are not soluble. The dissolution of the buffering rock forming silicates is 

much slower than the dissolution of the acid-producing sulphides. The results have been 

compared to similar leaching tests of metallurgical slag used in road construction. The 

dissolution of the major phase, the solubility of the heavy metal mineral and secondary 

reactions are factors influencing the dissolved amounts of heavy metal element. Compared to 

the crystal rock materials, the amorphous fuming slag from a copper smelter has very low 

solubility, while blast furnace slag is easily dissolved due to hydrolysis. The soluble amounts 

of sulphide bound elements in rock material is higher compared to blast furnace slag. The 

timing of the acid-producing -and acid-consuming reactions of the rock materials need to be 

further investigated. 

DipL  Ing.  Mia  Tosscwainen, Prof. Dr. Eric Forssberg, MiMeR, Minerals and Metals Recycling Reserch  Centen  Luleå  
University of Technology, Luleä, Sweden. 
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Introduction 

Large quantities of aggregates are used in road construction in both developed and developing 

countries. The production of aggregates in Sweden 1998 was 75 Mton of which 54 % was 

used in road construction (1). The major part, was crushed rock (36.2 Mton) and gravel (29.3 

Mton). The qualities and demands of the road construction material are regulated in domestic 

standards (2) and to an increasing extent in European standards developed within the 

Technical Committee, Comité Europ6en de Normalisation, CEN/TC 227. The primary aim of 

the regulations has been to secure the strength of the constructions. Road construction 

materials have to comply with demands regarding environmental impact, as well. 

Metallurgical slags, e.g. blast furnace slag and the final slag from the slag-fuming of a copper 

smelter slag, with a composition almost identical to fayalite (3), have strength and durability 

qualities that make them attractive as construction materials (4, 5, 6). Before the materials are 

used they are carefully investigated regarding leaching characteristics (7, 8). The focus of 

attention is on the leachability of elements that can contaminate the soil and groundwater. 

Crushed rock and gravel contain heavy metal elements bound in minerals that are more or less 

leachable depending on, among other things, their mineralogy and resistance to weathering 

(9). 

Large resources of good road making rock material e.g.  gabbro,  gneiss and granite, are 

available in Sweden. Generally the content of heavy metal elements is low. However, it has 

been showed that the leachability of heavy metal elements in many cases is higher in the rock 

material compared to blast furnace slag, which is used in road construction (10). There are, at 

present, no general regulations regarding the leachability of rock material used in road 

construction in Sweden (4). 

This paper presents investigations carried out with the objective to describe how the heavy 

metal elements are bound in the investigated rock materials and the relation to the availability 

for leaching. A comparison is made with results from similar leaching tests performed on slag 

from blast furnace and a fuming slag of a copper smelter slag (3, 7, 8). 
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Material and methods 

Rock material. 

Nine representative road construction materials were selected for the investigations. The 

sampling, selection and analysis has been described in detail elsewhere (10). Table I in 

appendix presents the total content and the leachability of the nine materials. Out of the nine 

selected materials seven were crushed rock and two were gravel. They represented samples of 

non-weathered material for base or sub-base layer. 

Sample characterisation. 

The mineralogical composition was evaluated by optical microscopy on thin sections prepared 

of ground rock material (95 % <125 gm). The objective was primary to identify and describe 

the occurrence of the heavy metal elementsl. The identified minerals were classified as 

transparent and opaque2. The transparent minerals were grouped as primary, secondary 

(transformed primary minerals) and accessories (for the bedrock classification of negligible 

concentration). A complementary investigation, in order to quantify the minerals, was carried 

out later. A Leitz Ortholux Polarising Microscope was used for reflected and transmitted light 

studies. 

The natural pH of the rock material was measured on suspended material. 5g material (95 % 

<125 gm) was mixed with 120  ml  dionized water for 10 minutes. After settling, pH was 

measured in the clear liquid using a PHM 83 Autocal pH meter, with a combination pH 

electrode, InLab 412, from Mettler Toledo. 

Acid-Base Accounting (15) was used to provide a quantitative measure of the net 

neutralisation potential, NNP. The purpose of the test was to determine whether acidic 

conditions were likely to develop or not. The maximum Acid Potential, AP, based on the 

stoichiometric ratio of a complete sulphide oxidation was compared with the Neutralisation 

Potential, NPtotal. The NPtotal is determined by the addition of an excess of hydrochloric acid 

and heating to ensure a complete reaction. The Acid Potential was calculated from the 

analysed sulphur content. The NPtotal and the AP were calculated as kg calcite per tonne of 

Metal element with density >3.5 g/cm3  (14). 
2  Minerals that not even as a thin section (0.030mm) are transparent for visible light. 
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rock material. A negative net neutralisation potential (NNP = NP — AP) suggest that the 

material may produce an acidic effluent. The tests were made in duplicate for each sample. 

Results 

Mineralogy. 

The results of the identification of transparent and opaque minerals are shown in Table II in 

appendix. The major transparent minerals identified in the basic rocks  gabbro-diorite and  

gabbro  were plagioclase, biotite, pyroxen and amphibole. The acid rocks and gravels to a 

major part consisted of quartz,  K-feldspar and biotite mica. A small fraction of opaque 

minerals were observed compared to the transparent minerals. Among the opaque minerals, 

magnetite and ilmenite were the most frequent occurring oxides and pyrrhotite and pyrite were 

the most common sulphides. Most of the observed magnetite, ilmenite and pyrrhotite grains 

were liberated grains in the ground rock samples and they had the largest grain sizes, up to 

300 gm, of the opaque minerals. Pyrite was identified in all nine samples in varying sizes, 

most frequent as liberated, small grains (<50 gm). Liberated grains of magnetite and pyrite 

are shown in Photo 1. 
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Photo 1. Grains of magnetite (mg) and pyrite (py). 

Natural pH and neutralisation potential. 

The natura! pH of suspended rock material and the calculated net neutralisation potential 

(NNP) is shown in Table 111. All nine materials had a basic pH and a positive net 

neutralisation potential. 

Material pH NP AP NNP 

mgCaC03/g mg CaCOJig mg CaCOJig 

Gabbro-diorite 9.1 27.2 ± 1.5 4.4 22.8 
Gabbro A 8.9 23.1 ± 0.3 6.2 16.9 
Gneiss A 8.4 8.2 ±0.2 0.3 7.9 
Gabbro B 8.6 22.2 ±0 6.2 16.0 
Grave! A 8.2 42.4 ± 3.8 3.1 39.3 
Grave! B 9.2 27.4 ± 3.4 1.6 25.8 
Granite 8.7 6.7 ±0.8 3.1 3.6 
Lepite 8.9 17.7 ± 0.5 - 17.7 
Gneiss B 8.6 14.9 ± 0.5 - 14.9 

Table 111. The natura! pH and the calculated net neutralisation potential (NNP) 



6 

Discussion 

Minerals and heavy metal element. 

The identified transparent minerals were the expected major rock-forming minerals for the 

species of rocks. The heavy metal elements discussed regarding pollutants from road-

construction material e.g. lead, copper, zinc and chromium (16) and of interest for this study 

are bound mainly to minerals identified as opaque. 

The identified opaque sulphide minerals were pyrrhotite, pyrite, chalcopyrite, sphalerite and 

pentlandite. Except for pyrrhotite and pyrite, the grain size of the sulphides was small, in most 

cases below 50 • m. The grinding results in breakage primary at the weak grain boundaries. 

This means that the grinding of the samples may not have exposed the surfaces of the 

sulphides in the cases when these minerals are very small. 

The copper sulphide chalcopyrite was identified in all nine materials. The mineral was 

observed as liberated grains but also enclosed in e.g. silicates. Copper occurs as a substitute in 

e.g. sphalerite, pyrite and pyrrhotite (17,18). 

The zinc mineral sphalerite was identified only in  gabbro-diorite and gravel  B.  Zinc occurs as 

a substitute in e.g. chalcopyrite and pyrrhotite (17,18). 

Cadmium, arsenic and mercury were assayed at very low concentrations and no 

corresponding pure mineral was identified. The elements appear as substitute in e.g. sphalerite 

and pyrite (17,18,19). The highest total content of arsenic was analysed in  gabbro  A, a 

material quarried close to a sulphide ore. No lead-containing mineral was identified and the 

concentration of lead was less than 11 mg/kg in all of the nine materials. Arsenic and lead 

occur substituted in e.g. pyrite (18). Minerals containing heavy metal elements like copper, 

lead, zinc, arsenic, mercury and cadmium are often found associated in sulphide deposits (17, 

20). 

The basic rock materials  gabbro  and  gabbro-diorite had, as in general (16, 21), higher total 

contents of chromium and vanadium compared to the acid rocks, e.g. granite and gneiss, but 

no corresponding mineral, like chromite, was identified. However, ilmenite has the 

composition (Fe, Mg,  Mn)  TiO3  with limited amounts of magnesium and manganese, and 

often occurs in association with magnetite. In such coexisting pairs of minerals manganese 

tends to be enriched in ilmenite, while chromium, vanadium and nickel are common 

substitutes in magnetite (19). The high concentration of chromium, vanadium and nickel in 
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the basic materials, gravel A and gneiss  B  was well corresponding to the identification of 

ilmenite and magnetite as the most abundant opaque minerals. They are common accessories 

in both igneous and metamorphous rocks. 

Ion substitution and occurrence below detection limit for mineral identification are the 

explanations to the discrepancy between the total analysis of heavy metal elements and the 

mineralogy of the rock materials. 

Mineralogy of rock materials in comparison with slags. 

The total analysis of selected elements of the slags from a blast furnace and the fuming slag of 

a copper smelter is shown in Table IV (7, 8). The slags consist of elements that react and 

Element Total  
BF slag 

Av.  Ox.av. Total  
Fuming slag 
Av. 	Ox.av. 

mg/kg % % mg/kg % % 

Al 57000 12.28 10.53 25650 0.19 0.1 
Ca 273000 34.07 30.04 14600 0.94 0.43 
Fe 5000 20 ND 366000 0.41 0 
Mg 66000 27.27 24.24 8000 0.49 ND 
Si 172000 20.9 19.2 181500 0.21 0.03 

As 0.44 ND ND 17.2 23.43 ND  
Cd  0.48 4.17 68.75 ND ND ND 
Cr 30.3 0.86 0.36 1595 0.08 0.02 
Cu 6.1 ND 10.56 4750 2.36 6.36  
Hg  ND 2 2 0.707 ND ND  
Ni  9 ND ND 131 4.58 3.33 
Pb 12 6.92 8.83 134.5 0.75 1.86 
S 14000 21.43 35.71 6105 ND 0.91 
V 353 6.46 17.99  
Zn  2.8 48.75 91.81 13200 0.61 0.18 

ND= Not detected 
	

2= incorrect analysis 

Table IV. Table IV. The total content in mg/kg and the solubility in percentage for blast 

furnace slag and copper slag [7, 8] 
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form compounds similar in composition to minerals in rock material. However, the degree of 

crystallisation varies due to different processes in which they are formed, particularly 

regarding the cooling. Rock material has a long cooling phase and the minerals are well 

crystallised. The air-cooled blast furnace slag is a mixture of rapid cooled glassy material at 

the  surfades  and crystallised material in the inner parts.The fuming slag is a granulated water-

cooled material that to a major part is amorphous (glass phase) (3). 

The blast furnace slag consists of ternary compounds of which the most common is melilite, a  

serie  of solid solutions from akermanit (2Ca0 MgO 2Si02) to gehlenite (2Ca0 A1203  Si02). 

These minerals react with water like the cement-forming minerals and have hardening 

properties. They also contain voids (pores) due to the bubbles from the occluded gases, most 

of which is nitrogen (5, 6). 

It has been showed with XRD analysis (22) of the blast furnace slag in Table IV that the 

principal phase best match akermanit. Other identified phases are monticellite (Ca Mg SiO4) 

and spinel. These minerals are found in nature and are stable and durable under normal 

conditions. 

The sulphur content in the rock material was 0.2 compared to 1.4 % in the blast furnace slag 

(7). The concentration of heavy metal elements is, as expected, very low in the blast furnace 

slag and no heavy metal mineral is identified with XRD (22). 

According to the producer (3), the granulated fuming slag mainly consists of oxides of silicon 

and iron. The concentration of the elements is almost identical to the composition of the 

mineral fayalite (Fe2SiO4). The concentration of heavy metal elements, e.g. copper, zinc, lead 

and nickel, is high in comparison to the rock materials and the blast furnace slag. The heavy 

metal minerals in the slag are formed during different stages of the copper production process. 

Neutralisation potential for rock material and slags. 

The positive net neutralisation potential (NNP) for the rock materials was a result of the low 

sulphur content and consequently the low acid potential (AP), Table III. The amount of 

neutralising bases, including carbonates, was found by treating with hydrochloric acid. This 

implies that, according to Jeffery et al (23), the soluble silicates were included. As almost no 

carbonate was observed in the materials, the result suggests that the rock materials have a 

buffering capacity that mainly originats from the acid soluble silicates. However, the result 



9 

does not give information of the timing of the acid producing and the acid consuming 

processes. It has been shown that continuous slow weathering of primary silicate minerals at 

neutral pH may provide at least some acid consuming capacity in waste rock (24). Most likely 

the oxidation of the sulphides in the rock materials, especially the reactive pyrrhotite, will 

cause a hical pH-drop, as the dissolution of the buffering silicates is very slow. 

As is shown (7) the initial high pH (pH11-pH12) and the high content of calcium and 

magnesium in the blast furnace slag indicates a high buffering capacity. The buffering 

reactions are more rapid than for the rock materials due to the thermodynamic instability of 

the calcium- and magnesium bearing minerals. However, alternative reactions must be 

considered, as well. Blast furnace slag in a lysimeter, exposed to air, i.e. oxygen and carbon 

dioxide, result in a drop to pH 4 in the leachate and preserved reduced conditions (25). 

The slag-fuming slag from the copper smelter has a neutral pH and at leaching the acid 

producing reactions is predominating initially (8). No obvious correlation to dissolved sulphur 

is recorded. 

Mineralogy — Leachability. 

The nine rock materials have been investigated regarding leachability (10), Table I. The test 

used was the availability test (11, 12) which distinguishes between leachable and non-

leachable parts. The test was performed in both the regular version, in which the material 

dictates the  redox-conditions, and in the oxidised form with controlled oxidised condition. 

Transparent minerals. The disposition to weathering has big influence on the solubility of 

rock materials. The dissolution of the major elements is low (10) as the main part origins from 

the silicate mineral, which have low disposition for weathering (9) and low dissolution rate 

(24, 26). The leachability of the acid-consuming elements magnesium and calcium is much 

lower compared to the blast furnace slag and slightly higher or equal compared to the slag-

fuming slag, Table IV. Most likely, the dissolution was reduced by secondary reactions like 

re-precipitation on the surfaces (27). 

Opaque minerals. Sulphides are unstable at oxidised conditions and in that context prone to 

weathering. 10 % of sulphur is dissolved in the regular test and at oxidised conditions the 
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solubility increases notably (10). The main part was dissolved from pyrrhotite that is reactive 

and was observed as liberated grains. 

The heavy metal elements, e.g. zinc, nickel and copper, which can be bound in sulphides, are 

the most soluble elements in the rock materials, especially under controlled oxidised 

conditions. The higher dissolution of zinc compared to copper might be explained by higher 

solubility of sphalerite than chalcopyrite at neutral pH (24). The availability test is performed 

at pH 7 for three hours followed by four hours (or 18 hours) at pH 4, which means that the 

conditions were more favourable for leaching of zinc than copper. As shown in Table I 

copper is more depending on oxidised conditions for dissolution, as well. 

The high leachability of cadmium might have a connection to the dissolution of zinc, as 

cadmium is a common substitute in sphalerite. 

The solubility was very low for chromium and below the detection limit for vanadium, in spite 

of relatively high concentrations. The low solubility is explained by the presence of the 

elements as substitutes in the opaque minerals magnetite and ilmentite (19). 

Gravel. Gravel  B  has very high leachability of calcium, zinc and lead compared to all the 

other materials (10). There was no obvious difference in the mineralogical composition 

between the gravel and the other rock materials that can explain the higher leachability. 

However, compared to rock material, the origin and composition of minerals is more random 

and unpredictable for the gravel. Gravel is also exposed to weathering and accessible to 

bacteria that can enhance the leaching, e.g. bacteria in the Thiobacillus group, which have 

found commercial utilisation in metal sulphide leaching (28). As a consequence of these 

differences, the leaching behaviour can be unpredictable and different from the rock material. 

Influence of the crystal or amorphous phase of the mineral. 

The slag-fuming slag (8) contains 13200 mg/kg zinc but only 80 mg/kg is soluble, while 18 of 

59 mg/kg of the zinc in  gabbro-diorite is released due to much higher solubility, 30 %. Almost 

all, 92 %, of the zinc is released from the blast furnace slag (7) but the amount is 

negligibly.The solubility of the heavy metal elements in rock material and slag is much 

depending on the solubility of the major phase. A high total content of heavy metal elements 

can be immobilised in a glass phase (granulated fuming slag), while a high-soluble major 
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phase (blast furnace slag) allows high dissolution of soluble minor - and trace minerals. In 

rock material, the crystal major phase has low solubility, but on the other hand promotes 

liberation of heavy metal minerals at grinding. 

Regarding leaching and in comparison to rock material the blast furnace slag is more 

depending on the concentration of the heavy metal minerals. Zinc in the blast furnace slag in 

Table IV is probably bound in an oxidised phase as 92 % is readily dissolved. The fuming 

slag (8), on the other hand, is less depending on the solubility of the heavy metal minerals as 

they are enclosed in, or incorporated into the glass network. However, at high concentrations, 

e.g. zinc, copper, nickel, the elements to a greater extent are in contact with the leachate and 

depending on the solubility of the mineral. As shown in Table IV, the solubility of zinc is 

very low and decreasing at oxidising conditions, which suggests that zinc is present as e.g. 

silicate, which is not easily dissolved. However, Yan and Neretnieks (29) reports that the 

properties of the elements themselves also affect the bonding in the glass phase, the 

transformation of the glass surface and the formation of secondary phases. 

Besides the matrix dissolution and mineral solubility, reprecipitation reactions and mineral 

species at the particle surfaces have influence on the leaching behaviour of the rock material 

(30) and most likely on the slag as well. According to Eighmy et al (30), those are the 

conditions for MSW (Municipal Solid Waste) incineration bottom ash, a material that 

includes both glass phases and minerals in the melilite group. 

Conclusions 

The solubility of an element in rock material is depending on the mineral to which it is bound. 

Sulphides are more reactive and soluble than oxides and silicates, especially at oxidising 

conditions. The heavy metal elements investigated regarding road pollutants are mainly bound 

to sulphides. 

The greatest amounts of heavy metal elements are dissolved from the sulphides, in spite of 

low concentrations. Negligible amounts of chromium and vanadium are dissolved, in spite of 

high concentrations, as they are present as ion-substitutes in oxides. 
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In comparison to rock material, the soluble amounts of heavy metal elements from blast 

furnace slag are smaller and high concentrations of heavy metal elements are efficiently 

immobilised in the amorphous fuming slag. The slags can be used in road making without any 

risk of harmful impact on the environment due to heavy metal leaching. 

Rock materials have a buffering capacity according to the static ABA-test. However, in reality 

the rapid acid-producing reactions will probably result in a local pH-drop. The timing of the 

acid producing and the acid-consuming reactions have to be further investigated. 

Acknowledgement 

These work present results from a research project focusing on the environmental impact from 

natural road-making materials compared to slags. The financial support was provided by 

MiMeR, Minerals and Metals Recycling Research Centre, supported by NUTEK, the industry 

and  LTU.  The authors wish to thank Dr  Ann-Marie Fällman  for valuable comments and 

discussions during the work. 



13 

References 

[1] Anon., Aggregates. Production and Resources. 1998, Geological Survey of Sweden  

(SGU),  Uppsala. 1999. 

2] 	Vägverket, Väg  94,  (Road  94, General  Technical Description  for  Road Constructions), 

Publ  1994:21,  Borlänge,  (in  Swedish).  

[3] Boliden  Mineral AB,  Boliden  Järnsand  (Boliden  iron  sand),  Boliden  Mineral AB,  

Skelleftehamn  (in  Swedish),  1996. 

[4] OECD, Recycling strategies for road works, OECD, Road Transport Research, OECD 

Publications, Paris, 1997. 

[5] Lee, A.,  R.,  Blast Furnace Slag, Production, properties and uses, Edward Arnold Ltd, 

London, 1974. 

[6] Sherwood,  P.  T, Alternative materials in road construction, A guide to the use of waste, 

recycled materials and by-products, Thomas Telford Publications, London, 1995. 

[7] Rogbeck,  J., Elanden P.,  Väg  E4, Nyköpingbro-Jönåker,  Miljökonsekvenser  vid  

användning  av  hyttsten, (Road E4, Nyköpingsbro-Jönåker, Use of Blast Furnace slag and 

Impact on the environment), SSAB Merox AB, (in Swedish, used by permission), 1995. 

[8] Fällman,  A. -M., Carling, M.,  Miljömässig karaktärisering  av  järnsand,  (Environmental 

characteristics for slag from copper smelter),  Boliden  Mineral AB, (in Swedish, used by 

permission), 1998. 

[9] Aastrup, M., Thunholm,  B.,  Johnson,  J.,  Bertills, U., Bermell, A.,  SGU,  Grundvattnets  

kemi  i  Sverige, (The groundwater chemistry in Sweden), Rapport 4415, Swedish EPA, (in 

Swedish), 1995. 



14 

[10] Tossavainen, M., Forssberg,  E.  The potential leachability from natural road 

construction materials, Sci. Total Environ., 239 (1999) pp 31-47. 

(11)NEN 7341, Leaching characteristics of building and solid waste materials - Determination 

of the availability of inorganic components for leaching. NNI, Delft, Draft, June 1992. 

[12]Fällman A. -M. Performance and Design of the Availability Test for Measurement of 

Potentially Leachable Amounts from Waste Materials, Environ. Sri. Technol., 31(1997) pp 

735-744. 

[13] NT  ENVIR 006, Solid Waste, Granular Inorganic Material: Oxidised Availability Test 

UDC: 628.4-06, Approved 1999:02(20) 

[14] Loberg,  B., GEOLOGI,  Material,  processer  och  Sveriges  berggrund,  (GEOLOGY, 

Material, processes  and the  Swedish bedrock), 5:th  edition,  Nordstedts,  Borås,  (in  Swedish)  

1993. 

[15] Sobek et al., Field and laboratory methods applicable to overburdens and minesoils, 

EPA 600/2-78-054, 1978. 

(16) Lindgren, A, Road Construction Materials as a Source of Pollutants,  Luleå,  1998:05, 

Dr.-Diss.Thesis. 

[17] Berry, L.  G.,  Mason,  B.,  Dietrich,  R.  V. Mineralogy. Concepts, Descriptions, 

Determinations, Second Edition, W.  H  Freeman and Co, San Francisco, 1983. 

[18] Vaughan,  D. J.,  Craigh,  J. R.,  Mineral chemistry of metal sulphides, Cambridge earth 

science series, Cambridge University Press, 1978. 

[19] Deer, WA., Howie, R.A., Zussman  J.,  Rock-forming minerals Vol. 5 Non-silicates, 

Longman, London, 1962. 



15 

[20] Anthony,  J.  W, Bideaux,  R  .A., Bladh,  K  W, Nichols M.  C.,  Handbook of Mineralogy, 

Volume I, Elements, Sulfides,  Sulfosalts,  Min. Data Publ., Tuscon, 1990. 

[21] Ekelund,  L., Nilsson,  C.  -A., Ressar,  H.,  Biogeokemiska  kartan.  Tungmetaller  i  

bäckvattehväxter, (Biogeochemical map. Heavy metals in brookwater, Geological Survey of 

Sweden  (SGU),  Report No 75, Uppsala, (in Swedish), 1993. 

[22] MRCS, Macaulay Research & Consultancy Services LTD, Report on the XRD and 

FTIR Analysis of 4 Blast Furnace Slags, for Div. of Land and Water Resources, Royal Ins. of 

Tech., Sweden, 1999. 

[23] Jeffery, G.H., Bassett,  J.,  Mendham,  J.,  Denney, R.C., Vogel's Textbook of 

Quantitative Chemical Analysis, Fifth edition, Longman Singapore Publ. Pte, Singapore, 

1989,  p  486. 

[24] Strömberg,  B.,  Banwart S., Weathering kinetics of waste rock from the Aitik copper 

mine, Sweden, Journal of Contaminant Hydrology, 39 (1999) pp 59-89. 

[25] Fällman,  A-M., Hartlgn,  J.,  Leaching of slags and ashes-controlling factors in field 

experiments versus in laboratory tests, In Environmental Aspects of Construction with Waste 

Materials,  (Gomans,  J.J.J.M., van der Sloot, H.A., Aalbers, Th.G.  Eds.),  Elsevier Sience B.V., 

1994. 

[26] Swedish EPA, Geokemiska  förhållanden i  svensk  berggrund,  (Geochemical Conditions  

in  Swedish Bedrock), Report  4773,  Swedish EPA,  Stockholm, (in  Swedish),  1997. 

[27] Ronge,  B.,  Claesson,  T,  Bergarters och  minerals  löslighet i hetvatten,  (Water-rock  

interaction  at  elevated temperatures),  Swedish  Rock  Engineering  Research  Foundation-BeFo,  

No 72:1/82, Stockholm, 1982. 

[28] Ledin,  M., Pedersen,  K.,  The environmental impact of mine wastes. Roles of 

microorganisms and their significance in treatment of mine wastes, Earth-Science Reviews 41 

(1996) pp 67-108. 



16 

[29] Yan,  Y.,  Neretnieks, I., Is the glass phase dissolution rate always a limiting factor in the 

leaching processes of combustion residues? Sci. Total Environ, 172 (1995) 95-118, Elsevier 

Science By. 

[30] Eighmy, T.T., Eusden, Jr., Marsella,  K.,  Hogan,  J.,  Domingo,  D.,  Krzanowski, J.E., 

Stämpfli,  D.,  Particle Petrogenesis and Speciation of Elements in MSW Incineration Bottom 

Ashes, In Environmental Aspects of Construction with Waste Materials, (Goumans, J.J.J.M., 

van der Sloot, H.A., Aalbers, Th.G.,  Eds.),  Elsevier Science B.V., 1994. 

Appendix  

Table I and Table II. 



Table I. The total content in mg/kg and the leachability in % for nine rock materials (11). 

1.  Gabbro  - Diorite  
Total 	Av 

2.  Gabbro  A 
Ox  Av." 	Total Av  

3.  Gneiss  A 
Ox  Av 	Total 

4.  Gabbro  B 
Av 	Total 

5.  Gravel  A 
Av 	Total Av  

6.  Gravel  B 
Ox  Av 	Total 

7.  Granite  
Av 	Total 

8.  Lepite  
Av 	Total 

9.  Gneiss  B 
Av 	Total Av  Ox.Av 

mg/kg % mg/kg % mg/kg % mg/kg % mg/kg % mg/kg % mg/kg % mg/kg % mg/kg  

Al 85200 0.20 all 78900 0.10 0.16 73600 0.20 83600 0.14 74600 0.13 0.17 69900 0.12 77800 0.12 73600 0.11 81500 0.12 0.24  
Ca  49100 3.90 4.07 43800 3.00 2.91 9900 8.65 87900 2.08 24700 3.36 3.26 9600 23.2 25400 2.24 20400 4.42 20600 6.28 6.52 
Fe 6600 1.30 0.01 74800 0.56  NO  17000 1.51 85000 0.25 39400 0.99 0.01 17700 0.92 38700 1.24 25500 2.42 34100 1.22 0.02 

13300 11.0 18.9 14100 2.70 4.50 34700 1.41 2300 25.4 19600 4.32 3.76 32800 1.84 24600 5.25 20300 8.20 35000 5.22 3.45 
Mg 27600 1.56 0.52 28200 0.55 0.55 3500 2.07 47000 0.40 15300 0.82 3.77 6200 1.40 14800 0.73 7400 1.50 12900 1.05 1.24  
Na  29700 0.51 0.24 24600 0.42 0.78 400 0.44 18000 0.88 25400 0.34 0.85 240 0.25 28700 0.26 28300 0.31 25700 0.16 0.72 
Si 261300 0.19 0.08 258900 0.07 0.08 340000 0.05 217000 0.12 315000 0.06 0.06 346000 0.06 303800 0.06 330000 0.06 309900 0.06 0.09 

4s 5.46 2.87  NO  104 3.16 0.61 0.32  NO  1.28  ND  24.6 1.22 0.14 1.93 2.08 11.1 1.68 10.2 2.42 0.30  ND NO 
Ba  693 7.57 4.90 386 2.02 2.76 653 0.60 368 4.11 628 2.52 0.02 573 1.16 744 2.37 622 0.82 857 1.30 1.41 
Cd 0.08 18.1 67.3 0.18 7.46 33.4 0.08 18.9 0.06  NO  0.28 13.5 33.5 0.13 28.2 0.23 15.9 0.2 9.29 0.08 32.2 36.3  
Co  16.9 3.07 0.11 19.2 2.39 0.11 3.7 3.66 22.5 1.49 9.0 6.78 0.10 6.3 4.92 9.7 5.68 5.0 4.94 9.3 2.57 3.59  
Cr  121 0.27 0.22 161 0.19 0.16 20.3 0.61 331 0.04 151 0.17 0.20 37.8 0.13 107 0.26 44.3 0.32 114 0.14 0.22  
Cu  39.4 0.56 23.1 56.3 0.36 10.7 11.5 6.56 61.8 0.40 33.2 0.58 13.2 1.42 1.42 61.6 0.26 62.8 0.82 17.3 2.22 23.3 
Hg  ND' ND NO  0.153  ND  24.8  ND ND  0.198  NO  0.179  NO  70.9 0.053  ND ND ND ND NO  0.063  ND  $3.0  
Mn  973 4.37 3.81 1150 3.44 0.01 400 6.54 1450 1.30 752 4.84 0.02 240 7.84 690 6.54 620 11.5 651 3.10 2.20 
Ni 29.5 3.89 7.09 29.2 6.89 11.7 3.8 11.1 38.8 1.96 24.0 7.54 9.51 9.6 6.53 22.7 6.78 2.8 24.0 16.9 3.42 3.09  
Pb  10.7 0.82 3.79 6.3 0.44 4.82 10.3 3.10 3.3 1.98 8.8 1.53 3.00 8.3 22.0 9.7 2.80 7.5 0.97 6.4 3.07 5.43  
Sr  588 0.98 0.01 367 0.86 0.01 72.1 1.28 760 1.10 235 0.89 0.01 98.8 2.32 400 0.60 236 0.71 235 0.88 0.01 
S 1400 2.73 9.50 2000 2.28 9.81 86.5  NO  2000 0.70 1000 5.65 24.8 500 4.80 1000 9.30  ND ND ND ND ND  
V 177  ND ND  282  ND ND  17  ND  233  ND  95,2  ND ND  32.8  NO  115  NO  37.6  ND  83.4  NO  3.51  
Zn  58.9 7.15 30.3 75.7 3.37 16.5 53.9 4.51 38.5 6.16 84.5 460 14.8 45.2 17.60 69.7 400 114 .1 111 7o 5 1217  Ova  

a = Leachability according to the availability test (12, 13)  
b  = Leachability according to the oxidised availability test (14)  
c  = Not detected 



Table II. The identified minerals classified as opaque and transparent. 

Gabbro•cliorite  Gabbro  A Gneiss A  Gabbro  B  Gravel A Gravel  B  Granite Lepite Gneiss  B  

Transparent 

Primary: 

Transparent 

Prir_.gkol 

Transparent 

Primary: 

Transparent 

Primary: 

g'  

Ç 
t  

;‘,',‘ 

Transparent 

Primary: 

Transparent 

Primary: 

%  
% 

Transparent 

Primary: 

Transparent 

Primary: 

Transparent 

Primary: 

% 
% 

Plagioclase 45-50% 
Biotit mica 20-25 % 
Pyroxene 	4-5 % 
Amphibole 	10-15% 
Olivine 

Secondary: 

Biotit mica 20-25%  
Plagioclase 25-30% 	.  
Amphibole 25-30% ; 
Clinopyroxen 	- 
Otthopyroxen 
Olivine 

Secondary: 

Quarz 	10-15% 
K-feldspar 55-60% 
Plagioclase 
Biotit mica 10-15% 

Accessories: 

Plagioclase 30-35%  
Clinopyroxen 
Ortopyroxen 
(Pyroxen S 30-35 %) 
Olivine 

Secondary: 

Quarz 	30-35%  
Plagioclase 
K-feldspar 10-15 %  
Bioitit mica 	35-40% 	', 
Hornblende 

Accessories: 

Quarz  45-50%  
Biotit mica 20-25 
K-feldspar 	15-20 
Plagioclase 
Hornblende 

Secondary: 

Quarz  30-35% 	,  
K  - feldspar 45-50 % 	,  
Plagioclase 

, 

Secondary: 

Quarz  15-20% 
K-feldspar 45-55 %  
Biotit mica 15 -20 % 
Plagioclase 

Secondary: 

Quarz  30-35 % 
K-feldspar 20-25 
Biotit mica 25-30 
Hornblende 
Plagioclase 

Secondary: 

Chlorite 

Accessories* 

Garnet 
Zircon 
Apatite 

Opaque 

Magnetit  
Pyrite 
Pyrrhotite 
Hematite, Fe203  
Ilmenite 2-3 % 
Chalcopyrite 
Graphite 

Amphibole 
Pflogopite 
Chlorite 

Opaque 

Ilmenite 
Magnetite 7-10 % 
Pyrrhotite 
Pyrite 
Hematite 
Chalcopyrite 
Pentlandite 

Titanite 
Calcite 
Zircon 
Rutile 

Opaque 

Ilmentite 
Magnetite 
Pyrite 
Pyrrhotite 
Hematite 
Chalcopyrite 
Transformed FeS 

Epidote 
Muscovite mica 

Accessories: 

Sericite and 	t 
other clayminerals 
Chlorite 

Accessories: 

Chlorite 	 f 
Muscovite mica 
Epidote 

Accessories: 

Chlorite 
Sericite (traces) 

Accessories: 

Calcite 
Chlorite 

Opaque 

Ilmenite 5-7 %  
Pyrrhotite 1-2% 
Magnetite 
Chalcopyrite 
Pyrite 
Fe- hydroxides 
Pentlandite 

Zircon, ZrSt02 
Rutile, TiO2  

Opaque 

Magnetite, Pe304 
Ilmenite, FeTiO3, 2-3 % 
Pyrrhotite, FeS 
Pyrite; FeS2  
Chalcopyrite, CuPeS2  
Pentlandite, (FeNi)2S3  
Graphite,  C  
Sphalerite, ZnS 

Apatite 

Zircon 

Opaque 

Magnetite 
Pyntotite 
Pyrite 
Chalcopyrite 
Fe-hydroxides 
Hematite 
Ilmentite 
Transformed FeS 
Sphalerite 

Zircon 
Garnet (traces) 
Titanite 
Rutile 

Opaque 

Magnetite 
Ilmentite 
Pyrite 
Fe-hydroxides 
Chalcopyrite 
Pyrrhotite 
Graphite 

Biotit mica 
Hornblende 
Zircon 
Rutile 

Opaque 

Pyrite 
Ilmenite 
Chalcopyrite 
Graphite 
Fe-hydroxides 

Zircon 
Titanite 
Rutile 

Opaque 

Pyrite 
Chalcopyrite 
Pyrrhotite 
Magnetite 
Ilmentite 
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AGEING STUDIES OF ROCK MATERIAL.  

Mia  Tossavainen, Eric Forssberg, Division of Mineral Processing,  Luleå  University of 

Technology 

ABSTRACT 

Results from leaching tests form the basis for decisionmalcing regarding the assessment and 

use of waste materials. The potential effect of ageing and mechanical activation has not yet 

been considered in the sample preparation standards. 

A crushed  gabbro-diorite and a gravel have been analysed with X-ray diffraction. The 

objective was to identify potential structural changes due to reactions on the surface. Aged 

samples of the crushed rock were prepared by storage in an oven at 50°  C  after the grinding. 

The gravel, in sampled condition, was an aged product. Freshly ground material was prepared 

by grinding in an agate mortar. 

The investigation showed that the heavy metal containing minerals of interest regarding waste 

utilisation could not be identified, as the total concentration was very low. Line broadening 

caused by a disrupted lattice layer could not be observed, most likely because of too low 

energy input. The investigation with X-ray diffraction did not provide evidence of surface 

changes due to ageing. 
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INTRODUCTION 

Results from leaching tests are of great importance when waste materials are evaluated as 

construction materials. The leachability can be affected by sample preparations and ageing. 

The sample preparation in many cases involves grinding to a specific particle size distribution. 

The mechanically activated fresh surfaces are reactive and prone to oxidation and surface 

changes. The high reactivity is utilised in mineral- and metal processing, e.g. hydrometallurgy 

(Balåz, 2000) where the lead recovery for galena is enhanced from 75 % to above 90 % by 

mechanical activation for 5 or 10 minutes in a planetary mill. Mechanical activation of 

scheelite (CaW04) by grinding in a planetary mill brought about a 2.5 times increase in 

productivity in the following leaching process with reduced reagent consumption (Tkkovå, 

1989). 

The grinding to a very fine particle size can result in surface and structure changes of the 

mineral that affect the following processes e.g. leaching tests. It has been showed from X-ray 

diffraction studies that vibration grinding of antigorite destroys the crystal structure of the 

mineral throughout the grinding (120 minutes) before amorphization (Drief, Nieto, 1999). The 

grinding reduced the particle size from 31.62% below 2j.tm to 41.5 % below 2µm. 

Differences in line broadening of the X-ray spectra for ultra-fine wet- and dry-ground minerals 

due to lattice disturbance have been explained by the differences in lubrication action and heat 

conduction (Orumwense, Forssberg, 1991). 

Chemical weathering of minerals is a process in which acid rain is neutralised by the 

liberation of neutralising ions like Icf,  Na,  Mg2+  and Ca2+  (Aastrup et al, 1995, Anon, 1992). 

Minerals are more or less prone to weathering and quartz is a mineral with very low, and 

calcite very high disposition. The rock materials used for road construction in Sweden are to a 

great extent crystalline rocks, e.g. mica - poor granites and gneiss, diabase, quartzite, porphyry 

and lepite. The major rock-forming minerals are silicates and the rocks are hard, solid and 

generally not prone to weathering. High temperature, high percolation of water and presence 

of organic material accelerates the weathering processes. The products of chemical weathering 

consist of (1) new minerals such as clay minerals, oxides and hydroxides; (2) ions and 

molecules that dissolve in the water, and (3) grains of minerals that are unreactive such as 
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quartz, garnet, zircon and muscovite  (Faure,  1991). The weathering processes of silicate 

minerals often result in the formation of secondary clay minerals. 

In general the sulphur content is low in rocks used for road construction. The sulphur content 

indicates the existence of sulphide minerals, which increases the disposition to oxidation and 

in that context weathering. 

It has been shown that weathering decreases the leaching of the trace elements cadmium, lead, 

copper, zinc and molybdenum in municipal solid waste incineration bottom ash (Meima,  J.,  

A., Comans,  R., N.,  1999). It is not evident that ageing has an influence on leaching of 

crushed bedrock, gravel and moraine clay. In comparison to samples of humid moraine clay, a 

small tendency towards increased solubility for the elements nickel, cobalt and zinc is found 

after dry storage  (Håkansson,  K.,  1999). 

The objective was to use X-ray diffraction analysis to investigate if differences in leaching 

behaviour for fresh and aged samples of bedrock material could be explained by differences in 

the mineral surfaces. The lattice of the minerals will show an X-ray diffraction spectrum 

unique for each investigated sample. 

MATERIAL AND METHODS 

Material 

One sample of crushed rock and one sample of gravel representing typical Swedish road 

construction materials were selected for the investigation. The aim was to use material from 

the production or stock of material for base or sub-base layers. The two materials were 

selected from a range of nine natural road construction materials, which all have been 

investigated regarding leaching properties. The sampling, selection and leaching of these 

materials have been described elsewhere, (Tossavainen, Forssberg, 1999). 

The selected rock materials were a  gabbro  - diorite from  Norrbotten  County, and gravel 

sampled from a gravel pit in  Nyköping  community,  Södermanland  County. 

Sample pre-treatment 

The laboratory samples of both materials were divided into 1-2 kg sub - samples by riffling. 

The subsequent pre-treatment of the crushed rock and the gravel, however, were different. The 
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split crushed rock was crushed in two steps, firstly with a jaw crusher, Retsch BB3, and 

secondly with a roll crusher, Humboldt Wedag WDG G9. The product, a material with a 

maximum particle size of 1 mm, was ground in an electric agate mortar. The test material, 

obtained by sieving, had a particle size with a high percentage in the range <20 gm. 

One part of the ground material was used for analysis of freshly ground surfaces and was 

placed in polystyrene plastic jars with tight-fitting lids. The jars were placed in an exsiccator. 

Before X-ray diffraction analysis the material was ground by hand in an agate mortar for —10s. 

The remaining part was aged by storage in an oven at 50°  C  and with access to air for 12 

weeks. Initially the material was stored in room temperature and ambient atmosphere, as well. 

Screening scans with X-ray diffraction of the three materials showed small differences, for 

that reason the room temperature condition was excluded from further experiments. 

Samples of naturally aged gravel were prepared by sieving at 20 gm without preceding 

crushing. Gravel with fresh surfaces was obtained by grinding in an electric agate mortar. The 

material was placed in polystyrene plastic jars with tight-fitting lids and stored in an 

exsiccator. Before X-ray diffraction analysis the material was ground by hand in an agate 

mortar for 10 s. 

The sample of aged gravel was placed in an exsiccator for a minimum of 24  h  before X-ray 

analysis to obtain room temperature. 

Sample characterisation 

The mineralogical composition was evaluated by optical microscopy of thin sections of the 

materials ground to 95 % < 125 gm (Tossavainen, Forssberg, 2000). The identified minerals 

were classified as transparent and opaquel. The transparent minerals were grouped as primary, 

secondary (transformed primary minerals) and accessories (for the bedrock classification of 

negligible concentration). A L,eitz Ortholux Polarising Microscope was used for reflected and 

transmitted light studies. 

The total concentration of elements was analysed with ICP-AES and with ICP-MS 

(Inductively Coupled Plasma Emission Spectroscopy and - Mass Spectroscopy) according to 

the modified EPA methods 200.7 and 200.8. The sulphur was analysed with a Carlo-Erba 

Minerals that not even as a thin section (0.030mm) are transparent for visible light. 
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elementary analyser. 

The particle size distribution of the prepared samples was analysed with Cilas Granolumetre 

1064. The analytical method is based on laser beam diffraction caused by the particles. The 

samples were: 

1. the ground, sieved material of  gabbro-diorite representing both freshly ground and aged 

material. 

2. the sieved gravel representing aged material. 

3. the sieved gravel after grinding in the agate mortar representing freshly ground material. 

No analysis was performed of the materials after grinding by hand in the agate mortar. 

X-ray diffraction 
A Siemens  D  5000 x-ray Diffractometer was used for the diffraction studies. A 

KRISTALLOLEX 760 X-ray Generator produced copper radiation (Cu Ka). 

The radiation is diffracted at the sample and recorded by the detector. Each time the Bragg 

condition is satisfied, i.e. A= 2  d  sin 0/n the primary beam is reflected from the sample to the 

detector. 	 X=  wavelength of the transmitted x-ray  

d  = lattice spacing 

0 = glancing angle 

The identification of a species from its powder diffraction pattern is based upon the position 

of the line (20) and their relative intensities. 

The identification in this work has been done with the Siemens D11-1-RACP1' Evaluation 

program after background subtraction and in some cases adjustment of the defaulted 

curvature. The program takes the complete measured 20 range for the unknown and all the 

lines of all candidates into account for scoring. The reference patterns from ICDD 

(International Centre for Diffraction Data) are compiled under licensed agreements in powder 

diffraction format (PDF) in the program (Siemens AG, 1996-1997). 

The width of the peak is dependent on the particle dimensions and particle defaults, exclusive 

of the influence of particle orientation and instrument error. (Personal communication, 0., 

Babushkin,  Luleå  Technical University). 
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XRD experiments 
Initial screening scans were run with the X-ray source set at 40 kV, 50  mA  and the following 

conditions: 

Continuous step-scan covering the 20 ranges 10° - 90° and 20° - 65° respectively. 

- A step size 0.020° and 0.010° respectively. 

- Measuring times per step 1.0 s and 1.5s respectively. 

Subsequent scans were covering the range 65° - 85° at a step size 0.010° and a step time 2.0 s. 

The Evaluation program was used for searching of heavy metal containing minerals identified 

by optical microscopy and heavy metal elements according to the total analysis of elements. 

Some distinctive peaks in the upper 20 range were chosen for investigation of the profile. To 

investigate whether the grinding result in a disrupted lattice layer on the surfaces, the full 

width at half peak maximum intensity (FWHM), was measured for samples of freshly ground 

and aged material. A lattice disturbance can result in a broadening of peaks (Orumwense, 

Forssberg, 1991). Scanning of the range 79°— 81.5° at a step size of 0.01° and 8 s step time 

was performed as a profile test of the gravel. The instrument variation was registered by 

repeating the scanning twice. The influence of orientation was examined by testing new 

samples. The ranges 80.5° — 82° and 67° — 69.5° were chosen for profile test of the  gabbro  — 

diorite. 

RESULTS and DISCUSSION 

Mineral identification and total concentration of elements. 
The identification of transparent and opaque minerals in the  gabbro-diorite and the gravel is 

identified by optical microscopy. The result is shown in Table I. The identified transparent 

minerals are the expected silicate minerals for the sampled rock-forming materials. Quarts,  K-

feldspar and biotite mica are the most common minerals in the gravel and plagioclase is the 

major mineral in the basic material  gabbro-diorite. Overall the amount of identified opaque 

minerals is low. 
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Gabbro-diorite Gravel 

Transparent Transparent 

Primary: Primary: 
Plagioclase 45-50 % Quartz 45-50 % 
Biotit mica 20-25 % Biotit mica 20-25 % 
Pyroxene 	4-5 %  K-feldspar 	15-20 % 
Amphibole 	10-15 % Plagioclase 
Olivine Hornblende 

Secondary: Secondary: 
Chlorite Epidote 

Muscovite mica 
Accessories: 
Zircon, ZrSi02 Accessories: 

Rutile, TiO2 Apatite 

Zircon 
Opaque 

Opaque 
Magnetite, Fe304 

llmenite, FeTiO3, 2-3 % Magnetite 

Pyrrhotite, FeS Pyrrhotite 
Pyrite; FeS 2 Pyrite 

Chalcopyrite, CuFeS 2 llmentite 

Pentlandite, (FeNi)9S 8 Fe-hydroxides 
Graphite,  C  Hematite 
Sphalerite, ZnS Chalcopyrite 

Transformed FeS 
Sphalerite 

Table I. Identified  transparent and opaque minerals by optical microscopy in original 

materials (Tossavainen, Forssberg, 2000). 

The concentrations of elements in the crushed rock and the gravel are shown in Table II. 
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1 = Standard Deviation 	2  = Loss of Ignition 

Material  
Element Unit  

Gabbro  -  diorite 
SDI  

Gravel  
SD 

Si02  % 55.4 0.1 67.4 0.1 
A1203 % 14.9 0.1 14.1 0.1 
CaO % 6.13 0.02 3.45 0 
Fe203  % 10.7 0.1 5.63 0.02 
K20 % 1.7 0.03 2.36 0.03 
MgO % 4.67 0.01 2.54 0.01 
Mn02  % 0.182 0.001 0.119 0.001 
Na20 % 3.32 0.01 3.37 0.01 

P205 % 0.795 0.001 0.158 0.002 
TiO2  % 2.05 0.01 0.573 0.001 
S % 0.2 0.1 
LOI2  % 0.6 1.2 

As ppm 104 7 24.6 0.1  
Ba  ppm 386 5 628 4  
Be  ppm 2.9 0.22 2.62 0.17 
Cd ppm 0.181 0.006 0.276 0.008  
Co  ppm 19.2 0.2 8.97 0.07 
Cr ppm 161 8 151 4  
Cu  PPIT1  56.3 1 33.2 0.2 
Hg ppm 0.153 0.007 0.179 0.004 
La ppm 27.2 42.2 76.6 46.5  
Mo  ppm <6.05 7.91 6.2 
Nb ppm 25.3 12.6 38.4 13.4 
Ni ppm 29.2 0.4 24 0.1 
Pb ppm 6.27 0.05 8.84 0.08  
Sc  ppm 17.2 2.6 18.5 3 
Sn ppm 36.4 16.3 50.8 14.6  
Sr  ppm 367 2 235 2 
V Plom 282 11 95.2 11.1 
W ppm <24.2 <24.2 
Y ppm 12.7 4.7 26.3 4.8 
Yb Plmn 2.45 2.45 8.01 2.57  
Zn  ppm 75.7 1.1 84.5 0.6 
Zr ppm 69.8 5.8 167 6 
Table II. The total content of the investigated rock materials (Tossavainen, Forssberg, 1999). 

Quite a few heavy metal elements are analysed. However, the concentration of most of them is 

very low. 
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Particle size distribution 

The particle size distribution of the ground sample of  gabbro-diorite is shown in Figure I. As 

described above the particle size distribution was representative for both the freshly ground 

and the aged material.  

Gabbro-diorite 

100 
90 
80 
70 
60 
50 
40 
30 
20 
10 

0  
2 	4 	10 20 40 60 80 90 100 egrometer  

Figure 1. Particle size distribution of freshly ground  gabbro-diorite. 

Analysis of the naturally aged gravel was performed on the sieved fraction, as described 

above, and the fresh surfaces were obtained by grinding in an agate mortar. This implies that 

even though the purpose was to investigate similar particle sizes there were differences 

between the fresh and the aged samples of the gravel. The particle size distributions for both 

samples are shown in Figure 2. 

The sieved fraction of the naturally aged gravel had a small fraction of fines and according to 

the instrument only 60 % <20 gm. The grinding in the agate mortar resulted in a high fraction 

of fines for both the  gabbro-diorite and the gravel. Cilas Granolumetre 1064 analyses particle 

sizes up to 200 gm and the accuracy is low for fines and for course fractions. 
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Figure 2. Samples of freshly ground and naturally aged gravel. 

X-ray diffraction 
The initial experiments with 20 = 100  - 90° showed the difficulty to distinguish individual 

peaks as the materials contain a great number of elements at low concentration, which can be 

present in different mineral species. Separating individual peaks and signal from noise was 

complicated. The most distinct spectra origins from silica, which is a major part of the 

identified rock forming minerals. 

Comparison of the X-ray diffraction spectra (20 = 20° - 65°) of samples in the freshly - 

ground state, Appendix I, and the 50°C aged state, Appendix 2, showed a small visible 

difference in peak heights. However, it can not be concluded that the difference was due to the 

ageing. The difference may be due to interaction of the diffracted spectra of the great number 

of minerals present. 

The 20 range 65° — 85° was used for a screening search of the opaque heavy metal containing 

minerals (Table II) and heavy metal elements. The result regarding fitting profiles was poor. 

According to the Evaluation program the identified patterns were listed in six classes 

regarding fitting quality. In most cases the pattern was flagged as deleted or the identified 

mineral was listed as questionable or not specified. In a few cases the mineral was recorded as 

having good to high quality fitting to the reference pattern. However, a search of the most 

intense peaks for pyrite and ilmenite in handbook (JCPDS, 1980) showed that they could not 

be distinguished in the diffraction pattern. The concentration was too low for identification 
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with X-ray diffraction. An example of search of heavy metal minerals in naturally aged gravel 

is presented in Appendix 3. 

Four identified minerals; chalcopyrite, magnetite, hematite and ilmenite were recorded in the 

diffraction pattern. However, the concentration of these minerals is even lower than that of 

pyrite and ilmenite and the identification is therefore not reliable. The elements can be present 

in several mineral species and the identification was complicated by the low signal/noise ratio, 

as well. The profile contains too many peaks that might incorrectly be included in a pattern 

(personal communication with Dr  Lotta  Lind, SSAB Merox AB). 

To investigate whether the grinding result in disrupted lattice layer on the surfaces, the full 

width at half peak maximum intensity (FWHM), for some distinct silica peaks was measured. 

Two samples of the freshly ground gravel showed differences in FWHM, while two samples 

of the naturally aged gravel showed the same value and were in the same range as for the fresh 

samples. Repeated runs agreed well. The same behaviour was obtained for the  gabbro  - 

diorite. The difference in peak width between different samples of the same material was in 

the same range as the difference between the fresh and the aged material. In Appendix 4 the 

profile tests of the gravel is presented. At a greater incidence angle of the X-ray the 

penetration in the material is deeper and the peaks are more precise. However, information 

regarding lattice parameter of a thin surface layer requires very little penetration  (Klug,  

Alexander, 1974). For that reason a lower value of 20 should have been used for the profile 

test. 

It has been shown from XRD results that vibration grinding of antigorite (Mg3Si205  (OH)4) 

for 120 minutes destroys the crystal structure of the mineral throughout the grinding before 

amorphization (Drief, Nieto, 1999). In comparison to the rock material used in this 

investigation, the starting material of antigorite was finer (99.6 % < 10 gm) and 10 minutes 

grinding results in 41 % < 2gm. This implies that the energy input was higher as compared to 

the grinding for fresh surfaces of the gravel in this work. 
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CONCLUSIONS 

It is not possible to make an identification of the individual heavy metal containing minerals, 

of interest regarding leaching (e.g. copper, zinc), with X-ray diffraction as the concentration is 

too low. However, with optical microscopy several sulphides are identified. 

The final energy input by grinding the gravel and the  gabbro-diorite was not sufficient to 

result in disruption of the lattice layer on the surface possible to identify as a line broadening 

of the investigated peaks in the X-ray diffraction spectra. The results indicate that sample 

preparation for the availability test does not result in lattice disturbance due to the grinding. 

From the results of this investigation it is not possible to prove surface changes due to ageing. 

ESCA is suggested as a more suitable method for investigation of differences in surface 

energy, which is the case for fresh and aged materials. 
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APPENDICES 

Appendix 1. 

X-ray diffraction spectra of freshly ground  gabbro-diorite labelled BD2K. 

(20 = 200  - 65°). 

Appendix 2. 

X-ray diffraction spectra of aged  gabbro-diorite labelled BD2K, 20, 50. 

(20 = 20° - 65°). 

Appendix 3. 
X-ray spectra of aged gravel. 
20 = 65 - 85°. Search/match of minerals with use of the Evaluation program. 

Appendix 4a. 
Profile scans of gravel in fresh - ground state. 
20 =79 - 80.5°. Two samples. 

Appendix 4b. 
Profile scans of gravel in aged state. 
20 = 79 - 80.5°. Two samples. 
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BIOLEACHING STUDIES OF ROCK MATERIAL USED IN ROAD 
CONSTRUCTION  

Mia  Tossavainen, Division of Mineral Processing,  Luleå  University of Technology 

ABSTRACT 
Two Swedish road construction materials have been investigated regarding the amenability of 

Thiobacillus ferrooxidans to enhance the leaching of zinc and copper. A  gabbro-diorite and a 

gravel used in base and sub base courses were leached for eight days with a culture of 

Thiobacillus ferrooxidans and the 9K media as nutrient. The starting materials were 

preleached during the pH stabilisation from a pH> 8 to a pH < 2. 

Copper was dissolved to a large extent by pure chemical leaching during the pH stabilisation. 

The results from the bioleaching experiment indicate that the bacteria have little or no effect 

on the subsequent leaching of copper for those materials. 

Zinc was dissolved to a minor part during the pH stabilisation. For the time of the bioleaching 

experiment the dissolution of zinc increased with time due to both chemical- and bioleaching. 

The experiments were run as single tests and no final conclusion can be drawn regarding the 

bacterial influence on the leaching of zinc and copper in the rock materials. 
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INTRODUCTION 

Acidophilic iron- and sulphur oxidising bacteria are present in the environment and some of 

them have found commercial use e.g. in metal sulphide leaching. These bacteria derive the 

energy required for their metabolism from the oxidation of sulphur and of reduced iron and 

sulphur compounds, e.g. Fe2+ 	Fe3+. The bacteria Thiobacillus ferrooxidans is one of the 

major components in the microflora active in heap leaching (Rossi, 1990). The Thiobacillus 

group is useful for the extraction of metals from low-grade sulphide ores and these micro-

organisms can also be used in the treatment of the drainage water of mine wastes to reduce the 

mobility of the metals,  (Ledin,  Pedersen, 1995). 

Quite a few heavy metal elements in rocks are bound as sulphides, and micro-organisms 

might enhance the actual leaching of such elements through oxidation. Produced and 

stockpiled materials used in roadmaking have high specific surface areas exposed to the 

atmosphere and to micro-organisms. Freshly crushed materials have high surface energy and 

are reactive due to mechanical activation, (Tkåcovå, 1989, Balåz et al (2000). 

Typical Swedish roadmaking materials i.e. crushed rock and gravel, have been investigated 

regarding the potential of leaching with respect to heavy metals (Tossavainen, Forssberg, 

1999). The objective was to obtain data to be used in comparison with data of chemical 

leaching from secondary material used in road construction e.g. blast furnace slag. The 

investigation shows that Swedish roadmaking materials generally have a low content of 

leachable heavy metal elements and sulphur. However, for some elements, e.g. zinc, nickel 

and copper, the dissolved amounts are greater as compared to blast furnace slag, especially 

under oxidising conditions. 

Copper and zinc bound to sulphides are leached in the presence of Thiobacillus ferrooxidans 

(Rossi, 1990, Natarajan, 1998). The total copper recovery can be improved by using 

bioleaching with Thiobacillus ferroxidans of a chemically preleached chalcopyrite (Balåz et 

al, 1991). Intensive grinding and presence of pyrite enhance the bioleaching of sphalerite and 

sphalerite/pyrite mixtures (Balåz et al, 1994). 

The objective of the bioleaching investigation was to perform a screening test regarding the 

possibility of bacteria to enhance the leaching of heavy metal elements bound as sulphides in 

rock material. A robust bacterium, Thiobacillus ferrooxidans, that uses sulphur and iron for its 

metabolism was used. 



3 

MATERIALS AND METHODS 

Rock material 

One sample of crushed rock and one sample of gravel representing typical Swedish road 

construction-materials were selected for the investigation. The aim was to use materials from 

the production or stock of material for base or sub-base layer. The two materials were selected 

from a range of nine rock materials, which all have been investigated regarding leaching 

properties. The sampling, selection and leaching of these materials have been described 

elsewhere, (Tossavainen, Forssberg, 1999). 

The selected rock materials were a  gabbro  - diorite from  Norrbotten  County, and a gravel 

sampled from a gravel pit in  Södermanland  County. 

Characterisation of rock material 

The sampled, split material was crushed in two steps, firstly with a jaw crusher, Retsch BB3, 

and secondly with a roll crusher, Humboldt Wedag WDG G9, to a top size of 1 mm. The 

crushed product was ground in an agate mortar to a particle size of 95 % < 1251.im. The 

fraction <38 gm was separated by sieving and used for the bioleaching experiment. 

The mineral composition has been evaluated by optical microscopy of thin sections of the 

ground material 95 % <125gm). The objective was primarily to identify and describe the 

heavy metal minerals. A Leitz Ortholux Polarisation Microscope was used for reflected and 

transmitted light studies. The complete results have been described elsewhere (Tossavainen, 

Forssberg, 2000). 

The leachates as well as the starting materials were analysed by atomic spectroscopy. The 

instrument used was an atomic absorption spectrophotometer from Thermo Jane11 Ash 

Corporation. The starting materials were dissolved in concentrated hydrochloric acid (50 mg 

material in 50  ml  HC1) by heating on a plate. The liquid was filtered and diluted to 100  ml  for 

analysis of zinc, copper and iron. 

pH — stabilisation 

The sampled rock materials have a natural basic pH, which indicates a content of minerals 

that in an acid environment will dissolve and result in a change of the pH. For the use of the 
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acidophilic bacteria Thiobacillus ferrooxidans the basic rock material was pH-stabilised to < 

pH 2. 

A magnetic stirrer mixed 20  g  of the material and 400  ml  sterilised H20 in a beaker for 10 

minutes. The initial pH of the material was measured in the clear liquid obtained by 

centrifugation at 5000 rpm for 10 minutes. A 5 M sulphuric acid was used for the pH-

stabilisation. 1  ml  of the prepared acid was added to the beaker, stirred for 30 minutes and left 

to settle before the pH-measurement. Acid was added in aliquots of 0.1  ml  - 0.5  ml.  The 

procedure was repeated until a pH <2 was reached and remained constant for five hours. The 

total amount of consumed acid was recorded. Decanting and filtration separated the liquid 

from the solids. The pH-stabilised solids were dried in an oven at 30°C. The content of 

dissolved copper, zinc and iron in the liquid was analysed by atomic spectroscopy. 

Bioleaching test 

Bacteria culture and media 

The bacteria used for the experiments were a culture of Thiobacillus ferrooxidans obtained 

from the  Departement  of Metallurgy, Indian Institute of Science, Bangalore. Thiobacilli, and 

in particular, Thiobacillus ferrooxidans have the feature to resist metal ion concentrations of 

the same order of magnitude as those typical of hydro-metallurgical processes. Thiobacillus 

ferrooxidans is the only organism of its genus capable of satisfying its energy requirements 

through iron oxidation. The natural environment of Thiobacillus ferrooxidans is mining 

wastes, and the acidic mine drainage that is a product of the oxidation of reduced forms of 

sulphur such as H2S, S°, S203  2-  and metal sulphides. The laboratory optimum pH value is 

2.35 and the range is from <pH 1.4 to a maximum of pH 6.0 (Rossi, 1990). 

The sulphur content in the investigated roadmaking materials is low, 2000  ppm  

(Tossavainen, Forssberg, 1999), and with the intention of supplying sufficient energy during 

the leaching process a media was added. The media used in the experiment was the 9K media 

(Silverman, Lundgren, 1959), which contains the oxidizable ion Fe2+  as energy resource. 
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Bioleaching experiment 

The leaching was performed with 5 % solids (w/v) of the pH-stabilised materials  gabbro-

diorite and gravel, labelled  G  and GD respectively. The samples with bacteria contained 6-

gram material, 108  ml  9K media and 12  ml  inoculum (10 %), and were labelled GDb and Gb 

respectively. The inoculum was a culture of Thiobacillus ferrooxidans. A sterile blank test 

was prepared of each material and 9K media (120  ml),  labelled GDs and Gs respectively. The 

test was run as a single experiment with one sample with the bacteria and one sterile. 

Adjustment of pH was made with 5 M H2SO4  to pH 1.5. A lower pH than the optimum pH 

for Thiobacillus ferrooxidans is chosen in order to prevent precipitation of jarosite-like 

compounds. 3 % ethyl alcohol solution was added to the sterile tests in order to kill the 

bacteria. The samples were kept in an orbital-shaking incubator  (Remi  Instruments) at 32°  C.  

Analyses 

The leachates in the four flasks were analysed for pH,  redox  potential, copper, zinc and iron. 

Cell count was performed to check absence of cells in the sterile test and an increase in 

number of cells in the inoculated samples. The count was performed by using an optical 

microscope with a Petroff - Hauser counter. 

pH was measured with a digital pH meter, model DI - 707 from Digisun Electronics. The  

redox  potential was measured with a platinum electrode using a calomel reference electrode. 

Fe2+  and Few, in the leachates were determined using the 1.10-Phenanthroline method 

according to Vogel (1989) and an LTV — Spectrophotometer, UV-260, from Shimadzu. 

The concentration of copper and zinc was analysed by atomic absorption. 

The initial values of pH, cell number, Fe2+  and Fetot  were measured in the samples before 

storing in the incubator. The pH,  redox  potential, cell number and Fe2+  and Few, were analysed 

after 24, 48, 72, 96 and 192 hours. The concentration of zinc and copper was analysed after 

48, 72, 96 and 192 hours. 



RESULTS and DISCUSSION 

Starting materials 

Opaque minerals 

The identified opaque minerals are listed in Table I.  

Gabbro  diorite 	Gravel 

Magnetite 	 Magnetite 

Ilmenite 	 Fe-hydroxide 

Pyrrhotite 	 Hematite 

Pyrite 	 llmenite 

Chalcopyrite 	Pyrrhotite 

Pentlandite 	Pyrite 

Sphalerite 	Chalcopyrite 

Graphite 	 Sphalerite 

Intermediate FeS 

Table 1. Identified opaque minerals in the rock materials (Tossavainen, Forssberg, 2000). 

The occurrence of opaque minerals in both materials is low. Besides magnetite and ilmenite, 

pyrrhotite and pyrite are the most abundant occurring opaque minerals. The amount of 

ilmentite in the  gabbro-diorite is estimated to 2-3-volume % (by count point method) and 

magnetite in the gravel to =I volume %. The identified sulphides in  gabbro-diorite are 

pyrrhotite, pyrite, chalcopyrite, pentlandite and sphalerite. No pentlandite is identified in the 

gravel. Chalcopyrite is observed together with pyrrhotite and enclosed in silicates as well. 

Sphalerite and chalcopyrite are found very sparsely in both materials. The size of the 

identified opaque minerals varies in a wide range. The grain-size of pyrite, spalerite and 

chalcopyrite is small, below 50 gm, while pyrrhotite has sizes up to = 300 pm. 

6 
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Copper, zinc and iron in starting materials 

By dissolving the starting material in hydrochloric acid the total concentration of leachable 

elements were obtained. Table 2 shows the results. All calculations regarding dissolution are 

based on these values. 

Cu  Zn 	i  Fe 
I 

Material  ppm ppm 	i  % I 
1 

I  
Gravel  (G)  363 

i  
694 	13.39  

Gabbro-diorite (GD) 333 474 	5.71 

Table 2. The concentrations of copper, zinc and iron in the start  ng  materials. 

Acid consumption and dissolved zinc and copper during the pH stabilisation 

The initial pH, the pH after the stabilisation with 5 M H2SO4  and the consumption of 

concentrated H2SO4  (sp.  gr.  1.84 g/cm3) are shown in Table 3. The rock materials contain 

minerals with a buffering capacity and a substantial amount of acid was required to stabilise 

the pH at a level suitable for Thiobacillus ferrooxidans. 

Initial pH Stabilised pH 1 kg H2SO4/ton 

material 

Gravel  (G)  9.20 1.40 38.3  

Gabbro-diorite (GD) 8.80 1.60 48.6 

Table 3. The initial pH, stabilised pH and the consumption of concentrated H2SO4/ ton for the 
rock materials. 

The amount of copper and zinc dissolved during the pH-stabilisation is shown in Table 4. 

% Cu %  Zn  

Gravel  (G)  73.3 20.6  

Gabbro-diorite (GD) 69.0 14.1 

Table 4. The dissolved percentages of copper and zinc during the pH-stabilisation. 
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The major part of the copper, = 70 To, was dissolved from both materials during the pH-

stabilisation. The pH stabilisation was a chemical leaching process that took place during a 

short time, less than 2 hours. Minerals such as carbonates and hydroxides, which are more 

easily dissolved than sulphides, are not identified by optical microscopy. 

Leachate 

pH, Fe2+  and Fetot 

The pH values during 192 hours of leaching are shown in Figure I. 

Figure 1. pH in leachate during 192 hours of leaching for the samples with bacteria (Gb and 

GDb) and the sterile samples (Gs and GDs). 

Figure 2 shows the analysed values of Fe2+  during eight days. The content of Fe2+  decreased 

in the samples with bacteria and remained stable in the sterile samples for four days. The 

figure shows that the major part of Fe2+  was oxidised to Fe3÷  during the first 48 hours. The 

slight increase in pH for the samples with bacteria, during the same period, corresponds well 

with the oxidation of Fe2+. The cell count performed during 72 hours showed a normal growth 

of cell number. 
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Figure 2. The analysed content of Fe2+  during 192 hours of leaching in the samples with 

bacteria (Gb and GDb) and in the sterile samples (Gs and GDs). 

The content of Fetot  during 8 days is shown in Figure 3. The total content of iron should 

remain stable if oxidation of Fe2+  to Fe3+  is the only reaction (in principle) taking place and no 

other source of iron is added. According to Figure 3 the content of Fetot  in samples with cells 

(Gb and GDb) decreased after 72 hours, which is an indication of the hydrolysis of Fe3+  and 

the precipitation of Fe(OH)3(s). The decrease in the pH for samples with bacteria after 48 

hours may as well be an effect of the hydrolysis. 
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Figure 3. The analysed content of Fetot  during 192 hours of leaching in the samples with 

bacteria (Gb and GDb) and in the sterile samples (Gs and GDs). 
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As shown in Table 3 the rock material also contains iron that might be dissolved during the 

leaching test. 

Dissolved copper and zinc 

The percentage copper and zinc dissolved during the bioleaching test is shown in Figure 4 and 

Figure 5. The calculations are based on the analysis of copper and zinc in the starting 

materials, Table 2. 

After 192 hours of leaching, copper was dissolved from the sterile sample of gravel (Gs) in 

the same range as from the sample with bacteria (Gb). This implies that chemical leaching 

dissolved the copper and, as shown in Figure 4, it took place during the first 48 hours. 

For  gabbro-diorite, on the other hand, -- 4% more is dissolved from sample with bacteria 

(GDb) after 48 hours. However, > 20 %, was dissolved due to chemical leaching during the 

same period. No additional leaching seemed to take place for the following six days. 
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—0— Gs • . 25 — 
—•—• GDb 

o 
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10  
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0 	 , 	, 	, 	, , 

0 	24 	48 	72 	96 	120 	144 	168 	192  
h  

Figure 4. Dissolved copper in percentage during192 hours of leaching in the samples with 

bacteria (Gb and GDb) and in the sterile samples (Gs and GDs). 

The major part of the copper, = 70 %, was dissolved from both materials already during the 

pH-stabilisation, Table 4, and the subsequent leaching was mainly chemical as well. 

Zinc was only dissolved to 20.6 % and 14.1 % respectively, during the pH-stabilisation. As 

shown in Figure 5, the bioleching had little effect on the dissolution of zinc from the  gabbro-

diorite. After 48 hours = 50 % was dissolved in both the sterile sample (GDs) and the sample 

with bacteria (GDb), which means that chemical leaching had dissolved the zinc. After 192 

hours of leaching only a small increase was noted in the sample with bacteria. 
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In the gravel, on the other hand, there was a notable increase in the dissolution of zinc from 

the sample with bacteria, Gb. After 48 hours 40 % was dissolved, mainly by chemical 

leaching, as can be seen by comparison with the sterile sample, Gs. After 192 hour of 

leaching, however there was a difference of more than 40 % between the sterile sample and 

the sample With bacteria. 

0 24 48 72 96 120 144 168 192 
h  

Figure 5. Dissolved zinc in percentage during192 hours of leaching in the samples with 

bacteria (Gb and GDb) and in the sterile samples (Gs and GDs). 

Table 5 shows the chemical leaching (pH-stabilisation +sterile) and the total leaching (the 

combined chemical - and bioleaching) after 192 hours of leaching.  

Gabbro-diorite (GD) Gravel  (G)  

Copper (%) Zinc (%) Copper (%) Zinc (%) 

Chem.leaching 82.8 64.5 83.1 58.3 

Total leaching 92.9 69.5 85.0 102.2 

Bioleaching 10.1 5.0 1.9 43.9 

Table 5. Chemical leaching and bioleaching of copper and zinc in the rock materials after 

192 hours of leaching. 

The total leaching of both elements in the rock materials was high, and the major part was 

chemical leaching. The big difference in bioleaching of zinc between the gravel, =, 44 %, and 

the  gabbro-diorite, = 5 % has no obvious explanation. The high dissolution of copper in both 
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materials during the pH stabilisation might be due to dissolution of copper minerals, such as 

hydroxides and carbonates, not observed by optical microscopy. However, the low total 

concentration of both copper and zinc in the starting material affects the results. The 

experiments are performed as single experiments and have to be confirmed by several 

additional tests. 

In comparison with the results regarding the availability for leaching, (Tossavainen, 

Forssberg, 1999), there was an obvious difference in the chemical leaching of zinc and copper 

in the bioleaching test. The standardised availability test,  NT  ENVIR 003 (1995), is chemical 

leaching in two steps, at pH 7 and pH 4 (controlling the pH using 0.5 M nitric acid). The 

results showed that zinc is more leachable than copper, 7 % and 0.6 % respectively. Under 

stable oxidising conditions the leachability of both elements increases notably. In the 

bioleaching test at a lower pH, the chemical leaching was significantly higher for both 

elements, and copper was dissolved more rapidly. 

CONCLUSIONS 

From the experiments and results presented here few conclusions can be drawn. However, the 

results indicate that Thiobacillus ferrooxidans have an influence on the leaching of sulphides, 

especially in this experiment sphalerite. 

pH stabilisation of a basic material to a pH 1.5 is a chemical leaching process in which 

easily dissolved minerals like carbonates and hydroxides are likely to dissolve to a larger 

extent than sulphides. At longer leaching times, as in the bioleaching experiments, the 

sulphides in the rock materials are dissolved to a major part by chemical leaching as well. 

The low pH suitable for Thiobacillus ferrooxidans is not likely to develop in the rock 

materials as the buffering minerals are dissolved and prevent the pH-drop. 

The Thiobacillus ferrooxidans are resistant to the heavy metal elements dissolved from the 

rock materials. 

The investigation does not include the influence of other bacteria on the leaching of rock 

material. 
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