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Semi-coke is a solid waste material left after oil shale retorting in oil 
shale chemical industry. During more than 80 years of operation more than 
110 million tonnes of semicoke have been deposited at retorting plants in 
Estonia but so far very little is known about the mineral composition of this 
waste. This paper presents new data on mineral composition of semi-coke 
and its spatial variation in waste heaps. The composition of semi-coke 
reflects the changes of mineral matter during the retorting process. The 
changes with the terrigenous and carbonate matter is almost negligible 
during the main phase of retorting, only dehydration and partial trans-
formation of clay minerals and decomposition of sulfur compounds occur. At 
the final step of retorting (900–1000 °C) a slag-like material forms, which 
consists of amorphous and Ca-silicate phases. 
    The deposition and subsequent hydration causes the change in the 
composition of semi-coke. The most notable change is the formation of 
ettringite. The composition of mineral matter in semi-coke waste heap is 
relatively uniform. The variations are probably due to both physical and 
chemical separation during deposition of the sediment and to different 
diagenetic/hydration processes.  
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Introduction 

Estonian kukersite is the largest oil shale resource in the world used 
industrially today [1]. The majority of mined oil shale is utilized for 
production of electricity and heat. About 20% of all of oil shale extracted 
annually is used for retorting to produce shale oil and shale gas, after which 
large amounts of solid retort residue – semi-coke – are left over. Production 
of one tonne of shale oil is accompanied by almost 3 tonnes of semi-coke 
waste. Two different retorting processes are used in Estonian oil shale 
chemical industry [2]. Their net oil yield efficiency is 11–17.5%, and the 
amount of organics left in semi-coke is considerably higher (up to 16%) as 
compared to coal- or oil-based chemical industry. Residual organics in semi-
coke and leachates from it contain phenols, PAHs (polycyclic aromatic 
hydrocarbons) and oil products that are potential pollutants with harmful 
environmental effect. Retorting process of oil shale is also accompanied with 
generation of condensate/pyrogenous water contaminated with organics, 
fuses and several other toxic products. Another concern is high alkalinity of 
semi-coke leachates [3].  

Since the year 1921 when oil shale retorting started in Estonia, about 
110 million tonnes of semi-coke have been deposited at retorting plants. The 
three largest installations are at Eesti Power Plant (AS Narva EJ Õlitehas), 
Kohtla-Järve (Viru Keemia Grupp AS) and Kiviõli (Kiviõli Keemiatööstuse 
OÜ). Finding ways for semi-coke utilization is very important in light of its 
environmental effects, and increasing environmental taxes may render the 
shale oil production economically unprofitable. For decades, starting from 
the ’50s semi-coke was mostly used in production of mineral wool and to a 
smaller extent in cement and compost production. Total mineral wool 
production between 1959–1985 was ~5.3 million m3, estimated share of total 
semi-coke in feed was 0.83 million tonnes [4]. Today, small amount of semi-
coke is used as an ingredient of composts in mixture with pig slurry and peat 
and for manufacturing of rock wool. A minor amount of semi-coke (10 000 t 
annually) has been used for cement production in Kunda Nordic Cement Ltd. 
However, utilization of semi-coke in this way and in such amounts only 
mitigates the situation but does not resolve the problem. Several methods for 
complete utilization of semi-coke have been proposed. Kuusik et al., [5] 
carried out an extensive study to find the most suitable energy and cost-
effective methods for utilization of semi-coke as a fuel. They proposed 
combustion of semi-coke in specially designed circulating fluidized bed 
(CFB) boilers at the place of waste formation and as an additive to a fuel(s) 
used in cement clinker production.  

The potential environmental hazardousness and possibilities of semi-coke 
reusability depends on the content of its organic component and on the 
composition of mineral matter. Although different aspects of Estonian oil 
shale, its geology, composition and use are well studied (e.g. [6, 7]), to our 
best knowledge there is no comprehensive study on the semi-coke mineral-
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ogy and the mineral composition of the semi-coke and its deposits is 
virtually unknown.  

The objectives of this paper is to study, first, the formation and stability 
of the mineral matter during partial thermal decomposition and subsequent 
reactions during the retorting process, second, transformation processes 
during hydration of semi-coke under atmospheric conditions in the semi-
coke waste heaps and third, the composition and spatial variation of semi-
coke sediments in waste heaps.  

Composition of oil shale and retorting process 

Oil shales are fine-grained sedimentary rocks that contain relatively large 
amounts (10–65%) of organic matter (kerogen) from which significant 
amounts of shale oil and combustible gas can be extracted by destructive 
distillation. Oil shales are found world-wide in all types of marine, lacustrine 
or terrestrial sedimentary rocks of Cambrian to Neogene age. Organic rich 
calcareous sediment – kukersite – found in sediments of Lower to Upper 
Ordovician age in Estonia and north-western Russia is a marine oil shale [8]. 
The organic matter of kukersite is composed mostly of kerogen with few 
percent of bitumen [9]. It consists almost entirely of accumulations of 
discrete bodies, telalginite, derived from a colonial microorganism 
Gloeocapsomorpha prisca [9, 10]. However, Kattai et al. [6] point out that 
the kukersite kerogen is more similar to lacustrine oil shales and sapropelic 
coals than to the kerogen of typical marine oil shales.  

Besides organic matter, kukersite contains significant amounts of 
carbonaceous and terrigenous matter. The last two constitute kukersite’s 
mineral matter. Oil shale consists of 10 to 65% of organics, 20–70% of 
carbonate minerals and 15–60% of terrigenous minerals (quartz, feldspars 
and clay minerals), on dry weight basis (Kattai et al. [6]. The major 
components of organic matrix are phenolic moieties with linear alkyl side-
chains [3]. The average content of carbon in the organic matter of kukersite 
is low (76.7%) with sulfur content of 1.6%. The moisture content is 9–12%, 
and calorific value – 8–10 MJ/kg, which is lower than that of the other fuels 
(as an example the average coal – 22.5 MJ/kg, natural gas – 33.5 MJ/m3, 
peat briquette – 16.5 MJ/kg) [11]. According to Utsal [12], the average 
mineral composition of kukersite mineral part is dominated by carbonate 
minerals (50–60%) including mostly calcite (40–45%) and dolomite  
(5–15%). The content of clay minerals, quartz and feldspars (K-fledspar) 
vary around 20, 11 and 7%, respectively. The mineral matter of kukersite 
contains also 5–10% of pyrite.  

During oil shale retorting, the shale is heated in the absence of oxygen to 
the temperature at which kerogen is decomposed or pyrolysed into gas, 
condensable oil, and solid residue. The inorganic mineral matrix of the shale 
is retained in the form of spent shale [9]. Thermal destruction of kukersite 
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begins at 170–180 °C, and pyrogenous water appears at 270–290 °C. At the 
temperature 350–400 °C, the organic substance of kukersite is converted into 
semi-liquid state, called thermobitumen [13]. The rate of kerogen (thermo-
bitumen) decomposition is the highest at retort temperature of 480–520 °C, 
at which kerogen converts into three organic fractions: oil, gas and residual 
carbon. The gases and vapours leaving the retort are cooled to condense the 
oils and process water. Oil shale must pass the temperatures of thermo-
bitumen formation and coking at a relatively high speed to avoid cracking 
and secondary pyrolysis of oil [9]. Over the past two decades, two main 
methods have been used in producing shale oil, namely: the “Kiviter” 
process and “Galoter” (Solid Heat Carrier, SHC) process. The Kiviter 
process is conducted in a vertical gas generator (GGS) (retort throughput 
1000 t per day), which is internally heated by combustion of coke residue 
and non-condensable shale gas. Operation of the Kiviter retort is continuous 
whereas the heat is provided by the rising gases, supplemented by recycle 
gas, burned in the heat carrier preparation chamber. Additional recycled gas 
and the air admitted to the chambers near 900 °C point heat the shale residue 
to burn off the coke at the last stage of retorting [14]. The Galoter retort uses 
spent shale as a heat carrier. The process is based on introducing dried oil 
shale (<2.5 cm particle size) into an aerofountain drier where it is mixed 
with hot (590–650 °C) shale ash produced by combustion of oil shale semi-
coke (at 740–810 °C at oxygen deficiency) [2].  

Total of 111 million tonnes of semi-coke has deposited in heaps covering 
more than 200 ha. Most of it is deposited at Kohtla-Järve (83.22 Mt), Kiviõli 
(19.2 Mt) and Narva (4.34 Mt). Other minor locations Vanamõisa, Kohtla-
Nõmme and Sillamäe hold in total of 4.56 Mt semi-coke [4]. 

Material and methods 

Studied semi-coke samples were collected at Viru Keemia Grupp AS semi-
coke waste deposit plateau in Kohtla-Järve (Fig. 1). The plateau refers to the 
central flat area on the waste heap where semi-coke is deposited today. 
Mineralogical analyses were performed on fresh semi-coke, waste plateau 
surface sediments and on samples from six drillcores. Altogether 47 samples 
were investigated. The mineral composition of semi-coke was determined by 
means of X-ray powder diffractometry (XRD). XRD analyses were carried 
out on (1) unhydrated (fresh) semi-coke; (2) recently deposited semi-coke 
exposed for two weeks to atmospheric conditions and (3) drillcore samples 
from depth range 0.8–14.7 m at the semi-coke waste heap (Fig. 1). To avoid 
additional hydration and carbonation all samples were stored airtight in a 
refrigerator prior to analysis. To minimize any hydration and oxidation 
effects on fresh semi-coke, the samples were frozen instantly in liquid 
nitrogen and sublimated in vacuum drier prior to analyses. XRD preparations 
made from samples were measured within 4 hours after the preparation was 
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made. The waste plateau samples were dried at 105 °C for 24 h prior to XRD 
preparation. 
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Fig. 1. Scheme of semi-coke waste heaps, location of studied drillcores and the sampling 
point at the surface (Courtesy of Viru Keemia Grupp AS, topography by EOMap, 2004). 
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The mineral composition of studied samples was determined using 
Rietveld technique of X-ray diffraction analysis. Grinded and homogenized 
unoriented powder samples were prepared on Al-sample holders and 
exposed to CuKα radiation on Dron-3M diffractometer. Digitally registered 
diffractograms were measured at the interval between 2–50 º2θ, with step 
0.03 º2θ and counting time 3–5 seconds. Quantitative mineral content was 
measured by Rietveld analyze based program SIROQUANT-2.5TM [15]. The 
full profile XRD pattern Rietveld method takes into account integrated 
intensities of the particular diffractogram peaks and compares natural and 
artificial mixtures along the whole length of the diffractogram, providing 
thus considerably more information for mineral quantification [16]. 
Allowance was made in the SIROQUANT analysis for preferred orientation 
in several minerals, such as carbonates, whereas a match was obtained for 
the key peak positions, the distribution of peak heights was inconsistent with 
the standard mineral pattern. The standard patterns for such minerals were 
refined by SIROQUANT using computations based on the March-Dollase 
Function preferred orientation correction [17] and the mineral percentages 
adjusted accordingly [16]. For some of the minerals indicated by 
SIROQUANT to be present in low concentrations (<1%) the estimated error 
is of magnitude similar to, if not greater than, the actual determination. In 
tabulations of the present work these minerals are shown as traces (marked 
in table as tr.), and they are not taken into account when the remaining 
components were normalized to 100%. Micromorphology and spatial 
relationships of secondary mineralization were carried out using scanning 
electron microscope (SEM) Zeiss DSM 940. SEM preparations were coated 
with conductive gold coating during preparation. 

Results 

The mineral composition and representative XRD patterns of studied 
samples are shown in Tables 1, 2 and Fig. 2. 
 

Table 1. Average mineral composition of fresh semi-coke and the same material 
hydrated sampled after two weeks of hydration under ambient conditions, 
wt%; tr. – traces 
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XRD mineralogy 

Fresh semi-coke. The predominant phases identified by X-ray diffraction in 
a fresh unhydrated semi-coke (Table 1, Fig. 2) were calcite, dolomite, 
quartz, K-feldspar and clay minerals (mostly illite), which are typical 
constituents of oil shale mineral matter and were preserved or slightly 
changed during the retorting process. In addition to these minerals, fresh 
semi-coke contains secondary phases formed by partial thermal decomposi-
tion and subsequent reactions of carbonate and clay minerals – melilite 
[(Ca,Na)2(Al,Mg,Fe)(Si,Al)2O7], periclase [MgO], clinker-minerals: belite 
[β-C2S], merwinite [Ca3Mg(SiO4)2]. Also oldhamite [CaS] together with 
traces of FeS – mackinawite and C3A – tricalcium aluminate were identified 
in fresh semi-coke.  

The studied samples do not contain above detecton limit (>1%) lime 
[CaO] nor its hydration product portlandite [Ca(OH)2] or anhydrite [CaSO4], 
which are typical phases in oil shale combustion ashes (e.g. [18]. XRD 
analysis is unable to identify the amorphous phase (non-crystallised matter). 
However the diffuse maximum from amorphous phase scattering in 
measured XRD diffractogram indicates the quantity of non-crystallised 
matter to be as high as 10(20)%. Fresh semi-coke contains occasionally 
yellowish-green lumps of partially melted slag, which are composed of high-
temperature Ca-Mg silicates – diposide, enstatite and various clinker-
minerals (β-C2S, C3S, merwinite and traces of Ca-ferrites). 

Hydrated semi-coke and plateau deposits. The most notable difference 
between the fresh and deposited semi-coke is the disappearance of old-
hamite [CaS] and the occurrence of considerable amount of ettringite 
[Ca6Al2(SO4)3(OH)12·26H2O] (Tables 1 and 2, Fig. 2). The average abundance 
of minerals fluctuates somewhat, which is probably due to the variations in 
the original deposited matter and its later alteration. 

Mineral composition of semi-coke matter in plateau samples is rather 
uniform. However, there are certain variations evident in drillcore samples 
from various locations and depths. The dominant phases in all drillcore 
samples P1–P6 are calcite and dolomite; quartz, feldspars (K-feldspar and in 
trace amounts of albite), clay minerals (illite/illite-smectite); and ettringite 
(Fig. 3, Table 2). The content of the rest of the minerals present in studied 
samples (mostly clinker-minerals) are usually below 5%. Ettringite shows 
considerable variation from 3.5% to 20.3%, with an average of 9%. An 
interesting feature characterizing all studied samples is a slight increase in 
ettringite content with increasing depth of sampling. However, the increase 
is not expressed very clearly and the variation is considerable (Fig. 4). Also, 
there is a small, but consistent increase of ettringite along the profile from 
the uppermost drillcore P1 to the lowermost cores P5 and P6 (Fig. 5). 
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Fig. 4. Ettringite content variation with the depth. (a) – drillcore P1  
and (b) – all studied drillcore samples. 

 
 

 

Fig. 5. Ettringite content along the P1- P6 drillcore profile.  
The inset shows the location and height of the drillcores. 

 
Scanning electron microscopy 

Scanning electron microscopy (SEM) studies were undertaken primarily to 
study the occurrence and spatial distribution of ettringite as a major secondary 
phase. SEM micrographs of unhydrated semi-coke show very porous material 
(Fig. 6a, b, c), composed of different sized particles. Secondary ettringite 
forms 2–10 µm long prismatic crystals that precipitate and form irregular 
aggregates in semi-coke open pores (Fig. 6d, e). In P5 drillcore samples 
ettringite crystals show signs of partial dissolution (Fig. 6f).  
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Fig. 6. SEM secondary electron (SE) images of semi-coke samples. (a) – fresh, 
unhydrated sample. (b) – vesicular microstructure of partially melted lumps in semi-
coke, note the diagenetically altered surfaces. Semi-coke is very porous material (c), 
where ettringite forms irregular prismatic crystallites (d, e); (f) – a micrograph of 
partially dissolved ettringite crystals. 



Mineral Composition of Estonian Oil Shale Semi-Coke Sediments 

 

417 

Discussion 

Mineral transformation in retorting process 
 

The solid retort residue in Kiviter process – semi-coke – is formed by the 
transformation of oil shale as a result of its partial thermal decomposition in 
two stages:  

(1) semi-coking process at temperatures of 400–520 °C, and  
(2) short heating at 900–1000 °C during the final stage of retorting, which 

is primarily aimed to burn off the coke (organic) residue.  
Semi-coke is a complex mixture, which contains alongside with trans-

formed matter also pieces of macroscopically unaltered oil shale that shows 
only slight signs of thermal decomposition. Semi-coke occasionally contains 
lumps-pieces of partly altered carbonate rock together with lumps of melted 
slag. The changes of mineral matter during the first stage of the retorting 
process, which occurs at air deficiency conditions, are negligible. The 
terrigenous fractions of the oil shale – quartz and feldspars – remain practically 
unchanged and only clay minerals start to dehydrate. At temperatures 500 °C 
and above, the kaolinite decomposes to metakaolinite- and mullite-type 
alumosilicate mass. Nevertheless, at these temperatures (~400–500 °C) 
various sulfur compounds (mainly in the form of pyrite and/or marcasite – 
FeS2) start to decompose. The sulfur released by pyrite decomposition and 
the free CaO released from partial pyrolysis of calcium carbonate react and 
form a CaS-type phase, whereas the uncompleted decomposition process of 
pyrite may produce mackinawite [FeS] type phases. 

At the final step of retorting the temperatures of 900–1000 °C are applied 
to burn off the organic matter/coke in solid residue. In this process a slag-
like material forms, which consists of amorphous glass phase at the expense 
of the decomposition and melting of alumosilicate minerals (clays) and 
newformed Ca-silicates – melilite, cement minerals like belite [β-C2S], 
merwinite, etc. that form in reactions between free Ca and Mg oxides 
derived from the decomposition of dolomite (decomposition starts at 
~860 °C) and calcite (decomposition at ~950 °C) with alumosilicates 
(mainly clay minerals and K-feldspar) and less quartz. Moreover, mineral 
composition of slag lumps found in semi-coke indicates that temperatures as 
high as 1400–1500 °C can occur locally during this stage. 

  
Hydration and diagenesis of semi-coke sediments  

 

Mineral phases formed in the oil shale retorting/semi-coking process are 
unstable in atmospheric conditions. Deposition of spent shale on waste 
dumps initiates transformation, predominantly hydration and carbonation, of 
minerals. The dominant hydration product of semi-coke is secondary 
ettringite – Ca6Al2(SO4)3(OH)12·26H2O.  

It is important to note that in semi-coke waste heaps ettringite acts as a 
cement mineral, and by binding waste particles forms a monolithic deposit, 



R. Mõtlep, K. Kirsimäe et al. 418 

therefore stabilizing semi-coke dumps geotechnically. It has also been 
shown that ettringite formation controls the activity of several contaminants, 
both cations and oxoanions and is concomitant with the reduction of leachate 
trace elements [19].  

The formation of ettringite occurs as a result of the reaction of CaO, 
formed at thermal decomposition of limestone/dolomite, with Al-compounds 
derived from partial decomposition of clay minerals and/or feldspars, and 
with dissolved sulfur compounds and/or CaS (oldhamite), emitted in the 
combustion process of organic matter or decomposition product of pyrite 
and carbonate phases, respectively. The precipitation kinetics of ettringite is 
rapid. In laboratory experiments the nucleation of ettringite crystallites is 
fast, and the white ettringite precipitate appears immediately after mixing of 
CaO and Al2(SO4)3 solutions [20]. However, ettringite formation in semi-
coke deposits under atmospheric conditions is much slower, and the 
ettringite formation occurs over two-three weeks. Although nucleation can 
be assumed to begin in a matter of hours, the crystalline ettringite 
appearance takes days or weeks. The controlling factors of ettringite pre-
cipitation are concentrations and activities of dissolved Ca2+, Al3+ and SO4

2- 
ions, which depend on ionic strength of semi-coke pore-water. In plateau 
sediments consisting of oil shale combustion ash the ettringite formation is 
limited by the sulfate deficiency [21], whereas in semi-coke deposits the 
controlling factor seems to be the availability of CaO and/or Ca(OH)2. In 
semi-coke sediments it is probable that at high sulfate activity all of the free 
Ca will be bound to form ettringite. 

The crucial factor for formation and stability of ettringite is pH. In alkali 
and sulfate-rich solutions ettringite is the most stable phase of the Ca(OH)2–
Al2(SO4)3–H2O system. Ettringite is stable at pH values >10.7, at lower pH 
values ettringite dissolves incongruently to gypsum, (amorphous) Al-
hydroxide and Ca-aluminate type phases. At high pH values one of the 
solubility products is portlandite [20]. However, at high CO2 partial pressure 
and relatively low pH level, ettringite decomposes into sulfates and aragonite 
[CaCO3] with vaterite [γ-CaCO3] as an intermediate phase [22]. Moreover, 
decomposition of ettringite (decomposition rate) is also influenced by 
temperature and the content of different compounds found in deposit. At 
high temperatures monosulfoaluminate [Ca4Al2(SO4)(OH)12·6H2O] phase is 
stable over ettringite, whereas according to Pajares et al., [23] ettringite 
solubility is inhibited in the presence of CaCO3 (calcite) and cement clinker-
minerals: belite [C2S], alite [C3S] etc. Those phases have the capacity to 
buffer solution pH to the critical levels for ettringite stability. When the 
Ca(OH)2–Al2(SO4)3–H2O system is open to atmospheric CO2, under alkaline 
pH conditions its solution approaches saturation of carbonate mineral phases 
such as calcite and aragonite. However, slow precipitation kinetics of calcite 
associated with slow transport of CO2 into the waste materials delays its 
formation relative to ettringite and gypsum. Moreover, high SO4

2- activity 
favors the formation of gypsum over calcite [24]. This has also been 
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observed from field studies of ettringite-bearing, weathered, flue-gas 
desulfurization (FGD) materials. In these alkaline materials calcite did not 
appear until 240 days of weathering [24]. However, elevated CO2 partial 
pressures due to decomposition of organic matter in subsurface soil horizons 
or prolonged leaching of SO4

2- from waste materials should favor the 
formation of calcite. 

The most prominent difference of the semi-coke compared to oil shale 
combustion ash sediments [e. g. 25] is the absence of portlandite [Ca(OH)2] 
and very low content of hydrocalumite [Ca2Al(OH)7·3H2O] – common 
constituents in ash sediments. However, high pH (12-13) of initial semi-coke 
leachates suggests the presence of some amount of portlandite in semi-coke, 
but its quantity remains probably below 1% that is under the detection limit 
of X-ray diffraction analyses. The presence of small amount of portlandite 
(~0.6%) in semi-coke was confirmed by titration experiment where semi-
coke leachate pH was measured at different sediment–water ratios. The pH 
value in oversaturated solution compared to portlandite is 12.4 at 25 °C and 
the portlandite content in semi-coke matter was found from saturation-
undersaturation equilibrium. The restricted occurrence of portlandite would 
suggest also limited carbonation of semi-coke sediments. However, the SEM 
studies show the presence of authigenic calcite aggregates in semi-coke 
sediments. Preconditions for carbonation process are dissolution of ettringite 
and the reaction with atmospheric carbon dioxide (CO2) to form significantly 
stronger and less soluble calcium carbonate phase calcite, aragonite or 
possibly vaterite (γ-CaCO3). For carbonation to occur, the presence of water 
is essential, since it requires dissolution of CO2.  

The inner structure of semi-coke waste heaps exhibits considerable 
variation, which is probably due to both physical and chemical separation 
during deposition of the sediment and due to different diagenetic/hydration 
processes. The surface layers of the semi-coke waste heaps are under a 
constant influence of percolating precipitation water, which considerably 
lowers the pH of porewater in the upper layers and thus initiates, in the first 
place, the dissolution of ettringite. The studied sections indicate that, 
although not well expressed in all sequences, the ettringite dissolution profile 
can be traced to several meters depth. A remarkably higher content of calcite 
and dolomite in samples from drillcore P1 is probably location-specific. The 
site is located on the foot of the semi-coke waste heap (Fig. 3), and the most 
feasible explanation is gravitational separation during dumping of the 
material. The material deposited on the studied area was dumped in large 
mounds. By dumping, the waste material fractionates gravitationally with 
largest particles transported onto the foot area of the mound [26]. The largest 
particles in semi-coke are usually partially decomposed harder lumps of oil 
shale and especially carbonate rocks, which are also reflected in the mineral 
composition of the sediment.  
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Summary and conclusions 

This study of the semi-coke mineralogy and its sediments shows that:  
the predominant phases in a fresh unhydrated semi-coke are calcite, 

dolomite, quartz, K-feldspar and clay minerals (mostly illite). There are also 
phases like melilite, periclase, belite, merwinite, formed by partial thermal 
decomposition and subsequent reactions of the initial minerals. It is 
important to note that the CaS phase oldhamite together with traces of FeS 
mineral mackinawite were identified in fresh semi-coke. The composition of 
semi-coke reflects the changes of mineral matter during the retorting 
process. During the main phase of retorting at temperatures ~400–520 °C 
only dehydration and partial transformation of clay minerals as well as 
decomposition of sulfur compounds (pyrite, marcasite) occur. At the final 
step of retorting during short heating to temperatures 900–1000 °C a slag-
like material forms, which consists of amorphous and Ca-silicate phases. 

During deposition and hydration the composition of semi-coke changes, 
unstable phases (e.g. oldhamite) disappear, and they are replaced by a 
considerable amount of Ca-Al-sulfate – ettringite. Ettringite precipitation 
and stability are controlled by dissolved Ca2+, Al3+ and SO4

2- ions from 
dissolution of unstable thermal decomposition products. Important parameter 
for ettringite formation and stability is pH as ettringite is stable at pH >10.7 
below what ettringite dissolves incongruently to gypsum, (amorphous)  
Al-hydroxide and Ca-aluminate type phases. 

The composition of semi-coke in heaps of oil shale retort waste is 
relatively uniform. The ettringite content increases slightly in the whole 
range of drillcore sampling points both vertically and horizontally. The inner 
structure of semi-coke waste heaps exhibits variation probably due to both 
physical and chemical separation during deposition of the sediment and to 
different diagenetic/hydration processes. Surface layers are leached by 
continuous rainfall, which lowers pH of porewater in the upper layers and 
thus initiates dissolution of ettringite. Elevated content of carbonates and, 
respectively, lower amounts of terrigenous material at the foot of the waste 
mound can be explained by gravitational fractionation during dumping of the 
material, with large and hard partially decomposed limestone particles 
transported onto the foot area of the mound. That is also reflected in the 
mineral composition of the sediment. 
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