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a b s t r a c t

Oil shale is a primary fuel in the Estonian energy sector. After combustion 45–48% of the oil shale is
left over as ash, producing about 5–7 Mt of ash, which is deposited on ash plateaus annually almost
without any reuse. This study focuses on oil shale ash plateau sediment mineralogy, its hydration and
diagenetic transformations, a study that has not been addressed. Oil shale ash wastes are considered as
the biggest pollution sources in Estonia and thus determining the composition and properties of oil shale
ash sediment are important to assess its environmental implications and also its possible reusability.

A study of fresh ash and drillcore samples from ash plateau sediment was conducted by X-ray diffrac-
tometry and scanning electron microscopy. The oil shale is highly calcareous, and the ash that remains
after combustion is derived from the decomposition of carbonate minerals. It is rich in lime and anhydrite
ttringite that are unstable phases under hydrous conditions. These processes and the diagenetic alteration of other
phases determine the composition of the plateau sediment. Dominant phases in the ash are hydration
and associated transformation products: calcite, ettringite, portlandite and hydrocalumite. The prevail-
ing mineral phases (portlandite, ettringite) cause highly alkaline leachates, pH 12–13. Neutralization of
these leachates under natural conditions, by rainwater leaching/neutralization and slow transformation
(e.g. carbonation) of the aforementioned unstable phases into more stable forms, takes, at best, hundreds

sand
or even hundreds of thou

. Introduction

Solid fossil fuels (e.g. coal) account for about one-quarter of the
orld’s total primary energy supply, and their overall coal con-

umption is estimated to increase in coming decades due to the
ising energy demand in fast-growing economies [1,2]. The com-
ustion residues of used fuels thus pose an increasing threat to air
uality, emission of greenhouse gases, and to soil and water qual-

ty. Moreover, growing demand forces employment of fossil fuels
f lower quality like oil shale. The total world resources of oil shale
expressed as extractable shale oil) are at least 500 billion tonnes,
hereas the mineral matter content of the commercial-grade oil

hales varies between 77 and 87 wt% [3]. Large-scale exploitation of

il shale type fuel is operational only in Estonia, where kerogenous
il shale (8–12 MJ kg−1) is used for oil retorting and for burning in
lectric Thermal Power Plants (TPP). The Estonian oil shale leaves
fter combustion large amounts of ash – 45 to 48 wt% of the raw oil
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shale. Reuse of the ash is limited and only a small proportion (less
than 10%) of its production is used for construction materials (e.g.
Portland cement, gas-concrete), in road construction (stabilization
of roadbeds) and for agricultural purposes, e.g. liming of acid soils
etc. [4]. Most of the ash is deposited in large waste plateaus next
to the power plants. Approximately 280 million tonnes of ash has
been disposed of since the 1950s, and at the current production
level about 5–7 million tonnes of ash is added to the plateaus every
year. Plateaus of deposited ash up to 45 m high at the two largest
TPP-s, the Balti and the Eesti TPP, occupy about 20 km2, and their
area will grow until the oil shale is fired at Estonian TPP-s.

The oil shale is highly calcareous, and the ash remaining after
combustion, derived from thermal decomposition of carbonate
minerals, is rich in free lime (CaO) and anhydrite (CaSO4). The ash
removed from the boilers is transported to the plateaus through
a pipe system as a water slurry at an ash–water ratio of 1:20. The
unstable lime and anhydrite start to react with water already in ash

removal system and the hydration processes continue in the open
plateaus forming variety of secondary Ca-minerals. Due mainly to
the formation of Ca-hydroxide (portlandite) and Ca–Al-sulphate
(ettringite), the waters draining off the plateaus are of high alkalin-
ity (pH 12–13). The highly alkaline leachates from the ash deposits

dx.doi.org/10.1016/j.jhazmat.2010.08.073
http://www.sciencedirect.com/science/journal/03043894
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Fig. 1. Location of the ash plateau and a settings of st

ose an environmental risk, and the ash plateaus are considered as
ajor pollution sources [5]. The alkalinity potential of ash waste

epends directly on the mineral composition and diagenetic evo-
ution of the sediment. However, under atmospheric conditions,
ortlandite and ettringite are metastable phases and evolve into
nvironmentally stable minerals – calcite/aragonite and gypsum.

The composition and transformation of oil shale ash with hydra-
ion has been studied since the 1950s [6–12]. However, the mineral
nd geochemical transformation of the ash plateau sediments has
ot yet been addressed. In this contribution we study the quantita-
ive mineralogy of the oil shale ash plateau sediment, its diagenetic
ransformation and alkalinity potential. These results are impor-
ant for understanding and estimating the potential environmental
hreats of the deposited ash materials.

. Materials and methods

The material investigated was sampled from the ash plateau
eposits at the Eesti TPP. Drillcore samples were obtained from
eotechnical drilling in the northern part of the plateau, with a
aximum depth of 33.7 m from the top of the plateau. The drill-

ores were made by partial coring only, and the samples from the
ifferent drillcore profiles were used to produce a composite depth
rofile. Altogether 14 samples from 7 drillcores were investigated
Fig. 1). In addition to the core samples, 6 samples of fresh ash
ractions (fly-ash and bottom/slag ash) from the pulverized firing
urnace of the Eesti TPP were investigated for mineralogical com-
osition. Only the pulverized firing (PF) ash was selected because
irculating fluidized bed (CFB) firing was introduced at the Eesti
PP in 2004, and most of the plateau deposits are composed of PF
shes. The composition and hydration of fluidized bed firing ash are
iscussed by Kuusik et al. [11] and Liira et al. [12].

The mineralogical composition of the samples was studied by
eans of powder X-ray diffraction. Randomly oriented powders
ere measured on a Dron 3M diffractometer using Ni-filtered Cu
� radiation over the 2–50◦ 2� region, with a scan step of 0.02◦ 2�
nd a count time of 5 s per step, and on a Bruker D8 diffractome-

er using Ni-filtered Cu K� radiation over 2–70◦ 2� region, with a
can step of 0.02◦ 2� and a count time of 2 s per step. Quantitative
ineral composition was determined by full-profile Rietveld anal-

sis using the SiroquantTM software system [13,14]. The portion
f non-diffracting amorphous (glass-like) phase(s) was estimated
drillhole samples. Pa – drillhole no., Th – sample no.

from its mass-adsorption effect on the pattern with an added spike
of a known phase (halite – NaCl). A mass-adsorption coefficient of
silicate composition glass was assumed for the amorphous phases.
The accuracy of the amorphous phase determination is not better
than 20%.

Micromorphology of ash sediment samples was studied using a
Zeiss DSM 940 scanning electron microscope (SEM), equipped with
an Idfix Si-drift technology energy-dispersive analyzer (EDS). SEM
preparations were coated with conductive gold or carbon during
preparation.

Alkalinity potential of the oil shale ash sediment was calculated
according to the empirical function presented by [24,25]:

ALK = 97(CaNS) + 175 (1)

where ALK – alkalinity, meq NaOH g−1; CaNS – non-silicate calcium,
meq g−1.

The neutralization volume of the plateau sediments as a function
of Ca was found according to [25]:

VN = (0.032Ca − 0.09)
N

(2)

where VN – neutralization volume, L kg−1; Ca – Ca concentration,
g kg−1; N – normality of the acid, eq L−1.

3. Results

Characteristic X-ray patterns and the mineralogical composi-
tion of the samples are shown in Figs. 2–6, and Tables 1 and 2. The
micromorphology of the unhydrated and hydrated ash samples is
shown in Fig. 7.

3.1. Fresh ash

The composition of the fresh unhydrated ash fractions at
the Eesti TPP is dominated by free lime (CaO), anhydrite
(CaSO4), C2S/belite (�-Ca2SiO4) quartz (SiO2), calcite (CaCO3)
and K-feldspar. The ash contains also lesser proportions of per-

iclase (MgO), melilite ((Ca,Na)2(Mg,Al)(Si,Al)3O7), merwinite –
Ca3Mg(SiO4)2, (pseudo)wollastonite (CaO·SiO2), hematite (Fe2O3),
brownmillerite (Ca2(Al,Fe3+)2O5) and C3A (calcium aluminate),
with few traces of a secondary hydration product – portlandite –
Ca(OH)2 (Fig. 2; Table 1). The mineral composition as well as the
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Table 1
Mineral composition of fresh unhydrated ash samples. Furnace, economizer, cyclone, EP1, 2, 3 (electrostatic precipitation filters 1, 2, 3, respectively) are listed in the table respect to their positions in boiler technological scheme.

Amorphous
phase (%)

Quartz
(%)

Lime
(%)

Portlandite (%) Calcite
(%)

Anhydrite
(%)

Melilite
(%)

Periclase
(%)

Belite
(C2S) (%)

Merwinite
(%)

Wollastonite
(%)

K-feldspar
(%)

Hematite
(%)

C3A (%) Brownmillerite
(%)

Sylvite
(%)

Furnace 27.3 4.4 23.5 tr.a 12.3 3.4 5.6 3.4 8.3 0.9 2.3 3.3 tr. 2.1 1.9 tr.
Economizer 36.5 3.7 16.0 1.7 4.9 6.0 5.7 2.9 9.8 2.3 2.6 3.2 tr. 2.0 1.9 tr.
Cyclone 37.8 3.7 18.9 tr. 3.4 4.8 3.9 2.8 11.2 2.4 2.5 3.0 tr. 2.0 2.3 tr.
EP1b 28.3 6.1 8.3 tr. 4.5 14.4 4.0 2.1 10.0 tr. 5.8 8.2 1.7 2.5 2.0 1.5
EP2 22.6 7.9 12.8 tr. 5.1 14.3 3.6 2.6 10.8 tr. 5.2 6.9 1.6 2.9 1.7 1.1
EP3 1.1 10.4 20.0 tr. 6.7 15.4 4.2 3.5 15.2 1.2 5.1 7.5 1.7 3.4 3.4 1.2

a tr. – trace.
b EP 1, 2, 3 – electrostatic precipitator nos. 1, 2, 3, respectively.

Table 2
Mineral composition (including amorphous phase) of hydrated ash sediments from the EPP ash plateau.

Sample Depth
(m)

Average
depth (m)

Amorphous
phase (%)

Quartz
(%)

K-feldspar
(%)

Smectite
(%)

Calcite
(%)

Portlandite
(%)

Ettringite
(%)

Hydrocalumite
(%)

Belite
(C2S) (%)

Gypsum
(%)

Melilite
(%)

Vaterite
(%)

Lime
(%)

th-01 0.4–0.6 0.5 5.7 7.3 4.9 4.5 41.0 8.4 14.6 13.5 tr.
th-02 2.3–2.35 2.32 9.1 4.6 2.3 5.9 35.1 21.4 14.9 5.2 1.6
th-03 2.5–2.7 2.6 4.3 3.4 3.1 30.7 10.0 27.9 7.7 8.3 tr.a 3.9
th-04 3.0–3.2 3.1 4.8 8.2 10.5 1.9 25.1 26.2 10.1 9.2 4.0
th-05 3.25–3.30 3.27 17.4 4.5 4.9 2.4 27.5 tr. 24.0 7.7 6.8 4.3
th-06 3.4–3.8 3.6 9.6 5.3 15.0 4.9 31.0 22.8 11.3
th-07 9.0–9.3 9.15 11.6 5.8 3.0 3.3 14.8 8.2 24.4 16.0 6.4 1.3 3.3 2.0
th-08 10.2–10.7 10.45 1.7 5.9 6.0 2.8 26.3 1.5 25.5 10.6 9.5 3.2 7.0
th-09 12.0–12.4 12.2 tr. 6.1 7.2 2.7 21.0 8.2 23.1 17.2 7.6 2.4 4.3
th-10 14.1–14.2 14.15 26.0 2.2 6.4 1.0 13.3 10.5 6.4 13.5 7.5 3.3 9.9
th-11 22.4–22.6 22.5 40.1 5.4 10.9 1.5 15.8 2.5 3.0 6.2 9.0 5.7
th-12 22.8–23.3 23.05 tr. 2.2 3.7 2.5 24.6 16.6 17.8 12.7 9.9 7.3 2.5
th-13 24.0–24.3 24.15 23.8 4.4 6.8 3.6 13.2 1.5 23.5 7.9 9.1 4.1 2.0
th-14 26.0–26.35 26.17 36.5 3.0 3.1 1.4 16.6 tr. 25.4 4.8 5.4 1.1 2.0

a tr. – trace.
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Fig. 2. Representative XRD patterns of the fresh unhydrated ash from furnace
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upper) and cyclone. Figures represent measured (red) and modelled (black) traces,
ominant phases are indicated next to their highest reflexes. (For interpretation of
he references to color in this figure legend, the reader is referred to the web version
f the article.)

verage grain size of the unhydrated ash fractions varies system-
tically with the position in the ash removal system (Fig. 3). The
verage grain size of ash fractions decreases along the boiler gas
ass, being coarsest in furnace ash (∼250 �m) and finest in the last
eld of electrostatic precipitators (∼6 �m). The proportion of lime

s a dominant phase in the fresh ash decreases in the first half of
he ash removal system but, surprisingly, at the electrostatic pre-
ipitators the lime content increases from 8% to 20%. Similar trends
pply to variations in the periclase content, and also somewhat to
elilite. Anhydrite, on the other hand, as well as thermally resistant

ig. 3. The quantity of different mineral phases in the fresh unhydrated oil shale
sh. “Terrigenous fraction” sum of quartz, K-feldspar and hematite; “secondary sili-
ate phases” sum of belite, merwinite, melilite, wollastonite, calcium aluminate and
rownmillerite; “others” include minor phases like periclase and sylvite.
Fig. 4. Representative XRD patterns (samples th-03 and th-12) of the ash plateau
sediments from different locations and depth.

quartz and K-feldspar, increases monotonously with the decreas-
ing particle size in the different ash filter systems; these phases
reach about 15%, 10% and 7.5%, respectively, in the final stage of
the electrostatic filters (Fig. 3).

The proportion of amorphous phase behaves in an opposite way
to lime. The samples show an increasing trend for amorphous phase
from furnace to cyclone; however, further along the boiler gas pass,
the amorphous content starts to decline, dropping from almost 38%
down to 1%.

3.2. Plateau sediments

The composition of the plateau sediments is highly variable
(Fig. 4; Table 2). The main mineral phases are calcite, ettrin-
gite – Ca6Al2(SO4)3(OH)12·26H2O, portlandite, hydrocalumite –
Ca2Al(OH)7·3H2O, C2S/belite, merwinite and melilite, with quartz
and orthoclase type K-feldspar. Gypsum, vaterite and authigenic
smectite are typical minor phases (Table 2).

The proportion of calcite varies from 40% in the shallow depth
samples and in the surface layer of the deposit to about 15% in
the deepest samples (Fig. 5). In contrast, the proportion of port-
landite (on average 5.2%) is lower in shallow buried samples, but
reaches up to 16% in sample th-12 at 23 m depth. The proportion
of ettringite ranges between 15% and 30%, except in samples th-10
and th-11, where the ettringite content is only about 6% and 3%,
respectively. The proportions of hydrocalumite, belite and melilite
vary without noticeable trend from 5% to 23%, 5% to 11% and 1% to
10%, respectively (Table 2; Fig. 5).

The proportions of thermally resistant phases, quartz and K-
feldspar, is rather stable in all samples studied, and varying

between 2–10% and 2–11%, respectively. The ratio of quartz to K-
feldspar in hydrated ash sediment corresponds approximately to
the ratio of these minerals in the raw oil shale. Small amounts of
smectite were also detected, the content of which was highest in
the uppermost samples (up to 6%). The proportion of amorphous
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Fig. 5. The depth profiles of dominant phases: ettringite, portlandite, calcite and hydrocalu
average.
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Fig. 6. Variations of amorphous phase with depth.

hase increases from about 6% in shallow depth samples to up to
0% in sample th-11 at a depth of 22.5 m. However, the amount
f amorphous phase in the samples studied shows a considerable
ariation (Table 2; Fig. 6).

The microstructure of the hydrated ash contains abundant
lates of portlandite, needle-like prismatic ettringite crystallites
which form irregular and/or spherulitic aggregates in the pore
pace), and altered spherulitic glass aggregates (Fig. 7). The surface
amples also contain secondary calcium carbonate precipitates,
hich occur in the form of euhedral crystallite aggregates (Fig. 7D).

. Discussion

According to Ots [4] the proportions of the different ash fractions
n averaged ash flow is 39.3% bottom-slag ash; 3.1% superheater

sh; 4.7% economizer ash; 32.2% cyclone ash and 13.5%, 3.1%, 0.7% of
lectrostatic precipitators 1, 2 and 3, respectively. This suggests that
he average composition of the ash deposited on the ash plateaus
s dominated by free lime (17%), anhydrite (10%) and belite (11%).
irst two mineral phases are unstable under hydrous conditions and
mite in the ash plateau sediments. The continuous line represents 2 period moving

are rapidly hydrated/transformed into metastable hydrous phases.
The first reaction of raw ash hydration is lime slacking that leads to
formation of portlandite (3).

CaO + H2O → Ca(OH)2 (3)

The experimental hydration of oil shale PF and CFB ashes [11,12]
suggests that the lime to portlandite conversion is fast, and almost
complete lime slaking occurs during the first 24 h of reaction. The
next stage of the oil shale ash hydration is governed by anhydrite
(anhydrous Ca-sulphate) reactions towards gypsum (4) and ettrin-
gite (5).

CaSO4 + 2H2O → CaSO4·2H2O (4)

3Ca(OH)2 + 2Al(OH)3 + 3CaSO4 + 26H2O

→ Ca6Al2(SO4)3(OH)12·26H2O (5)

Ettringite forms from reaction of the anhydrite/gypsum and
dehydroxylated aluminosilicate clays and/or amorphous Al–Si
glasses. Liira et al. [12] shows that ettringite was detected by X-
ray diffraction in oil shale ash after about 5–14 days, when free
lime was converted to portlandite and the cabonation of port-
landite had already been started. This does not agree with earlier
studies [15] suggesting that ettringite forms during early stages of
hydration. The phenomenon of delayed ettringite occurrence can
be explained either by an early colloidal (X-ray amorphous) form of
the ettringite that cannot be detected by X-ray diffraction [e.g. 16]
or by inhibited precipitation of the ettringite due to limited diffu-
sion of the Al(OH)4

− ions into the pore solution in the presence of
gypsum and lime, where lime depresses the solubility of the poten-
tial aluminium bearing phases – aluminate, aluminosilicate glass,
clay minerals and K-feldspar [17]. The latter suggests that the alu-
minium becomes available for ettringite formation after the slaking
of the lime is completed, which agrees with the observed timing of
the ettringite formation.

The formation of hydrocalumite (Ca2Al(OH)7·3H2O) as the next
secondary phase in PF ash hydration process suggests that the
ettringite formation in oil shale ashes is limited by the availability
of dissolved sulphate, while the excess of aluminium is precipi-
tated as Ca-aluminate(hydrate) type phases. However, Liira et al.

[12] noted that in CFB ashes ettringite formation is accompanied by
precipitation of excess gypsum (CaSO4·2H2O), which implies that
aluminium, not sulphate, is a limiting component in these ashes.

Subsequent diagenetic transformation of the hydrated ash is
governed by carbonation of the metastable portlandite by binding
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ig. 7. SEM images of unhydrated (A and B) and the plateau sediment samples (C a
ggregates. (C) Abundant needle-like ettringite crystallite fillings in sediment voids
alcium carbonate precipitates on the surface sample sediments.

f atmospheric CO2 according to reaction (6).

a(OH)2 + CO2 → CaCO3 + H2O (6)

s a result the composition of the ash stored under ambient
onditions is progressively modified [9,12,18,19]. According to
uusik et al. [10] complete carbonation of portlandite in labora-

ory scale experiments takes place in 28 days. Our results show,
owever, that significant (but not complete) carbonation of port-

andite is achieved only in the uppermost 0.5–1 m thick layer of
he ash plateau sediments, and the content of calcite decreases over
through) about a 5 m thick depth interval, whereas the portlandite
s well preserved in deeper parts of the ash plateau sequence. This
bservation suggests slow CO2 diffusion controlled carbonation of
he plateau sediments, which is further retarded in the upper lay-
rs of the ash deposits due to the effective precipitation of calcite
nd other secondary minerals that will progressively block out the
ore space.

Slow carbonation of the ash sediment is important in retaining
tability of other primary hydration phases, especially ettringite.
ttringite stability is controlled by pH and sulphate activity, and
he phase is stable at pH values >10.7 [20]. At lower pH values the
ttringite becomes unstable and dissolves incongruently to gyp-
um/bassanite, (amorphous) Al-hydroxide and Ca-aluminate type
hases (reaction 7) [20], or in the presence of CO2 to Ca-sulphate,
l-gel and calcium carbonate (aragonite, vaterite, calcite) [21].

a6Al2(SO4)3(OH)12·26H2O + 3CO2

→ 3CaCO3 + 2Al(OH)3 + 3CaSO4·0.5H2O + 27.5H2O (7)

ortlandite dissolution equilibrium controls the solution pH at
H ∼ 12.3, which is well above the ettringite stability limit, and in

eeper parts of the ash plateau the ettringite is a stable phase. How-
ver, the calcite equilibrium (pH ∼ 8.2) is attained by carbonation of
he portlandite in the system and ettringite becomes unstable. This
rocess is evident only in the uppermost layer of the plateau sedi-
ents, where the proportion of ettringite has somewhat decreased,
. Fresh ash from furnace (A) and from cyclone (B) show abundant spherulitic glass
remnant form of spherulitic glass aggregate with ettringite coating. (D) Secondary

but in the presence of some amounts of portlandite the pH is still
at the ettringite stability level (pH ∼ 12).

Diagenetic transformation of the secondary Ca-silicate phases
formed in the burning processes is subdued, although belite (�-
CaSiO4) can react with atmospheric CO2 forming additional CaCO3
– calcite and SiO2 – quartz (reaction 8) [10].

Ca2SiO4 + 2CO2 = 2CaCO3 + SiO2 (8)

The composition trends of the Ca-silicate phases in the plateau
sediments (Table 2) does not show any changes, and the trans-
formation of silicate mineral phases can be regarded as a minor.
Nevertheless, the mineralogical data suggest dissolution of amor-
phous glass phases and precipitation of secondary smectite type
clay phases. Higher proportions of clay and decreasing propor-
tions of amorphous phase in the uppermost part of the deposit
suggest a dissolution–precipitation mechanism of glass devitrifica-
tion, which is most probably initiated by percolating unsaturated
precipitation waters. The recrystallization of the glass phases is
also indicated by dissolution pits, as well as secondary coatings
on the surfaces of spherulitic glass particles (Fig. 7C). High activ-
ity of dissolved Si and specifically high K (>500 mg l−1) [22] in the
water in contact with the ash would hint at the precipitation of
secondary mixed-layer clays, zeolites and/or authigenic K-feldspar
phases similar to hydration of volcanic glasses in evaporitic alkaline
hypersaline or diagenetic environments [e.g. 23]. However, sec-
ondary silicates other than smectite type clay were not identified
in the ash plateau sediments.

4.1. Alkalinity potential

High alkalinity (pH 12–13) of the waters draining off from the

ash sediment plateaus is controlled by the content of portlandite
and ettringite, which are the main secondary Ca-hydrate phases
in the plateau sediments. Our results show that stabilization of
the plateau sediments by carbonation and precipitation of stable
calcite has affected only a limited volume of surface sediments,
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eaning that the sediment heaps retain a high alkalinity potential
or a long time. Alkalinity (potential) or buffering capacity of the
sh sediments can be estimated as a function of the concentrations
f alkaline elements and cations of strong bases (Ca, Mg and Na,
, respectively) [24,25], whereas the non-silicate Ca concentration
as been found to yield a linear empirical function with the alka-

inity for different types of fly ashes [Eq. (1), 25]. Based on this we
an define the neutralization volume (i.e. volume of acid required
o neutralize a mass unit of alkaline ash sediment) of the plateau
ediments as a function of Ca [Eq. (2), 25].

According to the mineralogical analyses (Table 2) the proportion
f non-silicate Ca in the ash plateau sediments varies from 18% to
2%, average 25%. The corresponding average estimated alkalinity
f the ash sediment is thus 1195 meqNaOH g−1. Under open condi-
ions the neutralization of the ash alkalinity occurs by slightly acidic
pH 5.65) natural precipitation. The precipitation water in equilib-
ium with atmospheric CO2 contains 9.3 × 10−6 mol L−1 of carbonic
cid, which suggests that about 7 × 105 L of rain water is required
or full neutralization (pH 7) of 1 kg of ash sediment. The mean
nnual amount of precipitation in Estonia is about 760 mm year−1

nd the density of the ash sediment varies between 1800 and
500 kg m−3 (average 2100 kg m−3). Under these circumstances the
eutralization of one cubic metre of ash sediment would require
percolating rainwater volume equivalent to the precipitation in

bout 400 thousand years. Recently Velts et al. [26] estimated using
umerical modelling of Ca leaching from a 1 m thick layer of oil
hale ash that leaching of soluble part of the lime with natural
recipitation would take approximately 500 years. Although this
odel does not take into account the diagenetic transformation

f the unstable ash minerals it is evident that hydrated oil shale
sh sediments maintain high alkalinity and alkaline pH for con-
iderably long times, posing a potential environmental threat for
oming centuries. More explicit estimates of the time and condi-
ions required to neutralize fluid in a waste deposit fill would need
urther research to understand the rates of water infiltration and
iffusion of CO2, as well as anion hydrolysis of the silicate phases.

. Conclusions

Ash left after burning kerogenous Estonian oil shale is composed
f lime, anhydrite, Ca-silicate mineral phases, and X-ray amorphous
l–Si glass phase, which are unstable under open atmospheric and
et conditions, and become hydrated into metastable secondary
hases portlandite (calcite), gypsum, ettringite and hydrocalumite.
iagenetic transformation of the hydrated ash is dominated by car-
onation of metastable portlandite by reaction with atmospheric
O2. Slow carbonation allows preservation of primary hydration
hases, such as ettringite. Ettringite and portlandite dissolution

aintain the solution pH at 12–13. Alkalinity potential estimated

rom the composition of the ash shows that the full neutralization
f ash sediment by precipitation water would require hundreds
f thousands of years, making these ash plateaus environmental
roblems for many coming generations.
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