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The most important indicators of coal quality are
the petrographic composition and ash content. They
are also of great geochemical significance, since they
determine the accumulation and distribution of trace
elements in the coal.

The petrographic composition is produced by
transformation of biochemical organic matter into the
organic component of coal. By contrast, the ash con�
tent is associated with the mineral components present
in solid or dissolved form in the organic system. Since
trace elements may be present in the organic system in
the same phase states, we may expect that their con�
centrations will be related to the petrographic compo�
sition and ash content of the coal.

In practice, however, those relations are very com�
plex. Therefore, the relation between the trace�ele�
ment concentrations and the coal’s petrographic com�
position and ash content is an ongoing preoccupation
in research on coal quality.

GEOCHEMICAL RELATIONS

The petrographic composition and ash content
were traditionally used as indicators of coal quality,
before coal was identified as a potential source of ger�
manium and other elements. Requirements on coal
quality are more complex now that industrial Ge, Ga,
and U concentrations have been established in coal
and the presence of toxic trace elements (such as Be,
Co, Ni, V, and Se) is known. At present, coal deposits
cannot be adequately assessed without estimating their

content and distribution of trace elements; the content
of trace elements is an indicator of coal quality.

Petrographic Composition 
and Trace�Element Content of Coal

Special research on trace elements in coal began
with Goldschmidt [1]. Some data were obtained ear�
lier. In 1887, for example, Jensch identified ZnO
(0.09–1.12%), PbO (0.008–0.02%), CdO (0.001–
0.008%), and MnO (0.20–2.84%) in the ash of coal
from the Upper Silesian Basin; in 1915, Fersman
established the presence of sphalerite, galenite, and Ag
in Borowicz coal. However, only Goldschmidt pro�
vided a firm foundation for the systematic quantitative
study of the trace elements in coal. Without special
petrographic research, he showed that the GeO2 con�
tent in vitrain and clarain (0.1%) is an order magni�
tude greater than in durain (0.01%) and emphasized
the possibility of extracting rare elements from coal.

Attention first focused on germanium. The germa�
nium content in vitrain is always considerably higher
than in coal, as shown in [2, 3]. This was attributed to
the capture of Fe by gel in humic acids. Coal petrogra�
phy quickly expanded to include other relatively uni�
form components of coal: durain and spores [4, 5]. It
was established that the Ge content is 18 times greater
in vitrain than in durain and confirmed that germa�
nium is concentrated by a gelled mass containing vit�
rain and other petrographic components. However,
spores do not concentrate germanium.
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The Ge content is always higher in structured vit�
rain, as noted in [5]. The highest Ge content is associ�
ated with structured vitrain (90–4000 g/t) from uni�
form coal (3–43 g/t); a smaller content (up to 920 g/t)
is associated with structured vitrain from banded coal
(2–5 g/t); and the smallest content (79 g/t) is associ�
ated with structured vitrain among large fusinized col�
umns (4–28 g/t). By separating coal samples into frac�
tions on the basis of their density, it was shown that the
basic carriers of germanium are nonoxidized compo�
nents of the organic mass (vitrain, xylain, xylovitrain,
primary gelified mass) [6]. In this case, the maximum
content is associated with the fraction that has the
highest vitrain content. Exinite microcomponents
(cuticle, tar, spores) do not concentrate germanium.

Subsequently, the direct relation between the
Ge content and the degree of humification was repeat�
edly confirmed [7–10]. An anomalously high Ge con�
tent (>6%) was recorded in lignite ash from cretaceous
rock in the District of Colombia [11]. Such lignite ash
also has high concentrations of V (0.7–5.0%),
Cr (0.1–0.8%), and Ga (0.03–2.0%). A number of
samples exhibit high Cu content.

Higher Ge content (8.4%) is observed in lignite ash
from the Lower Lias in Dorset [12]. The Ge content in
the coal itself is equally high (9.5% for the ash). An

incomplete compilation of empirical data regarding
the germanium distribution in some coal components
may be found in [13].

Recently, relatively high trace�element concentra�
tions were found in dopplerites of the Nazarovsk field
within Kansko�Achinsk Basin [14]. For several
Zabaikal fields, it has been shown that the Ge content
is concentrated by vitrain, in which the Ge content
increases sharply as the coal’s Ge content rises
(Fig. 1). Conversely, fusain plays no role as a germa�
nium concentrator (Fig. 2). The Ge content rises in
the sequence telinite, posttelenite, precollinite, col�
linite [15–17]. That reflects the influence of redox
reactions in the organic system [18].

The same behavior is observed for other trace ele�
ments [19, 20]. It is obvious that germanium and other
trace elements are concentrated selectively in coal; the
enrichment is greatest in uniform humified compo�
nents—especially lignites. However, no explicit func�
tional relation is established between the trace�element
concentrations and the petrographic composition,
since the conversion of the petrographic composition to
a quantitative parameter remains baffling.

Ash Content and Trace�Element 
Concentrations in Coal

In Goldschmidt’s era, when the determination of
elementary concentrations in rock was the focus of a
new specialization, geochemistry, trace elements were
investigated by spectroscopy of the ash, by analogy
with rock. The high levels of germanium in coal
directed particular attention to that element; other
elements were regarded as secondary. Little attention
was paid to the influence of the ash content on the
trace�element concentrations.

At present, only a small proportion (~17%) of the
many (>60) trace elements in coal are known. These
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Fig. 1. Distribution of the Ge content in vitrain as a func�
tion of its content in the surrounding coal without germa�
nium (I) and surrounding germanium�bearing coal (II).
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Fig. 2. Distribution of the Ge content in fusain as a func�
tion of its content in the surrounding coal without germa�
nium (I) and surrounding germanium�bearing coal (II).
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include valuable elements extracted from the ash
(Ge, Ga, U); potentially valuable elements, for which
extraction technology has been proposed (V, Sc, Li, B);
and secondary elements (Hg, Ga, Mo, W, Pb, Zn, Cu,
Ag, Au, Ti), which are taken into account together
with germanium. As a result, finding the dependence
of the trace�element concentrations on the ash con�
tent is a priority in assessing the potential rare�metal
content in coal.

Vistelius adopted a different approach, by statisti�
cal assessment of the relation between the Ge content
and the ash content, on the basis of the corresponding
correlation coefficient [21]. A significant negative cor�
relation coefficient (r = –0.7) indicated a relation of
germanium with the organic component of the coal.
On the basis of the correlation coefficient, the form of
the element may be assessed: mineral for a positive
correlation and organic for a negative correlation.

This method indicates that vanadium is in the min�
eral component, while beryllium is in the organic
component of the coal [22]. For a large group of ele�
ments in English coal, V is associated with mixed lam�
inar minerals; Zr with fragmented material; and Mn
with complex carbonates [23]. Affinity with the coal’s
inorganic component was noted for Co, Eu, Ce, La,
Sc, Ti, and Y.

However, no negative correlation of germanium
with the ash content was noted in [24]; on that basis,
their relation is only apparent. A positive correlation
was found between the germanium content in Don�
bass Basin coal and the ash content [25]. A positive
correlation was found in [13]. To resolve these incon�
sistencies, differentiation of the ash into genetic types
was proposed in [26].

These complications were characterized as the par�
adox of the ash content in [26]. However, the genetic
types of the ash are simply virtual components and are
not susceptible to analytic definition.

Many attempts have been made to describe the
concentration of germanium by means of functional
relations. The simplest function was obtained in [27]

K = Rt/Vρ. (1)

Here K is the Ge content in plant residues; t is the time
for which the solution acts; R is its concentration; V is
the volume of the organic system; ρ is the density of the
surrounding rock, which affects the infiltration of the
solution. Equation (1) fails to take account of the
organic component’s affinity for the ash content and
can only be regarded as a mechanical set of parameters.

A better formula was proposed in [28]

(2)

Here Ewf is the total content of the element in ash�free
coal, %; Ea is the total content of the element in the
mineral component, %; E0 is the total content of the
element in the pure organic component of the coal, %;
fm is the mineral coefficient (fm = M/Awf); M is the min�

Ewf E0 0.01fm Ea E0–( )Awf.+=

eral content in the ash�free coal, %; Awf is the ash con�
tent of dry coal, %.

The parameters in Eq. (2) may be calculated with
high precision. The function itself may be plotted as a
graph of the content of the element (g/t) against the
ash content (%), as demonstrated in [28]. The follow�
ing possible correlations of the content of the element
and the ash content were noted:

⎯a positive correlation, Ea > E0;
⎯no correlation, Ea = E0;
⎯a negative correlation, Ea < E0.
In Eq. (2), however, no account is taken of the ele�

ment’s affinity for the ash content. Therefore, the
same correlations are obtained for different trace ele�
ments; that is unrealistic. In addition, no distinction is
made between the clastogenic and diagenetic compo�
nents of the ash.

A very simple function was proposed in [26]

(3)

Here CA is the content of the element in the ash; Corg is
the content of the element in the organic component
of the coal; Cmin is the content of the element in the
mineral component; Ad is the ash content of the coal.

This formula is less informative than Eq. (2). It
contains the same assumptions as Eq. (2); in particu�
lar, it fails to take account of different elements.

Thus, like the petrographic composition, the ash
content cannot be identified as a simple factor in the
concentration of trace elements within coal. Its role in
their accumulation is complex, and the dependence of
the trace�element concentrations on the ash content is
problematic.

FUNCTIONAL RELATIONS

Coal may be regarded as a complex mixture of
organic matter and mineral impurities. The organic
component of the coal, which, in petrographic terms,
consists of newly formed microcomponents (the vit�
rinite and fusinite groups) and inherited microcompo�
nents (the liptinite group). The conversion of the bio�
chemical organic matter into the organic component
of the coal depends on the redox reactions in the
organic system [18].

The reactive component of the coal, expressing the
ratio of the organic system to the dissolved microele�
ments, is determined by the newly formed microcom�
ponents, the most important of which are in the vitrin�
ite group. The newly formed microcomponents in the
fusinite group are geochemically inert. Thus, the con�
centration of the organic system is maintained by a
single group of microcomponents—the vitrinite
group.

The mineral impurity is formed by two pathways: as
clastogenic mineral component supplied to the
organic system in solid form; and as dissolved mate�

CA 1 Ad–( )Corg AdCmin+[ ]/Ad
.=
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rial, with humic compounds and various mineral–
diagenetic phases. Note that the supply of the first
component is limited by the peat�forming level. The
infiltration of the solution may be maintained in
diagenesis and catagenesis—in other words, with no
access of free oxygen to the organic system.

Dependence of the Trace�Element Concentrations 
on the Coal’s Petrographic Composition

The relation between the trace�element concentra�
tions and the petrographic composition of the coal is
either derived by direct comparison for the specific
coal or is established from the distribution of trace ele�
ments among density fractions. Such data cannot be
converted to functional relations that correspond to
the reactions of the trace elements with the organic
component of the coal, as is customary in mineral sys�
tems. In contrast to mineral systems, there are no
structurally uniform phases in the organic system.

However, coal is represented by a limited set of
chemical elements—the organogenic elements. The
compounds that they form react with the trace ele�
ments only through specific structural units. In partic�
ular, these reactive structures include the peripheral
functional groups: carboxyl groups –COOH; phenolic
hydroxyl groups –OH; carbonyl groups C=O; and
methoxyl groups –CHO3. The carboxyl groups are the
most important components reacting with dissolved
trace elements.

The functional groups are coordinated relative to
the aromatic ring. The reactive complex may be writ�
ten in the form RCOOH, where R is the aromatic ring.
Then, the reaction of metal cations (Mez+) with humic
acid, corresponding to cleavage by the alkyl�group
method, may be written in the form

zRCOO¦H + Mez+ = (RCOO)zMe + zH+. (4)

Here (RCOO)zMe is a stable compound of the metal
with humic acid; RCOO¦H denotes a reactive complex
corresponding to cleavage of the carboxyl group by the
alkyl�group method.

Assuming that [RCOO¦H] = 1, we obtain

(RCOO)zMe = (5)

where  is the reaction constant.

The reaction of anionic forms of the metal with
humic acid, corresponding to cleavage by the acyl�
group method, may be written in the form

zRCO¦OH +  = (RCOO)zMe + zOH–. (6)

Correspondingly, when [RCO¦OH] = 1, we obtain

(RCOO)zMe = (7)

K alc' Mez+[ ]

H
+[ ]

z
��������������,

K alc'

MeOan
z–

K acl' MeOan
z–[ ]

OH–[ ]
z

������������������.

The activity of oxygen in an acidic medium is

[O2] = (8)

where Kac is the equilibrium constant of acidic reac�
tion in an aqueous medium.

Substituting Eq. (8) into the relation F/Vt = f[O2],
we obtain [20]

F/Vt = ϕ
αc (9)

where ϕ
αc is a constant of proportionality.

The activity of oxygen in alkaline medium is

[O2] = (10)

where Kal is the equilibrium constant of alkaline reac�
tion in an aqueous medium; [e–] is the electron activ�
ity; [OH–] is the activity of the hydroxyl group.

Using Eq. (10), by analogy, we obtain

F/Vt = ϕ
αl (11)

where ϕ
αl is a constant of proportionality.

In Eq. (11), the degree of transformation of the
coal’s organic component is expressed as a function of
the basicity (alkalinity) of the solution supplied to the
organic system. Substituting Eqs. (9) and (11) into
Eqs. (5) and (7), we obtain the following:

⎯for cations

(12)

⎯for anions

(13)

In Eqs. (12) and (13), the trace�element concen�
tration is related to the petrographic composition of
the coal—expressed as the ratio of the newly formed
microcomponents F/Vt, which are produced in redox
reactions within the organic system. We also see that
the trace�element concentrations in the organic sys�
tem are functions of several independent variables.

If the reaction constants   Kac, Kal and
constants of proportionality ϕ

αc, ϕαl are assumed to be
invariant, the independent variables will be F/Vt, [e–]z,

[Mez+] in Eq. (12); and F/Vt, [e–]z, [Me ] in
Eq. (13). The activities of the cations, anions, and
electron are specified by the external medium; in other
words, they are independent variables. The ratio F/Vt
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is an expression of the redox conditions in the organic
system.

The three variables may vary independently,
reflecting the redox conditions, the humification of
the organic component, and the concentration of
the dissolved trace elements in the organic system.
On the basis of Eqs. (12) and (13), we may assess how
the degree of oxidation of the organic mass affects
the trace�element concentrations, with equal or dif�
ferent concentrations in the solution.

At the same time, these functions do not include
exinite�group macerals as parameters. That is consis�
tent with the fact that they are not involved in boosting
the trace�element concentrations in the coal.

The functions

(RCOO)zMekt = f([e–]z, [Mez+]) and

(RCOO)zMean = f([e–]z, [Me ])

correspond to complex surfaces reflecting the param�
eter variation. At each point of those surfaces, the rela�
tions between the independent variables will be differ�
ent. Hence, the ratio F/Vt will be different and, like�
wise, the petrographic composition of the organic
component and the activity of the dissolved trace ele�
ments will be different. Correspondingly, the ratio of
the independent variables will ultimately determine
the trace�element content in the coal, and this, in
turn, determines the coal’s potential as a valuable
metal source.

There is no need to analyze different relations
between the independent variables and the trace�ele�
ment concentrations, since there will be innumerable
such combinations.

Note, however, that the independent variables in
Eqs. (12) and (13) are raised to the power 1/4. That
considerably slows the concentration of the trace ele�
ments within the organic system, but this effect is
somewhat compensated by the charges of the cations
and anions. The compensation is greater for higher
charges. This is consistent with the known empirical
rankings of the rare elements in terms of affinity for the
organic mass and their concentrations in lignite
[11, 12, 22].

It also follows from Eqs. (12) and (13) that the
actual content of trace elements in the coal is a linear
function of their concentration in aqueous solution,
regardless of their soluble form. Thus, in each case, the
concentration of the trace elements within the organic
system will depend on the permeability of the organic
system. Consequently, the trace�element content over
the coal bed will be very variable.

Finally, note that, for different methods of car�
boxyl�group cleavage, the petrographic parameter
F/Vt has a different position within the equations. This
corresponds to distinctive locations of the cations and
anions within the organic matrix and the formation of
particular stable compounds.

Oan
z–

Dependence of the Trace�Element Concentrations 
on the Coal’s Ash Content

As shown earlier, no clear dependence of the trace�
element content on the ash content of the coal has
been established. The correlation method, which
seemed promising at first, has not led to a clear con�
clusion regarding the relationship of microelements—
primarily germanium—with the organic or mineral
component of the coal. Other methods—the division
of coal into fractions on the basis of its density, the
extraction of pure organic compounds from coal, the
isolation of ingredients—are either inconclusive or do
not apply to the coal as a whole. They offer no guid�
ance as to the inadequacy of the correlation method.

There is a single function relating the trace�ele�
ment content Cc in coal with its ash content Ad

(14)

Here Ca is the trace�element content in the ash.

We may rewrite Eq. (14) in the form

(15)

This function is continuous. The independent vari�
ables are Cc and Ad. It follows from the continuity con�
dition that

(16)

If we set Cc ≈ const, then Ca = Cc/Ad. In that case,
the trace�element content in the ash is inversely pro�
portional to the ash content. However, this is the case
only with a low trace�element content in the coal, as
shown in [29].

With considerable variation in Cc, which is typical
of anomalous concentrations, the relation between the
trace�element content and the ash content is broken,
since not only the ash content but also the trace�ele�
ment content varies, and their variation will be inco�
herent.

If the ash content fluctuates within a narrow range,

we may set Ad = const. Then Ca =  In that
case, we cannot say anything definite about the rela�
tion between Ca and Ad, since Cc may be different. Only
the ratio Ca/Cc remains constant.

If Cc is variable, the necessary and sufficient condi�
tion for a positive correlation between the trace�ele�
ment content and the ash content is

(17)

Solution of Eq. (17) gives a result that seems odd at
first glance

(18)
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Hence, a positive correlation between the trace�
element content and the ash content arises when
Eq. (18) is valid. Obviously, this condition may only be
satisfied in anaerobic conditions, where clastogenic
material is not supplied to the organic system, while
the trace element is supplied in dissolved form.

Hence, we conclude that the trace elements are con�
centrated in anaerobic conditions, outside of the peat�
forming level—that is, in diagenesis.

At the same time, dissolved petrogenic elements
(Ca, Mg, Fe, Na, K) may be supplied to the organic
system in this case, and their humates will create an
elevated ash content, as shown by dopplerites [14]. In
that case, Eq. (18) will not be satisfied, since the
humate ash content is high and its variation will dis�
rupt the correlation.

A different situation arises when the organic system
is supplied with dissolved Na and K, as in the silicon
module. These petrogenic elements have low affinity
for the organic mass; they are hardly captured there. In
these conditions, Eq. (18) will be satisfied. Coal with
such ash is usually enriched with trace elements. In
many cases, anomalous concentrations are seen,
reaching industrial values.

Obviously, the clastogenic component of the ash
accumulating in the peat�forming level always compli�
cates the diagenetic ash content and thereby disguises
the true correlation. Therefore, attempts to find some
genetic optimum of the ash content for coal enriched
with germanium are generally unsuccessful [26]. The
tendency of the Ge content to approach the modal
value of the ash content simply reflects the statistical
properties of the coal and provides no information
about the trace elements.

If we adopt Cc and Ca as coordinates, we find from
Eq. (14) that

(19)

On the basis of Eq. (19), we may represent the com�
plex surface CcCaAd on the Cc–Ca plane, where Ad is
represented by tanα = ΔCc/ΔCa (Fig. 3, inset). Since
Ad may vary from 0 to 1, α will vary correspondingly
from 0 to 45°.

With the given configuration of the axes (Fig. 3),
the concentration field is bounded by the Ca axis and a
line leaving the coordinate origin at 45°. Within this

concentration sector, a system of rays  may be cre�
ated for different values of Cc/Ca. (Several such rays are
shown in Fig. 3.) Each ray corresponds to a particular

value  = const (i = 0, 1, 2, …). That allows the con�
centration field to be divided into smaller sectors with
different ash content and thus subfields of low�ash
coal, carbonaceous shale, and finally carbonaceous
rock, bounded by a pure�rock ray with Ad = 1.

Note that Ad is constant over the length of each ray.
If the ash content of the samples is mineralogically and

Ad α.tan–

Ai
d

Ai
d

geochemically uniform, movement along the ray
reflects different content of the trace element,
depending on its concentration in the coal’s organic
component. Obviously, with a given trace�element
content in the ash, the ash content in the coal’s
organic component will increase with increase in the
total ash content in the coal.

On the basis of Fig. 3, we may compare the germa�
nium content of coal from different beds and fields. To
that end, we drop a perpendicular from the point cor�
responding to the content in one field to the ash�con�
tent line for the other field and note the content at this
point. The difference between the two values corre�
sponds to the difference in germanium concentration.

As an example, we show the germanium content in
coal from several fields with different ash content in
Fig. 3. We see that the germanium content in Khu�
marinsk coal (recalculated for ash content Ad = 0.14)
is 20 g/t greater than for Altai coal.

In Podmoskovnyi coal, the content of organically
bound germanium (recalculated for ash content Ad =
0.26) is 25 g/t greater than for Mordoi coal. For Kha�
ranor coal, the content of organically bound germa�
nium (recalculated for ash content Ad = 0.20) is 50 g/t
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less than for Mordoi coal (Ad = 0.25). By this method,
the relative content of trace elements bound with
organic matter may conveniently be compared.

The basic functional relationship between the
trace�element content and the parameters of the
organic system takes the form [29]

(20)

Here ΔG is the increment in free Gibbs energy in the
reaction of the trace element with humic acid; R is the
gas constant; T is the absolute reaction temperature;
[Mez+] and [H+] are the concentrations of the trace
element and protons in aqueous solution; v is the infil�
tration rate of the solution; t is the infiltration time;
M is the mass of the organic matter; fm is the mineral
coefficient of the ash (fm = m/Ad); Ad is the ash content
of the coal; Corg and Cmin are the trace�element con�
tents in the coal’s organic and mineral components,
respectively.

In Eq. (20), the first term on the right side reflects
the dynamics of the interaction between the trace ele�
ment and the organic system, while e–ΔG/RT is the affin�
ity of the trace element for the organic mass. The sec�
ond term is some value of the trace�element content in
the coal, varying over time.

If the trace�element content in the mineral compo�
nent Cmin = 0, then

(21)

Thus, the trace element accumulates in the organic
component; increase in ash content reduces its con�
centration.

If the trace element is organophobic, the first term
and Corg disappear. In that case

(22)

The trace�element content in the coal must then be
proportional to the ash content and its content in the
mineral component. From Eq. (21), we obtain the
trace�element content in the ash

(23)

With intense diagenetic transformation, autoge�
nous materials develop; they will form a significant
and sometimes dominant component of the ash. The
most typical diagenetic minerals are pyrite, melniko�
vite, and marcasite; less common minerals include
galenite, sphalerite, chalcopyrite, and millerite. In
contrast to clastogenic components, they form a

C e ΔG/RT– Mez+[ ]

H+[ ]
��������������vt

M
���� 0.01fmAd Cmin Corg–( ).+=

Cc e ΔG/RT– Mez+[ ]

H+[ ]
��������������vt

M
���� 0.01fmAdCorg.–=

Cc 0.01fmAdCmin 0.01mCmin.= =

Cash e ΔG/RT– Mez+[ ]

H+[ ]Ad
���������������vt

M
���� 0.01fm Cmin Corg–( ).+=

diagenetic ash. If we regard them as ash�forming com�
ponents that contain trace elements, we may write

(24)

where subscripts tr and at denote the terrigenous and
autogenous components of the ash, respectively.

Hence, if the trace element is bound with the
organic component and autogenous minerals, then
Ctr = 0. Accordingly

(25)

If the microelement is carried by the autogenous
minerals, then

(26)

Consequently, the content of this trace element is
proportional to the ash content and to the content of
the trace element in the autogenous component.

Each of the relations obtained corresponds to spe�
cific conditions in the organic system. It is clear from
these relations that the trace�element content in coal
is not determined solely by the petrographic composi�
tion and ash content. If the multifactorial process is
reduced to an elementary two�dimensional model,
without regard for the other parameters, no clear cor�
relation can be obtained. Therefore, any conclusions
regarding the behavior of trace elements in coal that
are based on such analysis must be regarded with skep�
ticism.
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