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Abstract—The MINLITH program provides for calculating the first approximation mineral composition of
sedimentary rocks and their metamorphic counterparts from the bulk chemical compositions. The method is
universal and can be applied to most types of clastic, pelitic, and carbonate sedimentary rocks based on alimited
set of minerals and their ssmplified compositions. The program comprises a great number of arithmetic opera-
tions making up an algorithm. Each operation solves the equations allocating the major oxides to possible
(expected) normative minerals. The operation sequence is determined from empirical relationships based on the
study of numerous reference samples. The accuracy of MINLITH calculations was statistically estimated from
comparison with results of the high-precision study of modal mineral compositions. Uncertainty is commonly
within arange of 5-15 rel % and attains 60—70 rel % if the mineral content is below 5wt %. It is evident that
the program is arather ssmple, convenient, and useful tool for the approximate estimation of mineral composi-

tions of sedimentary rocks for lithological purposes.

INTRODUCTION

The calculation of mineral composition of rocks
from their bulk chemical composition is an efficient
method for the genetic interpretation, comparative
study, and systematics of rocks. The well-known CIPW
system elaborated in the early 20th century is till
applied to igneous petrology. Such methods were not
popular in lithology, first of all, because the mineral
composition in sedimentary rocks is much more com-
plex and methods of its identification with a required
accuracy were much later developed. The normative
mineral composition is calculated with the MINLITH
program on PC with a satisfactory accuracy, and the
calculation is practically instantaneous for the clastic,
pelitic, carbonate, and other rocks. Therefore, the MIN-
LITH program alows the processing of large data
arraysthat are inaccessible for common physical meth-
ods (counting in thin sections, X-ray diffractometry,
and others). Since contents of H,O (in any form) and
CO, are ignored in the program, it is also possible to
estimate the primary mineral composition of metasedi-
mentary rocks in order to elucidate ancient sedimenta-
tion environments. Examples of successful application
of the program were reported in several publications
(Aksamentova et al., 2002; Rosen et al., 1999, 2000,
2002; Zlobin et al., 2002).

NORM CALCULATIONS: A BRIEF OVERVIEW

Interactive computer programs for calculation of
the mineral composition of sedimentary rocksare pro-
posed in several recent publications (Pactunc, 1998;
Caritat et al., 1994; Currie, 1991). However, these
programs are based on the known compositions of
modal minerals, and this makes the investigation too
cumbersome. Several high-precision computing
methods were proposed for pelites (Pearson, 1978;
Kolkaet al., 1994; Laird and Dowdy, 1994; Merodio
et al., 1992), but their application requires X-ray dif-
fraction data for the estimation of mineral contents.
The SEDNORM program (Cohen and Ward, 1991;
Ward and Taylor, 1996) uses the chemical composi-
tion of rocks for the calculation of minera norms.
However, this program requires the instrumental
determination of compositions of variable phases,
such as smectite, illite, chlorite, and others. If this
information is lacking as in the case of metamorphic
rocks, approximately nine degrees of freedom (min-
eral composition variants) are left in the calculation,
and results turn out to be uncertain. Researchers have
also proposed standardless methods, which do not
require comparison with reference minerals observed
in the rock, for the interpretation of XRD results.
However, the expected phase compositions should be
known beforehand in such programs. It is evident that
these methods most likely serve as a supplement to
common instrumental (physical) methods for the

0024-4902/03/3803-0252$25.00 © 2003 MAIK “Nauka /Interperiodica’



THE QUANTITATIVE MINERAL COMPOSITION OF SEDIMENTARY ROCKS

Pelitic
matrix
Kaolinite

i (b)

Clastic material

Quartz

Quartz—kaolinite rocks

(a)

Arkoses

--X{ Hydromica Mont-

morillonite

Quartz

N NS

Lithic \
clasts

Feldspars Chlorite

Feldspathic lithoclastites,
including volcanomictic rocks

Fig. 1. (a) Families of terrigenousrocksvs. (b) prevailing clay
minerals (modified after Kossovskaya and Shutov, 1971).

determination of mineral composition rather than a
universal tool for the study of sedimentary rocks.
Some other methods applied to the high-precision
guantitative mineralogical analysis of sedimentary
rocks are mentioned below in the section devoted to
assessment of the accuracy of norm calculations with
the MINLITH program.

CHOICE OF NORMATIVE MINERALS

In order to calculate the normative composition of
any sedimentary rock and compile the computation
algorithm, we have to simplify the set of minerals and
their compositions. Main problems arise with alumino-
silicates, especially clay mineralsthat compose approx-
imately 75% of sediments. The accepted systematicsis
shown in Fig. 1. Erosion products of weathering crust
largely consist of kaolinite and quartz, whereas
graywackes are mainly composed of feldspars, lithic
clasts, and chlorite. The intermediate group comprises
arkose, quartz-lithic clastic rocks, and so on with illite
and smectite in addition to feldspars and lithic clasts.
This list of components includes four clay minerals
chosen for the norm calculation (kaolinite, illite, smec-
tite, and chlorite) and other common minerals, such as
feldspars, including plagioclase (albite and anorthite)
and K-feldspar. Other components (dark-colored
pyroxene, olivine, and amphibole) and rock fragments
are out of the system owing to the absence of differ-
ences that would make it possible to discriminate the
major oxides. This simplification is not serious if the
calculation results are correctly interpreted. Thus, the
proposed agorithm is restricted by seven aluminosili-
cate components (four clay minerals and three feld-
spars). The plagioclase composition was additionally
simplified and accepted asAn 20% commonly found in
most clastic rocks (Fig. 2).
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Fig. 2. Composition of feldspars in sandstone clasts (modi-
fied after Shutov, 1975). (1) Petrogenic complexesrelated to
direct supply of clastic materials from acid, intermediate,
and basic igneous rocks (each data point characterizes a
series of samples of one age level); (2) lithoclastogenic
complexes; (3) aposaprogenic complexes related to erosion
of weathered rocks; (4) prevailing composition domain.

The theoretical kaolinite composition was accepted
for the pelitic group. The accepted illite and montmoril-
lonite (smectite) compositions correspond to their
authigenic varietiesin natural rocks (Rosen and Nistra-
tov, 1984).

The chlorite component of sedimentary rocks is
characterized by an extremely wide compositional
variation. Correlation between chlorite and host rock
composition was established on the basis of bulk iron
content (FeOtot = FeO + 0.9Fe,0;, wt %). Mole frac-
tions of FeQ, i.e., F = FeOtot/(FeOtot + MgO), mol %
are approximately equal in chlorite and rock
(Fenl/Fro = 1). The Al,O5 content shows two types
of correlation between the chlorite and rock. When
Fcql > 0.78, the mole fraction of Al,O5 in chlorite,
i.e., Acy = 2A1,05/(2A1,05 + MgO + FeOtot), mol %
is approximately equal to this parameter in rock
(Arock)1 where A1203 = A1203rock - (Na2o + KZO)rock' If
Fenl < 0.78, Acy /Ao ~ 0.5 (Fig. 3). Average chemi-
cal compositions of modal chlorites were estimated
for common rock types within the F range of 0.2-0.9,
and the respective crystallochemical formulas were
calculated on the basis of 10 cations. Thus, a simpli-
fied petrochemical systematics of chlorites from sedi-
mentary rocks was presented as a combination of four
end members (greenalite, chamosite, amesite, and ser-
pentine) without regard for their crystal chemistry

(Fig. 4).
The petrochemical simplification serves as a basis
for the general formulaof chlorite accepted in the MIN-
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Fig. 3. (8) F vs. (b) Arelationship in chlorites and host rocks. F = FeOtot/(FeOtot + MgO); A = 2Al,04/(2A1,03 + MgO + FeOtot),
whereAl,03=Al,03,5« — (N&,O + K50), 0k, Mol %. (1) Graywacke; (2) mudstone; (3) Fe-Al nodule; (4) siderite; (5) browniron ore.

LITH program: k1MgO - k2FeO - k3Al1,05 - k4SiO, -
4H,0, wherek1 + k2 + k3 + k4 = 10. Equationsfor the
calculation of coefficientskl-k4 aregivenin Table 1. If
the calculated chlorite composition is compared with
other analytical results, the program yields a standard
formula (Me?*),(Me**),(Al, Si),0,,(OH),. All the for-
mulas used are shown in Table 2.

RELATIONSHIPS BETWEEN NORMS
AND MODES

When comparing XRD data with normative compo-
sitions, we should keep in mind that the normativeillite
corresponds to the group of nonexpanding clay miner-
als, including the authigenic illite, detrital (relict) dioc-
tahedral K-mica (1IMd-type with a potassium defi-
ciency balanced by the H;O- group), and a small
amount of mixed-layer phases. The normative mont-
morillonite comprisesthe montmorillonite, other smec-
tites, and mixed-layer phases consisting of illite—-smec-
tite intercalations that include partly ordered modifica-
tions with 10-20% expanding layers or disordered
modifications with more than 40% expanding layers.
The latter modification can also partly enter the norma-

Considerable limitations in interpretation are
caused by the fact that the normative compositions
correspond to mature sediments that underwent a
long-term transfer, redeposition, and diagenetic alter-
ation. As a result, fragments of volcanic rocks and
dark-colored minerals (olivine, pyroxene, amphibole,
and others) are completely decomposed or replaced
by minerals of mature sedimentary rocks. If dark-col-
ored minerals or fragments of basic igneous rocks
remain in a sedimentary rock, its normative composi-
tion becomes enriched in chlorite, asit takes place in
graywackes where the mafic fragments are replaced
by Fe-Mg layer silicates. The quartz—feldspar norma-
tive composition, which is doped with illite and mont-
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Fig. 4. End members of chlorite from sedimentary rocks
vs. F value. Average composition of chloritesin: (1) car-
bonate rocks and evaporites, (II) graywackes,
(1) polymictic and quartz sandstones, (IV) clays,
(V) alites and ferriallites, (V1) siderites and ferruginous
carbonate rocks, (VII) brown iron ore. Formulas were
calculated for 10 cations irrespective of crystallochemi-
cal structure.
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morillonite replacing the modal mica and amphibole,
respectively, is typical of felsic (granitic) rocks. A
similar compositionistypical of silicic volcanic glass.
Various structural classifications of sedimentary rocks
based on the proportions of silica minerals and lithic
clasts are inadequate for normative compositions,
because they are insensitive to these proportions. At
the same time, the normative compositions are indis-
pensable for the comparison and correlation of large
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Table1. A system of equations for the calculation of coefficients k1-k4 in the chlorite formulak1MgO - k2FeO - k3AI,0;5 -

k4SiO, - 4H,0

No. Parameter! Faation Calculated

K1 K2 K3 Ka molecular weight
1 0<F<021 -5.18F +4.42 4.09F (0.41F + 3.16)/2 | 10k1 + k2 + 2k3) | 126.89F + 551.81
2 0.21<F<0.51 —2.96F +3.93 | 5.66F —0.34 |(-2.69F + 3.66)/2 | 10(k1 + k2 + 2k3) | 126.89F + 551.81
3 0.51<F<0.69 —5.32F +5.13 | 254F +1.24 | (3.46F + 0.53)/2 | 10Kkl + k2 + 2k3) | 126.89F + 551.81
4 069<F<0872 | 532F+513 | 254F +1.24 | (3.46F +0.53)/2 | 10~(k1 + k2 + 2k3) | 126.89F + 551.81
4da |040<A<047 —12A + 6.2 254F +1.24 | (3.46F + 0.53)/2 | 10(k1 + k2 + 2k3) | 126.89F + 551.81
4 |A=047 0.56 254F +1.24 | (3.46F + 0.53)/2 | 10(k1 + k2 + 2k3) | 126.89F + 551.81
5 0.87<F<1 —AF +4 18.36F —12.36 | (—25F +25)/2 |10kl + k2 + 2k3) | 561.42F + 182.12

Notes:! F = FeO/(FeO + MgO); A = 2A1,04/(2A1,05 + MgO + FeO), mol %.
2Inthe range of 0.69 < F < 0.87 and high-Al rocks (A > 0.40), coefficient k1 is calculated from Eqgs. 4a or 4b depending on the A value.

stratigraphic units characterized by a great number of
chemical analyses.

The normative mineral composition of metasedi-
mentary rocks can be regarded as an approximation to
the modal protolith composition. In sedimentary rocks
of uncertain origin, the normative minerals can simply
be designated as petrochemical components in the fol-
lowing way: (Q) silicic component, e.g., in chert; (AB,
OR) akali—aluminacomponent, e.g., in anorthoclase or
zeolites;, (ILL, MM) akai Mg-Fe component; and
(CHL) Mg—Fe-Al component.

The occurrence of MM and Na-Mg—Fe-Al compo-
nents may indicate a presence of mixed-layer minerals.
The assemblage of normative ILL, MM, and CHL, asa
whole, may correspond to various mixed-layer phases.
However, their total content would not probably exceed
the sum of these normative components.

THE MINLITH ALGORITHM

The procedure alocates the oxide-to-minera trans-
formation in three sequential stages and a few sub-
stages making up the program. The results are
expressed in wt %. The algorithm comprising about
700 operations includes the direct calculation of each
mineral from the respective (critical) major elements
(except volatile components) and the subsequent con-
trol from contents of other rock-forming elements. A
deficiency in any of these elements returns the program
to the preceding stage, and the allocation of elementsto
other minerals is resumed according to empirical rela
tionships established in standards (600 reference sam-
ples taken from the literature). The obtained mineral
composition is a unique result of arithmetic calcula-
tions (Rosen et al., 2000).
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The principal computation stages are shown in
Fig. 5.

(1) The computation of accessory and subsidiary
components on the stoichiometry basis of apatite (P),
pyrite (S,,), gypsum (SO;), and fluorite (F). Carbon
(Cyre) and rutile (TiO,) are directly incorporated into
theﬁnal results.

(2) The computation of aluminosilicates and gibb-
site from the alumina allocation to the respective nor-
mative mineral s according to the known Na, K, Ca, Mg,
Fe, and Si contents (Table 3). However, the number of
elements used for the calculation of mineral balance
(Na, K, Ca, Mg, Fe, and S), i.e., the number of equa-
tionsisinsufficient for a unique solution (the number of
minerals or unknownsis more than the number of equa
tions). Therefore, the program uses additional empiri-
cal equations based on standards, i.e., 600 published
quantitative mineral analyses accompanied by the bulk
chemical compositions. These equations allocate Al,O;
contents to the respective Al-bearing minerals. Kaolin-
ite and feldspars are eliminated from the calculation at
the very low or, on the contrary, very high Al,O; con-
tents, respectively.

(3) The amounts of Si, Fe, Mg, and Mn remained
after the first and second stages are alocated to sili-
cates, oxides, and carbonates according to the excess or
deficiency of remaining Ca. The Ca residue equal to
250 units of oxide molecular quantities (1.40 wt %
Ca0) is an identification level of contents that governs
the following operations. If Ca"*2 < 250, the subse-
guent computation of Fe and Mn distribution is per-
formed in oxide form. However, if Ca"*2 > 250, the
carbonate forms are calculated (Table 4).

Each calculation procedure yields a residue, which
is consumed at the next step. The oxide excess, which

2003



256

ROSEN, ABBYASOV

Table 2. Formulas of minerals used in the MINLITH program

Abbreviation Minera Formula Molecular weight!
AB Albite Na,O - Al,O5 - 6SI0, 524.482
AN Anorthite Ca0 - Al,0O5 - 2SI0, 278.22
ANK Ankerite Ca0 - FeO - 2CO, 215.952
AP Apatite 3Ca0 - P,0Og + 1/3(CaF,) 336.21
cC Calcite CaO - CO, 100.091
CHL Chlorite kIMgO - k2FeO - k3Al,0; - k4SiO, - 4H,0? 555.81-743.54
Corg Carbon C 12.011
DL Dolomite CaO - MgO - 2CO, 184.422
FL Fluorite Car, 78.08
GB Gibbsite Al,O5 - 3H,0 156.08
GT Goethite Fe,0; - H,0O 177.716
GY Gypsum Ca0 - SO; - 2H,0 172.178
HL Halite Na, - 2Cl 116.896
ILL Ilite 2K,0 - MgO - FeO - 6.5A1,0; - 16SiO, - 5H,0 2014.75
KN Kaolinite Al,O3 - 2Si0, - 2H,0 258.172
MM Montmorillonite Na,O - 2MgO - 5Al,05 - 24S 0, - 6H,0 2202.60
MST Magnesite MgO - CO, 84.331
OR Orthoclase K50 - Al,O3 - 6SI0O, 556.70
PR Pyrite FeS, 119.982
PRL Pyrolusite MnO, 86.94
Q Quartz SO, 60.09
RCH Rhodochrosite MnO - CO, 114.951
RT Rutile TiO, 79.90
SD Siderite FeO - CO, 115.861
SRP Serpentine 3MgO - 250, - 2H,0 277.172

Notes: 1 Molecular and atomic weights used in cal culations (Avidon, 1976; Rosen et al., 1982): SiO, 60.09; TiO, 79.90; Al,O3 101.96; FeO 71.85;
MnO 70.94; MgO 40.32; Ca0 56.08; Na,O 61.982; K,0 94.20; P,O5 141.95; S32.066; C 12.011; SO3 80.066; F 19.00; Cl 35.457.

2 See Table 1 for calculations of factors k1—k4.

did not enter the calculated minerals, is converted into
the respective smple minerals, and this is the end of
computation expressed in molecular quantities. At the
subsequent stage, the molecular quantities of alumino-
silicates, carbonates, silicates, and oxides (recal culated
into wt %) are corrected to 100%. Computation with
the MINLITH program is completed at this stage.

Contents of H,O (in any form) and CO, areignored
in calculations. They can be estimated from the norma-
tive mineral composition using the above-mentioned
formulas. These estimates are commonly consistent
with volatile element contents recorded in chemical
analyses of unmetamorphaosed rocks.

ACCURACY OF RESULTS AND EXAMPLE
OF CALCULATIONS

Satistical Comparison of Normative and Modal
Compositions

The degree of compliance between norms and
modes is a key point in elaboration of the universal
method applicable to al sedimentary rocks. Any
method of the quantitative study of chemical sub-
stances is characterized by two principal parameters:
(1) accuracy (reliability) and (2) precision (reproduc-
ibility). Methods of analytical chemistry, petrographic
methods, and X-ray diffractometry are characterized by

LITHOLOGY AND MINERAL RESOURCES Vol. 38 No.3 2003
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Fig. 5. Block scheme of the MINLITH program.

specific accuracy limits affecting the results of norma-
tive minera calculations. For example, insignificant
errors in the reproducibility of chemical analysisin the
case of alkali metal contents give riseto large errorsin
the calculated mineral contents, which can attain
n. 10% (Shaw, 1964).

The correlation between normative and modal com-
positionsistypicaly better than 0.7 (Fig. 6). The accu-
racy of normative mineral content determination (irre-
spective of the bulk content) can be assessed by the
root-mean-square error or variation coefficient (Vd)
expressed in relative percentages according to the fol-
lowing equation (Nalimov, 1960; Aksamentova, 1975):

where nisthe number of parallel normative and modal
values (Wt %), d; = |, — X,| is the absolute difference

LITHOLOGY AND MINERAL RESOURCES Vol. 38

between normative and modal values for the ith pair
and X, = (X; — X,)/2 is the average value. We used the

modal mineral compoasitionsand bulk chemical compo-
sitions of 115 samples from the Australian Platform
(Mumme et al., 1996), Russian Platform (Ronov et al.,
1972, 1990), and Siberian Platform (Rosen et al.,
1999). The correlation results are presented in Fig. 7.
The discrepancy between normative and modal con-
tentsisthe lowest (Vd = £5-15 rel % with a maximum
of £40-50rel % for OR or FSP) for most mineralsif the
norms are compared with the most reliable modal com-
positions of platformal sedimentary rocks (Mumme
etal., 1996; Ronov et al., 1972, 1990; Rosen et al.,
1999). A good agreement between norms and modes
was established for rocks from the Australian Platform
(Mumme et al., 1996). In this case, Vd generally varies
from £5 to 14 rel % and reaches 5060 rel % for feld-
spars. A satisfactory precision (Vd = 1340 rel %) was
obtained for most components in rocks from the Rus-
sian Platform analyzed at the Geological Research
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Table 3. Algorithm for the calculation of aluminosilicate minerals

Stage 1. Calculated alumina fractions depending on
Me,O and MeO contentsin mineral formula

Stage 2. Variable mineral assemblages corresponding to grad-
ually increasing aluminacontent in the bulk composition (AI°)

i Gradation . —_ )
Alumina frac- 1 ; Allocation of initial alumina (Al°)
tion in mineras Me,0, MeO O.f Incr to normative minerals
in Al,Oq3
Alor Kor 2 Alpg + Alay + Alogr < AIO< Alyg + Alpy +
+ Al +Alog
+Alpay + Al +Algg + Al
+ Al +Alga
Alym 5 Naym 5 Al + Al + Al <AIPS Alyy + Al L+
+ Al + Al + Al
Algpe | IM@®(Mgy + Mgy) x k3]/kL crL T TN e

Stage 3. Determination of alumina fractions in aluminosilicates based on allocation equations

0(? n?l%?ggsne Aluminafractions (in aluminosilicates) Equations of aluminafraction alocation Control
: used for calculations® between alumosilicates
in Al,O;
1 Alag = N&0; Algg = K% Al =0.2N&° | (AB + OR(AN): ca, sin
Al0= Al + Algr = AlRy
2 Alag =Na® Alyy = 0.2Ne; Alop = Kogi | (OR + ILL): ca, M,
A|||_|_ = 3.25K||_|_ K = K + K| Fel Sin
3 Alag = Nag; Al = 02N, (OR+ILL + CHL): Ca, Fet, Sin
Algy = (Mg —Mg) x k3/k1 Al%= Al g + Alay + AlOR + AIILL +Alep;
Mgo = Mgy + MgchL
4 Alng = Nang; Alay = 02 Nag; (AB + AN + MM + CHL): ca, Fet, Si
Al =325K, Alyy =5 Nayy; K= Kyy i Ne = Nagg + Nayy;
Algy = (M¢° MgILL +Mgywm) xk3/k1 | Al0 = = Alpg + Alay + AI|LL +Alyy + Alcy;
Alan = 0.2 Napg; Mg® = Mgy + Mgym + Mo
5 Alg = Naag; Alay = 0.2 Nagg; (AB + AN + MM + CHL): Al°, Fet
Al =325 KILL1 Alym = 5 Nay; K® _KILL- N&’ = Nayg + Nayu;
Al = (Mg’ Mg, + Mgwm) X K3/KL; | AI9= Alag + Alay + Al + Al + Algu + Al
Algy = 0.5 Siy; Algg +Algg
I —02N3AB,A|KN—OSSKN,
Mg =Mg |+ Mgym + Mgcpi;
S"=Sipg +Sian+ Sior + SijLL + Simm + Sl +
+Sikn

Notes: Contents of all elements are expressed in molecular quantities of oxides.
1 Me,O and MeO are molecular quantities of Na,O, K,0, and MgO denoted as Na, K, and Mg, respectively, in normative minerals AB,

OR, ILL, MM, and CHL (see Table 1 for abbreviations).

2 According to the accepted conditions and formulas, Al »y is calculated as 20% of albite based on the Na content; Al with respective
formulacoefficients k1 and k2 is defined as aluminaresidue in montmorillonite and illite, where Mg, | = 0.5K | and Mgy = 0.2Nayum-

3 N&0, Nat and Na" are oxide concentrations in the bulk chemical composition (0), in residue left after the first calculation (1), and after n
number of preceding calculations.

41tisverified at this stage, whether the amount of other elementsis sufficient for the formation of the specified minerals. If this condition
isnot fulfilled, the program returns to the preceding stage and uses other components for the solution.

5 AN is calculated from alumina residue left after the calculation of all other minerals when the condition Al = Alyg + Al | + Alpor +
Alym + Alcy + Algy isfulfilled.
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Table 4. Algorithm for the calculation of carbonates, silicates, and oxides

Stage 1. Selection of minerals and residual oxides

259

Stage 2. Selection of relationships between residual oxides as
guides for the subsequent computation

Mineral Residual oxide Type Relationship
DL Mg", Mg"*1, ca
CcC ca" l. Ca'=Mg"+ Fe"
ANK Fe", Ca' ! Il. ca'< Mg" + Fe"
RCH Mn° 1. ca'>Mg"
SD Fe", Fe'+1 1. 1a Ca'*?< 250
PRL Mn° 1. 1b Ca'*2> 250
GT Fe2, Fe'*+2/21 2. ca'<Mg"
SRP Si"2, Mg"* %3 1. 2a Si" > 2/3(Mg™-Ca")
MST Mg"*1, Mg"* 1-3Mggrp 1. 2b 0< Si"< 2/3(Mg™-Ca")
Q Sin 1. 2¢ S"=0

Stage 3. Calculation of normative carbonates, silicates, and oxides

Rgaﬁtgbﬁélps Dolomite Magnesite, ankerite, Calcite, siderite, Rhodochrosite, py-
oxides and serpentine and goethite rolusite, and quartz
12 2 3 4
I n ntl 3 n+1 . n+3 Mn® —= RCH,
Mg+ Ca_ DL | Ca_pery +FET—= ANK Ca e ca e S"~Q
cC
I1. 1a n n+l o n+2 n+2 . Mn? —= PRL,
Mg + Ca(:Mgn) DL Ca.(:Can_Can+1) (:Fen_Fen+1) GT S‘h . Q
n+1
Fel_ ez —= ANK
I1.1b n ntl o n+2 n+2 o Mn? —~ RCH,
Mg + Ca(:NI o) DL Ca(:Ca”xa””) Fe(:Fe”—Fe””) =D S"—~Q
n+1
Fe(:Can+2) —— ANK
1. 2a n+l o n+2 Fe&'—» GT Mn® —= PRL
'+ M3 ey bL Y=mg gy * g2 o
S'(=2/3Mg”*2) — > SRP (=s"-s""Y)
1l 2b R PeMgtE Fe'—~ GT Mr® — PRL
Ca+ M 9i=can DL |S"+M =118 SRP e o
n+3 Cal N+l >
— (=s"-s"""
g(:Mgn_Mgn+l_Mgn+2) MS-I-
I1.2c n+l n+2 . Fe'—» D Mn° —= RCH
Ca'+ Mg(:Can) DL g(:Mg”—Mg””) MST

Notes: Contents of all elements are expressed in molecular quantities of oxides.
Residual components remained after the calculation of aluminosilicates are computed (Table 3).
1 Designations like Fe/2 are calcul ated formulaunits. For example, values used for recalculation to wt % are asfollows: 1/2 Fe,Os for goet-
hite Fe,O5 - H,0, 1/3 MgO and 1/2 SiO, for serpentine 3MgO, - 2Si0,, MgO for magnesite MgO - CO,, and so on.

2 (1-4) Sequential operationsin mineral calculation.
3 Subscri pt (=Mg") related to Ca" * 1 indicates that the Ca value equal to the molecular quantity of Mg" is subtracted from the preceding
Ca" value with aformation of the next Ca' * 1 value used in subsequent computations. Arrow denotes that both components make up dolo-
mite. Calculated formula units of dolomite are similar (Mg" or Ca * 1) according to the formula CaO - MgO - 2CO,. Other operations 1-4
are carried out in the similar manner according to the cal culated formula units of Stage 1.
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Fig. 6. Correlation of normative (N, this work) and modal
(M) contents of mineral components. (1) Silty and sandy
rocks (Ronov et al., 1995); (2) pelitic rocks (Ronov et al.,
1990); (Car) sum of calcite, dolomite, ankerite, and rhodo-
chrosite; (PelFsp) sum of Pel (illite, chlorite, montmorillo-
nite, and kaolinite) and Fsp (abite, anorthite, and ortho-
clase) components.

Center (Potsdam, Germany) (Ronov et al., 1972; 1990).
Similar results were obtained for most components in
the sample selection of Riphean rocks from the Sibe-
rian Platform. The highest Vd value of £53-59 rel %
was obtained for feldspars and clay minerals analyzed
a the All-Russia Institute of Mineral Resources
(VIMS) in Moscow.

Low discrepancy for components calculated at the
final alocation stage, when only the residue from pre-
ceding calculationsis used, serves as an important evi-
dencefor the high reliability of normative computation.
The good consistence was established for quartz (Vd =
+5-15 rel % in al cases) and the sum total of calcite
and dolomite. The control CO, estimates based on nor-
mative minerals are in a satisfactory agreement with
results of the bulk chemical analysis (Fig. 6). The high-
est errors (Vd = 60-70 rel %) are related to low
(<5 wt %) feldspar contents.

Example of Normative Mineral Calculation
and \erification of the Calculated Chlorite Formula

Table 5 shows an example of computation based on
the MINLITH algorithm for the mudstone sampl e stud-
ied by Mumme et al. (1996). They balanced the chem-
ical composition of therock and itsmodal mineral com-
position, which was estimated with the help of micro-
probe and XRD methods, by a specia petrochemical
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Fig. 7. Discrepancy between modal and normative mineral
compositions (Vd, rel %). (1) Russian Platform (Ronov et al .,
1990, 1995); (2) Siberian Platform (Rosen et al., 1999);
(3) Augtralian Platform (Mumme et al., 1996); (CarSd) sum
of calcite, dolomite, ankerite, rhodochrosite, and siderite; ()
sum of albite and anorthite. Other symbolsare asin Fig. 6.

calculation. The sequence of operations 1-11 and notes
in Table 5 demonstrate the details of the MINLITH
algorithm work. The accuracy of results is quite satis-
factory. The normative and modal illite contents were
estimated at 44.05 and 45.3 wt %, respectively. The
respective values are 40.58 and 45.1 wt % for quartz,
9.48 and 5.6 wt % for chlorite, and 3.68 and 3.80 wt %
for abite. The normative pyrolusite (0.92%), rutile
(0.73 wt %), and carbonaceous matter were not found
among modal minerals, probably due to an insufficient
detection limit of the microprobe or scattering of these
components within the prevailing chlorite and illite.
The normative serpentine (0.01%) likely indicatesaMg
excessin chlorite.

The following formula of chlorite expressed in
oxides was obtained from the computer analysis
(Table5): 2.72MgO 1.98FeO 1.28A1,0; 2.75Si0,
4H,0. The special command converts it into the tradi-
tiona form (Mg, 7,Fe 55)s (Feg0Al)30)2 (Al 26Sis75)s
0,0 (OH)g, which can directly be compared with its

modal  counterpart (Mg, 64 Feige s ( Feg.tv.s Al s5),
(Al 5Si, 1), O, (OH); (Mumme et al., 1996, Table 2,
Sample S3). Both formulas are approximately identical.

Theresultsturn out to beworse if the modal chlorite
contains a considerable amount of mixed-layer compo-
nent and absorbed cations. For the graywacke sample
(Mummeet al., 1996, Table 2, Sample S5) with 11.2 wt
% of modal chlorite, the normative chlorite was esti-
mated at 13.19 wt %. The comparison of both formulas
demonstrates only a rough similarity:

normative (Mg, ogFe| 02)4 (Feg77Al 23), (Al 29515 7)
0,0 (OH)g

Cag o7]0.12(Mg; sMng g1 Fe; 36)3 97(Al 17)1.17(Aly g5S15 15)4
0,0(OH)g.
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Table5. Example of MINLITH calculation (nhormative mineral composition of mudstone vs. modal composition)

Sequence of operations and normative minerals*
Bulk
Compo- | chemical 1 2 3 4 5 6 7 8 9 10 11
nent | composi-
tion, wt '\gﬁ'ﬁft';r Cog | RT | PR | AB | CHL | ILL | OR | SRP | PRL | Q
SO, 66.57 11078 416.22 | 422.79 | 3453.16| 40.705| 79.89 6665.21
Tio, 0.73 -
Al,O4 17.9 1676 69.37 | 196.99 | 1402.85| 6.78
Fe,05 0.85
FeO 3.01
FeOt 3.78 525 4.055 305.12 | 215.82
MnO 0.01 141 141
MgO 3.04 754 418.34 | 215.82 119.84
CaO 0 0
Na,O 0.43 69.37 69.37
K,0 413 4384 431.65| 6.78
P,0s 0.01 0
C 011 -
S 0.026 811 811
Calculated formula unit 4.055 69.37 | 154.02 | 215.82| 6.78 39.94| 141 |6665.21
Calculated wt % 0.11 | 0.73 | 0.05 3.64 9.36 43.48| 0.38 0.01| 0.91 40.05
Calculated wt % corrected 011 | 0.74 | 0.05 3.68 9.48 44.05| 0.38 0.01| 0.92 40.58
to 100%
Modal composition, wt %? 3.8 5.8 453 45.1
(after Mumme et al., 1996)

Notes: 1 Comments to operations:
(1) Preparation: calculation of FeOy and molecular quantities (oxide wt %/molecular weight) x 10000.

(2—4)582611 culation of accessory compgpentstonversj on of TiO, into RT and Cyq into C; calculation of PR from the calculated formula
unit S°/2 and calculation of residue (Fe™ = Fe™—Fepg).

(5-8) Calculation of aluminosilicates. Calculation of coefficients (F = 0.41 and A = 0.72) and construction of chlorite formula
2.72MgO - 1.98Fe0 - 1.28A1,03 - 2.75Si0, - 4H,0. Fitting of mineral assemblage (Table 3, stage 2, gradation 3): AB, OR, ILL, CHL.
(5) Calculation of AB from the calculated formula unit (NaO); alumina content decreases: Al = AIO—AIAB. (6) Solution of the equation
System: All = AlOR + A||LL + AlCHL; Mgo = Mg|LL + MgCHL; KO = KOR + K|LL (Table 3, Stage 3, gl’adation 3) and determination of
the calculated unit of chlorite from the Mg content: CHL = (K° + 4.5Mg° — Al%)/(4.5k1 —k3). The test for adequacy of K,0, Al,O3, and
FeO for other minerals. Fe deficiency for the subsequent computation has been detected; the cal culated formula unit of chloriteisrecal-
culated to Fe: CHL = (K0 + 4.5Fel-Al1)/(4.5k2 — k3) = 154.02; and Mg is in excess. (7) The illite formula unit is calculated from Fe
residue: ILL = Fe, — Fegy = 215.82. (8) Orthoclase is determined from K residue: OR = KO—K, = 6.78.

(9-11) Calculation of residual components. They correspond to group |1 2a based on relationships (Table 4). (9) The Mg residueisallo-
cated to serpentine: SPR = Mg,/3 = 39.94. (10) Mnisrecal culated to pyrolusite: PRL = MnO = 1.41. (11) The Si residueistreated as quartz:
Q = Sin - SiSRP = 6665.21.

2 Minerals shown as ILL: muscovite (41.0), kaolinite (2.4), and phlogopite (1.9). Minerals shown as CHL: chlorite (5.6) and goethite (0.2).
The contents are given in wt %.
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Fig. 8. Discrepancy between (8) Na,O and (b) K,0 contents
based on the bulk chemical composition of rock and calcu-
lated from compositions of the respective mineral phases
(the amount of phaseswas determined by the XRD method).
(1) Contents based on chemical analysis, calculated Na,O

content (plot @) in (2) plagioclase and (3) montmorillonite;
caculated K,0 content (plot b) in (4) illiteand (5) potassium

feldspar; (6) total oxide content in minerals. Results of
50 analyses of sandstone (Ronov et al., 1995) and 42 analy-
ses of pelitic rocks (Ronov et al., 1990) are arranged along
the x-axisin increasing order (out of scale).

For the time being the statistical correlation of nor-
mative and modal chlorite formulas is impossible,
because of a scarcity of publications containing both
bulk chemical and moda minera compositions
together with chlorite formulas for the same sample.
The data presented above allow us to regard the calcu-
lated chlorite formulas as a satisfactory approximation.

We should also dwell on correlation of the norma-
tive calculation accuracy, which was statistically
estimated in the present work, and the precision of
the determinations used as reference (standard)
modal compositions. Accuracy estimates presented
above are quite comparable with the precision of
results obtained from the usual XRD method with an
uncertainty of 5-20%. This precision was obtained
for standards composed of pure minerals and their
simple blends. Sedimentary rocks have a more com-
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Fig. 9. Discrepancy in kaolinite contents based on different
methods. (XRD) X-ray diffractometry; (1) QEM*SEM
method (Creelman and Ward, 1996); (2) X-ray diffractom-
etry (Rietveld version) with chemical control by the SIRO-
QUANT method (Ward and Taylor, 1996).

plex composition, and the XRD accuracy hardly
attains 5-20% for such rocks. Serious discrepancies
are actually revealed during a comparison of the dis-
tribution of chemical elements in minerals deter-
mined by the XRD method and the bulk chemical
composition of the rock. For example, if Na,O and
K,O are allocated according to the quantities of
respective minerals determined by the powder XRD
method (Fig. 8), 10-30% of these oxides turn out to
be excess quantities, indicating an insufficient accu-
racy of XRD results. An underestimation of feldspars
is also quite possible. The cause of significant errors
in feldspar determinations by the MINLITH program
probably liesin such underestimation.

Other methods also reveal substantial errorsin the
powder XRD determinations. Creelman and Ward
(1996) applied the QEM* SEM (Quantitative Evalu-
ation of the Minera matter* Scanning Electron
Microscope) technique, an automated BSE scanning
system producing adigital image of element concen-
tration on the sample surface. A more accurate infor-
mation is also provided by the SIROQUANT method
that uses X RD results processed with the least square
method (Rietveld method) in combination with a pet-
rochemical control with the SEDNORM program
(Cohen and Ward, 1991; Ward and Taylor, 1996).
The application of both high-precision methods
showed that the overestimation reaches 100 rel % for
well-crystallized phases (e.g., kaolinite) determined
by the XRD method (Fig. 9).

Taking into account the above statements, the rel-
ative uncertainty of MINLITH calculations can be
accepted as 5-15%. This value increases to 60—70%
only for mineral admixtures (<5 wt %). Let us com-
pare these values with results of examination of the
reliability of quantitative estimates of mineral com-
positions in petrology (Hill et al., 1993). The sim-
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Fig. 10. Relative error (%) vs. mineral content (wt %).
(2) Errors estimated as a difference of duplicate measure-
ments using XRD (Rietveld version) and microprobe meth-
ods (Hills et al., 1993) coupled with control by the bulk
chemical analysis; (2) region of relative errorsof MINLITH
calculations (Vd) deduced from the statistical comparison
of mineral norms and modes.

plest mineral compositions of granite and gabbro
were checked by duplicate measurements (estimate
of reproducibility). Each measurement was based on
XRD (Rietveld version) and microprobe analyses
along profiles with estimates of the composition of
present phases controlled by the bulk chemical anal-
ysis (Hill et al., 1993). The reproducibility error was
1-5 rel % for mineral contents of 25-50 wt %,
7 rel % for mineral contents of 15-25 wt %, 10 rel %
for mineral contents of 5-15 wt %, and up to 67 rel %
for mineral contents of <5% wt %. The uncertainty
of MINLITH results accepted above is 5-15 rel %,
which is comparable (although significantly higher)
to that for the high-precision granite and gabbro
measurements. The significant errors are similar
(60—70 rel %) for minor contents of accessory phases
(£5% wt %). Uncertainties in the quantitative deter-
mination of mineral composition are compared in
Fig. 10.
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CONCLUSIONS

The MINLITH program allows one to calculate the
normative mineral composition of sedimentary rocks
and their metamorphic counterparts. This universa
method can be applied to most types of sedimentary
rocks, including clastic, pelitic, and carbonate varieties,
based on alimited set of minerals and their simplified
compositions. The program comprises a great humber
of arithmetic operations making up an algorithm. Each
operation solves the equations alocating the major
oxides to possible (expected) normative minerals. The
operation sequence is determined from empirical rela
tionships based on the study of numerous reference
samples.

The accuracy of MINLITH calculations was statis-
ticaly estimated from comparison with results of the
high-precision study of modal mineral compoasitions. In
most cases, uncertainty lies within a range of 5-
15 rel % and attains 6070 rel % if the mineral content
is below 5 wt %. It is evident that the MINLITH pro-
gramisarather simple, convenient, and helpful tool for
the approximate estimation of mineral compositions of
sedimentary rocks for lithological purposes.
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