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Abstract. Complete diffractograms of theoretical mixtures of kaolinite, illite, chlorite and
quartz were calculated by use of the simulation program of Weiss and Krajicek (1979). Relations
between the mineral composition, chemical composition and X-ray intensities have been studied,
and the multiplication factors for the pairs of reflections have been found. Calculated X-ray rela-
tive intensities were plotted against the content of clay components in the theoretical mixtures.
These plots may be used directly for X-ray quantitative analyses of samples composed of similar
minerals (kaolinite, illite, chlorite and quartz).

INTRODUCTION

In clay studies or in petrological studies aimed at geological correlation of
sediments in lateral or vertical profiles, it is very desirable to have quantitative
data on the distribution of clay minerals.

For the last thirty years X-ray diffraction has become the most powerful
tool for mineral identifications and quantitative determinations. Many papers
and handbooks (e.g. Zevin and Zevialova 1974) have been published, especially
since the work of Alexander and Klug (1948). Nevertheless the current knowledge
on quantification of clay minerals is poor and a wholly reliable method of quanti-
tative determination of clay components in rocks is still lacking (see chapter 7 in
the book ed. by Brindley and Brown, 1980).

Schoen et al. (1973) showed that all simple techniques not based on the
separation of individual standard clay minerals or on the separation of clay mineral
concentrates followed by calculation of very complicated equations (Salyn, Drits
1973) must include at least approximate knowledge of two important factors —
structure factor and Lorentz-polarisation constant for each Bragg angle. These
two factors may be represented by multiplication factor used to relate the intensity
of two peaks of a determined pair of minerals. Other factors shown by various
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versions of the general formul;;;éescrilz)(i)r:g tl(lie Clﬁ?sgns:);9%g dlgfrggg)og: éc;;;x:)pﬁ;ef
aroff, Buerger 1958, p. an ) > P- :
;o(:rte:r?t[jlglxet Amzadyr usually bge neglected if the same technique and X-ray equipment
o Iarllpzizlicyd'mineral determinations some difﬁculties arlse.becafuge of ft};ﬁ ovc;rl;
lapping of the reflections suitable for analysis from the point of view ob te peted
position and intensity. To avoid these difficulties, clay samples mayl eB"rga
in one or other way well known to clay rpmeralogls.ts. For examp ?, ithman
(1979) routinely uses glycolation and hydrazine saturation of (Xle4nt3d.ﬁggrelggti\s.
From glycolated samples the intensities areas of smectite (17 A) and illite ( d)
peaks and the sum of kaolinite and chlorite peaks (7 A) can be measurdeci
From samples saturated with hydrazine, 7.A_ peak .dpe to the nonexpande
phase (chlorite) can be obtained. Smectite, illite, l;aoh;nte and c_hlome pf:algs aie
summed and their partitions are taken directly, to ylsuah'z.e clay m}neral' variations™,
neglecting other coefficients influencing X-ray intensities. Yarlous investigators
(Schoen et al. 1973) have used a multiplication factor as high as seven and as
low as two for an illite — glycolated smectite pair of reflections and factors
ranging from four to one for kaolinite —illite pair of reﬂeptlons, ba_sed on in-
tuitive conclusions regarding the composition or crystallinity of their samples.
The multiplication factor for chlorite — other mineral pair could not be predicted
because of the large variation in the chemical composition of chlorites.

Other uncontrolled factors also may influence X-ray intensities from raw and
treated aggregates. They are: mineral seggregation due to shape and size of clay
particles, mixed-layering incorporated in most illites and other mixed-layer phases
frequently present in clays, unknown rate of intercalation of clay by organic solvent
(especially of kaolinite by hydrazine) during X-ray measurement, other, like coefﬁ-
cients depending on chemical composition, crystalline perfection and particle size.

Many sources of error have been satisfactorily recognized in the literature and
do not need to be studied again.

The aim of this paper is to show the changes in diffraction intensities with
composition of mineral mixtures and with chemical composition of the components,
as well as to indicate a promising quantitative approach to X-ray phase analy-
ses based on simulation.

METHOD

A simulation program for calculating the full line profiles of the X-ray diffrac-
tion pattern, developed by Weiss and Kraji¢ek (1979), has been used to simulate
theoretical mixtures of mineral in a desired range of °20. The following struc-
tural and chemical data have been used: quartz according to Smith and Alexander
(1963), kaolinite according to Drits and Kashaev (1960); dioctahedral illite — one

layer polytype 510\ theoretically derived by Dornberger-Schiff et al. (1980)
*
of the formula K, (Al ;Fe,,)(Si; (Al, ()O,,(OH),, trioctahedral chlorite — one

layer polytype l; Z' Z theoretically derived by Weiss ez al. (1981) of the formulae:
3
sli= (Mgl.zaFes.MAll.zs)(Si2.7A11.3)010(OH)8

B T (Mg3.44Fel VZEAII.ZB)(SiZJAl] .J)OIO(OH)B

* Procedure used by Sedimentary Petrology Group IGCP Project 124.

To assure the unique influence of iron on peak intensities the same orthorhombic
unit cell parameters: a = 5.390 A, b = 9.366 A, ¢ = 14.166 A were adopted for
chlorites 4 and B.

In order to make the data more realistic, corresponding to those obtained
by X-ray diffraction from hand pressed aggregates, an experimentally determined
correction for partly preferred orientation has been made. The calculated intensi-
ties for kaolinite, illite and chlorites were corrected for preferred orientation using
a computer program (see Weiss and Krajicek 1979). The application of this pro-
cedure is very important for quantitative analysis.

Smectite, which largely occurs in sedimentary rocks, could not be taken into
consideration because single crystal data are not available and polytypes are not
derived. Quartz was used as a dilutant to produce realistic chemical and minera-
logical compositions comparable with clay and clay fractions, which are very rarely
free of quartz in particle separation.

RESULTS

Computer calculations were tabulated (e.g. Table 1) and plotted in computed
X-ray tracings of mixtures made of quartz, kaolinite, illite and chlorite (Figs 1
and 2). The data supplied the choice of intensities (Table 2) used for further con-
siderations.

The proportions of minerals used for simulation (a in Table 3) were compared
with those obtained from the calculated intensities of 100 quartz, 001 kaolinite,
001 illite, 002 chlorite,.expressed as per cent of the sum of the reflections (b in Table
3), and similarly from 001 kaolinite, 001 illite and 002 chlorite (¢ in Table 3).

The data collected in Table 3 show big discrepancies between the intensi-
ties of reflections expressed in per cent of the sum of intensity and per cent
of clay mineral content.

DISCUSSION AND CONCLUSIONS

The biggest descrepancies are attributed to those mixtures which are characteris-
ed by the greatest variations in multiplication factor (structure factor and Lorentz-
-polarisation factor). In our case high (F)? and L.p. values are common for chlorite,
low for kaolinite and illite. It is easily possible then to overestimate the chlorite
content twice (2¢ Table 3) and four time (1¢ Table 3), depending on the content
ratio of chlorite to other components. Illite may be heavily underestimated
(2¢ Table 3), but kaolinite may be overestimated (1c Table 3) or underestimat-
ed (3¢ Table 3). Also quartz does not necessarily give its real (10%) content value (b
Table 3). The correct results may be, however, obtained by application of multiplica-
tion factors. which from our data for mixtures 2 and 6 are easily found from relative
intensities (Table 2) for the two groups of mixtures differing in the chemical
composition of chlorite 4 and B (Table 4).

It may be reminded that Brown (1955) was the first who studied the depen-
dence of the structure factor for 00/ reflections of chlorite-type structure for a unit
cell on the (Mg, Fe) content of the octahedral sheets. He has shown a similar rela-
tionship for mica interlayer, octahedral composition and F,, values.

It should be noticed that a lower iron content in chlorite B than in chlorite 4
is reflected in lesser descrepancies between.a and b or ¢ values (mixtures 58,
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Table 3) and it illustrates the importance ofg chemiﬁal qo:ngc;f;tio; t(ilcje g?ntt;a:st;i
io 1 ite affects the intens
The Fe to Mg content ratio 1n chlori he nen o
i i d as a criterion for evaluation o e
reflections (Table 5) and it may be use ( . :
intuitive or( real multiplication factor used frequently in quantification of clays.

The computer data may serve to establish a relation between the content of

TR OIS 1
Mixture of quartz (10%) + kaolinite (30%) + illite (30%) + chlorite-4 (30%)
hkl d 1 D(P) 2TH(P) I(P) IABS(P) IREL(P)
14.167 47 14.167 6.238 36 2.74 35
ggj 10.080 19 10.073 8.778 15 ) 14
7.131 45
(013{? 7.083 100 7.093 12.478 100 7.78 100
002 5.040 1] 5.040 17.598 S 0.41 5
003 4.722 15 4.721 18.798 11 0.89 11
020 4.668 1
020 4.525 1
110 4.475 2
020 4.463 1
111 4.433 2 4.440 19.998 4 0.30 4
111 4.433 1
710 4.361 3 4.362 20.358 4 0.26 3
100 4.255 13 4.255 20.878 10 0.78 10
171 4.158 3 4.160 21.358 4 0.28 4
111 4.112 2 4.122 21.558 8| 0.21 3
022 3.898 2 3.890 22.858 4 0.33 4
112 3.898 1 b
111 3.883 2
021 3.839 3 3.841 23.158 3 0.25 3
021 3.729 1 34127 23.878 2 0.17 2
112 3.623 3
002 3.566 29
004 3.541 52 3.543 25.138 46 3.75 48
111 3.369 2
022 3.367 8
033 3.360 18
101 3.343 19 3.344 26.658 55) 4.49 58
011 3.343 44
023 3.320 1
113 3.320 2
112 3.136 1
112 3.125 6 3.126 28.556 5 0.40 5
12 3.086 1
113 2.901 1 2.901 30.816 5 0.46 6
005 2.833 6 2.833 31.576 ] 0.46 6
114 2.821 1
022 2.743 2 2.742 32.656 2 0.15 2
023 2.698 2 2.697 33.216 2 %) 3
130 2.695 1
130 2.603 1 2.603 34.456 2 015 2
201 2.603 1
200 2.574 1 2.574 4.
131 2.574 1 24556 2 021 3
131 2.524 1
112 2.520 1
004 2.520 ]
132 2.519 10 2,519
202 2519 5 s34 13 117 15
113 2.514 2

minerals in mixtures and the relative intensity of the reflections. Such a graph
has been drawn (Fig. 3) for 00/ reflections because they are the strongest of
all and, with an exception of 001K and 002Ch, do not overlap with each other
and with hk/ reflections. Each line has been based on four points representing
the contents of 5, 30, 80, 100 per cent of mineral in mixture and it seems to
reflect well the relationship between reflections relative intensity and mineral
content.

The curves from figure 3 may be used directly for X-ray quantitative deter-
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Fig. 1. Computed diffractograms of mineral mixtures /—4 (see Table 3)



mination of the three studied clay minerals forming mixtures in which quartz
may also be present, provided that the investigator knows the c_hem;cal com-
position of chlorite (Fe content), for example, from X-ray relative intensities
e 5 3 . O S
(Ta"bi’lhe )ideology of the plots in figure 3 epable one to use it directly when
integral intensities measured from X-ray tracings are related to the strongeft
reflection in the tracing. It may be 002Ch+001K for the sum Ch+K>60%
(Fig. 3) or 0031+ 101Q for the other cases. In mixtures of K+I1+Ch+Q oply
one of the two reflections may be the strongest, so figure 3 may be applied
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Fig. 2. Computed diffractograms of mineral mixtures 5—8& (see Table 3)

Relative intensities from computer charts

[lia bite 2

Mixture 001K 002Ch 0011 (0] 001Ch 003Ch 0021
1 7 15 50 13 8 3 17
2 33 67 14 10 35 11 S
3 3 97 1 5 46 15 -
4 88 12 3 11 6 2 1
5 7 6 50 13 5 4 17
6 50 50 24 17 19 29 9
7 7 94 3 11 34 51 2
8 94 6 3 11 2 3 1

Fable
Quantitative composition of mineral mixtures
NMibtire Calculation Quartz Kaolinite Illite Chlorite (Ch)
method (0) (K) (1) (Ch)
a 10 S 80 5
1 b 15 8 59 18
@ - 10 69 21
a 10 + 30 30 30
2 b 8 27 11 54
c - 29 12 59
A
a 10 5 5 80
3 b 5 3 1 92
G = 3 1 96
a 10 80 5 5
4 b 10 77 3 10
© - 85 3 12
a 10 5 80 5
5 b 17 9 66 8
¢ - 14) 79 10
a 10 30 30 30
6 b 12 35.5 17 35.5
¢ - 40 20 40
B
a 10 5 5 80
7 b 10 6 3 82
¢ - 6 3 91
a 10 80 5 5
8 b 10 82 3 S
c - 91 3 6

Explanation: a — used for simulation, b — from 100Q + 001K +002Ch+0011, ¢ — from 001K +002Ch+0011
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Table 4
Multiplication factors for pairs of the studied clay minerals
Multiplication factor
Mixtures 001 Kaolinite 002 Chlorite 002 Chlorite
001 1llite 001 Kaolinite 001 Illite
1-4 (Ch,) 24 2.0 4.8
5—8 (Chy) 2.1 1.0 2.1
. [ %
albilie s
Relative intensities of basal reflections of chlorites 4 and B
001 001 002 003 004 005 006 007 008 009
A 47 100 15 52 6 1 1 - 1
{ B J 36 100 52 72 10 - 4 i < 3| TONE)

for any composition of K+I+Ch+Q (roughly about 10%). As regards the
overlapping of 002Ch and 001K, it may be advised that Ch content be measured
from 001Ch and also 003Ch relative intensities. 002Ch and 00]K intensities
may be obtained if hydrazine saturated aggregates are used.
It also seems that there exist limited possibilities of determining kaolinite,
illite. chlorite and smectite in sediments containing smectite, if it is not a prevail- '
ing component. Smectite and expanding layers of smectite-illite collapse under
heating, which makes their structure ,,illite-like”, but still the plot from Fig. 3
is applicable in those cases when 003/>00117.

The proposed method seems promising as the use of a computer allows one
to experiment rapidly with such important factors as structure and chemical com-
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Fig. 3. Relationship between clay mineral co

of chlorite (Ch), kaolinite (K) ntents and relative intensities of basal reflections (007)

illite (7) for mixtures / —4 (4), 5—8 (B)
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position of any component and with some correction coefficients, first of all

particle orientation. Further efforts will be made to improve the simulation

method and apply it for quantification of clays most wide-spread in nature.
The present research has been made within the project MR 1.16.
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Andrzej WIEWIORA, Zdenek WEISS, Jan KRAJICEK

SYMULACYJNA METODA W ILOSCIOWEJ ANALIZIE
: PROBEK ILASTYCH

Streszczenie

W badaniach mineralogicznych lub petrograficznych, zwlaszcza ukierunkowa-
nych na geologiczna korelacje profili pionowych lub poziomych, duze znaczenie
maja dane iloSciowe 0 rozmieszczeniu mineratow ilastych w osadach. ;

Rentgenowska ilosciowa analiza fazowa, mimo pokladanych w niej wielkich
nadziei, nie spetnita dotychczas oczekiwan. ;

Sposrod najprostszych technik stosunkowo dobre wyniki przynosi stosowanie
intuicyjnych mnoznikow wyréwnujacych zréznicowanie intensywnosci rqﬂek;ow
spowodowane przez czynniki niezalezne od zawartosci mineratow. Niektorzy
geolodzy stosuja jednak zbyt uproszczone metody oparte na pomiarach jedynie
intensywnosci wybranych refleksow (np. do korelacji osadéw trzeciorzedu Europy —
IGCP, projekt 124).
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Zastosowanie metody symulacji komputerowej do analizy ilosciowej pozwolito
oceni¢ bledy wynikajace ze wspomnianego uproszczenia. W tym celu obliczono
dyfraktogramy: kwarcu wedtug danych strukturalnych Smitha i Alexandra (1963),
kaolinitu wedtug danych Drica i Kaszajewa (1960), dioktaedrycznego illitu o wzorze
krystalochemicznym K, ((Al, ;Fe, ,)(Sis ;Al, )O,(OH), i strukturze teoretycznego
jedno-pakietowego politypu (Donberger-Schiff i in. 1980) oraz trioktaedrycznego
chlorytu teoretycznie wyprowadzonego przez Weissa i innych (1981) przy uwzgled-
nieniw dwéch wariantéw sktadu chemicznego (Mg, Fe):

il (Mgl,ste3.44A]1.23)(Siz‘7A11.3)010(OH)8
Bl (ng‘uFex.zsAh.zs)(Siz.7All.3)olo(OH)8

Nastepnie obliczono dyfraktogramy mieszanin mineralnych (fig. 1 i 2) uwzglednia-
jace czynnik orientacji dla preparatow prasowanych pod naciskiem Yeki. Intensyw-
nosci wzgledne obliczone z dyfraktograméw (tab. 2) postuzyly do poréwnania
proporcji mineraléw wzigtych do analizy z obliczonymi bez uwzgledniania korekcji
intensywnosci (tab. 3) i do obliczenia wspolczynnikow korekcji intensywnosci
Zeﬂbekzc'))w podstawowych dla par kaolinit—illit, chloryt—Xkaolinit i chloryt —illit

tab. .

. Inten.sywno.éci wzgledne (tab. 2) wykorzystano rowniez do przedstawienia
pierwszej wersji prostej metody ilosciowej (fig. 3) oznaczania kaolinitu, chlorytu
1 ll}ltu w osadach zawierajacych kwarc (okoto 10%;). Warunkiem mozliwosci bez-
posredniego stosowania wykresow przedstawionych na figurze 3 jest skiad chemicz-
ny i struktura mineralow nie odbiegajaca od danych teoretycznych wzietych do
symulacji komputerowe;j.

Oblwze_ma komputerowe pozwalaja na szybkie eksperymentowanie z wieloma
czy_nmkam} .decydujqcymi o intensywnosci refleksow rentgenowskich. Autorzy
maja kqaduejc, ze udz} si¢ imA oprgcowaé ulepszong wersje metody, ktéra znajdzie
f)zszr(;)é&e ilzzf;iifwame do ilosciowej analizy fazowej najczesciej spotykanych

OBJASNIENIA FIGUR

Fig. 1. Obliczone dyfraktogramy mineralnych mieszanin /—4 (tab. 3)
}l?g. g ;)blh;zor)e dyfraktogramy mineralnych mieszanin 5—8 (tab. 3)
ig. 3. Zalezno$¢ pomigdzy zawarto$ciami mineratéw ilastych i . ii Sciami
. ‘ ych 1 wzglednymi intensyw -
sow podstawowych 00/ chlorytu (Ch), kaolinitu (K), illitu (7), dlaymieszanil:yl fgs(cjia)m.; —rec?ﬂ?l};)
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M3 4yucna npocTbiX NPUMEPOB CPABHUTENBHO HAAGXKHbIE pe3ynbTaTbl AAET Npu-
MEHEHUE MHTYUTUBHbIX MHOXKMTENEN, BbipPaBHUBAIOWNX AUPdEPeHUMPOBAHHOCTE
WHTEHCUBHOCTU pedriekcos, OBYCMOBNEHHYIO He 3aBUCALUMMU OT COAEPXKAHUA
muHepanos hakTopamu. OAHAKO, HEKOTOPLIMU MEONOraMu NPUMEHAIOTCA ClULL-
KOM YNPOLUEHHbIE METOAbI, OCHOBbIBAIOLWIMECA NULIb HA 3aMepaxX MHTEHCUBHOCTM
n36paHHbIX pednekcos (Hanpumep, Npu KOPPENAUUU TPETUUHBIX OTNOXKEHUN
Esponbl B pamkax npoekTa 124 MMIK).

MpuMeHeHne MeToaa MaTeMaTU4eCKOro MOAENWUPOBAHUA Ha 3BM ansa uenen
KOMUUYECTBEHHOrO aHanu3a No3BOMMMNO ONpeAennuTb NOrpelHoCTH, Bo3HUkatouwme
NpM YMOMAHYTOM yNpoOLWeHuu. C >Toit uenbio ObINM BbIYUCEHbI ANPPaKTO-
rpaMMbl KBapua, No CTPYKTYpPHbIM AAHHbIM Cmuca n Anekcanapa (1963), kaonuHuTa,
no aaHHbiM Opuua n Kawaesa (1960), anokTasapuyeckoro unnuTa ¢ Kpucrannio-
xumuueckon popmynon K, s(Al, gFe, ,)(Sig sAl, )O,4(OH), 1 CTPYKTYpOW TeopeTu-
yeckoro oaHonakeTHoro nonutuna (LopH6eprep-LUndd u ap. 1980) u TpuokTa-
3ApUYECKOrO XNOPUTA, BbIYUC/IEHHOrO TEOpETUHECKH Baiiccom u ap. (1981),
C y4YeToM AByX BAapMaHTOB XMMUYECKOro cCocTasa (Mg, Fe):

A (Mg1.2aFe:;.44AI1.20)(Si2.7A|1.3)010(OH)0
Beis: (Mga.uFe1.zaAll.zs)(SinAll,3)O|o(OH)a

3aTeM 6biNM BbluuCNeHbl AUddpaKTOrpaMMbl MUHEpPANbHbBIX cmeceit (ur.
1 1 2) ¢ yueToM aKTOpa OPUEHTUPOBKM B Npenaparax, NpeccoBantbIx PYYHbIM
HakuMoM. OTHOCUTENbHbIE WHTEHCUBHOCTU, BbIYUCNEHHBIE NO anddpakTorpam-
Mam (Tabn. 2), NoCny>XWnu npu CpaBHWUBAHUM NponopuMi MUHEPANOB, B3ATbIX
ANA aHanu3a, C BbIYUCIEHHbIMu 6e3 yyeTa nonpasku MHTEeHCcUBHOCTH (Tabn. 3),
W NpU BbIYNCNEHMM KOIDPUUMEHTOB NONPABKU MHTEHCUBHOCTH OCHOBHbIX pe-
(NeKcoB Nap KAOMUHUT —WNNUT, XNOPUT —KAONUHUT U XAOPUT —UnnuT (Tabn. 4).

OTHOCUTENbHbIE WHTEHCUBHOCTM (Tabn. 2) MCNOMb3OBANUCL TaKxkKe Npu pas-
paboTke NepBoro BapuaHTa NpocToro KonuuecTeeHHoro Metoaa (¢ur. 3) onpeae-
NeHNs KAONWUHWTA, XNOPUTA U UNNKUTA B OTNOXEHUAX, COAEPXKALLUMX KBAPL (okono
109%,). Ona HenocpeaCTBEHHOro NpUMEHEHNUA rpaduKoB, NpeACTaBNeHHbIX Ha
¢urype 3, nonxHo 6bITh cobntoaeHo ycrnoeue, 4Tobbl XUMUYECKUIA COCTAB U CTPYK-
Typa MUHEpanoB He OTNUYANUCHL OT TEOPETUHECKUX AaHHbIX, MPUHATBIX NpH
mosenuposaHun Ha DBM.

Bbiuucnenus ¢ nomouwbro IBM nossonaroT nNpoussoauTb 6bICTpblE 3KCne-
PUMEHTbI CO MHOTMMMU (aKTOpaMy, BNAIOWINMU Ha MHTEHCUBHOCTb PEHTMEHOBCKUX
pecnekcos. ABTOpbI BbIPaXalOT HAAGXAY, YTO UM yAACTCA paspaboTaTb ycoBep-
LLIEHCTBOBAHHbI METOA, KOTOpbIA MOMy4YUTb LWINPOKOE npuMeHeHne B Konuue-
cTBEHHOM (a30BOM aHanu3e Hanbonee pacnpoCcTpaHEHHBIX FAWHUCTBIX MUHEPANOB.

OBBACHEHWUA K ®UTYPAM

®ur. 1. BoiuncnenHble andppakTorpaMmbl MUHEPaNbHbIX cmecenr 1—4 (Tabn. 3)

®ur. 2. BoiuucnenHsie anddpakTorpaMMbl MUHEPANbHLIX cmeceit 5—8 (Tabn. 3)

®ur. 3. 3aBUCUMOCTb MEXAY COAEPXKAHUEM TNUHUCTLIX MUHEpanos W OTHOCUTENbHBIMU MHTEHCHB-
HOCTAMM OCHOBHbIX pedpnekcos 00/ xnoputa (Ch), kaonunuTa (K), unnuta (I) 8 cmecax 1—4
(A) n 5—8 (B)



