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Abstract--As part of a laboratory study of the hydrothermal alteration of kimberlite, a mass balance 
procedure has been developed for estimating the relative proportions of synthetic phyllosilicate phases-- 
chlorite, vermiculite, smectite, kaolinite and serpentine--present in reaction products. The procedure is 
based on a combination of X-ray powder diffraction (XRD) measurements (for phase identification), 
atomic absorption determinations (for total Si, A1, Fe, and Mg) and published analyses of clay minerals 
(for stoichiometric deductions). It centers on the computer inversion of a 4 x 4 matrix form of four 
simultaneous equations representing the mass balance of Si, A1, Fe, and Mg in four chosen minerals and 
incorporates a systematic routine for selecting from all possible permutations of high and low estimates 
of the mineral chemical analyses acceptable sets of product stoichiometries and phase proportions con- 
sistent with the total metal analyses. To minimize uncertainties and computing time, the program takes 
account of elemental relationships and water mass balances associated with phyllosilicates. It also ac- 
commodates data relevant to poorly crystalline phases for which a range of theoretical type-analyses 
modeled on aluminum oxyhydroxides and 9-1 l-A, 2:1 layered aluminosilicates are employed. 

The procedure produces reliable trends in phase proportions consistent with the intensities of char- 
acteristic XRD peaks of clay minerals present in the analyzed mixture; for example, increases in estimated 
kaolinite proportions correspond with larger 7-/k (and other) peaks in analyzed samples. A precision of 
7-25% has been routinely achievable. 
Key Words--Chemical m~ass balance, Chlorite, Kaolinite, Quantitative mineralogy, Smectite, Vermiculite, 
X-ray powder diffraction. 

I N T R O D U C T I O N  

Phase analysis of  clay mixtures is seldom straight- 
forward. In particular, uncertainties arise from the 
variable composition and crystallinity of  clay minerals. 
Many reports (e.g., Carthew, 1955; MacKenzie and 
Mitchell, 1962; van der Marel, 1966; Cody and 
Thompson, 1976; Brindley and Brown, 1980) esti- 
mated clay mineral proportions by X-ray powder dif- 
fraction (XRD), thermal analysis, or infrared (IR) tech- 
niques, but most dealt with relatively favorable cases 
such as the determination of  a particular well-crystal- 
lized phase, or employed carefully selected synthetic 
mixtures for calibration. Quantitative phase analysis 
of  clay mixtures based on extraction of  reference stan- 
dards from the test samples was achieved by Gibbs 
(1967), but the method is not readily applicable to 
complex mixtures of  interlayered phases. 

Pearson (1978) adopted a different approach in which 
predominant phases were identified by X R D  and es- 
t imated quantitatively by elemental mass balance. He 
related the chemical compositions of  a series of  mud- 

stones to their mineral constituent compositions by 
sets of  simultaneous equations of  the type: 

aix + biy + c~z = 100ki, (1) 

where a~, b~, ci, and ki are the percentages of  element i 
in mineral phases X, Y, Z, and the mudstone, respec- 
tively, and x, y, and z are the phase proportions of  X, 
Y, a n d  Z. For the minerals involved--kaolini te,  illite, 
and chlori te--he employed published maximum and 
minimum analyses for a~, bi, and c~ with measured 
values ofk~ to convert the mass balances (as in Eq. (1)) 
to a series of  straight lines drawn as a composite plot 
of, e.g., % illite vs. % kaolinite. An enclosed central 
area within the lines was taken to represent self-con- 
sistent solutions of  the simultaneous equations, which 
was reduced in size by means of  revised calculations 
and plots assuming certain elemental relationships. 
From estimates of  % illite and % kaolinite, the pro- 
portion of  chlorite could be obtained by equations of  
the form of Eq. (1). Pearson developed a computer 
program for the routine quantitative analysis of  a series 

Copyright �9 1984, The Clay Minerals Society 19 

https://doi.org/10.1346/CCMN.1984.0320103 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1984.0320103


20 Hodgson and Dudeney Clays and Clay Minerals 

17 

i m  

O 
i11  

1 6 -  

1 5 - -  

1 4 - -  

1 3 - -  

i 

11 

10 
1 4 . 0 0  

BASAL 
Figure 1. 

0 

0 

0 

I I I I 
1 4 . 1 0  1 4 . 2 0  1 4 . 3 0  1 4 . 4 0  1 4 . 5 0  

SPACING, d(OO1)(A,) 
Relation between d(001) and % Si for chlorites. 

of related mudstones employing matrix inversion for 
the solution of the simultaneous mass-balance equa- 
tions. Uncertainties were minimized by refining the 
input elemental data of the minerals. 

The present work is a modification and extension of 
Pearson's (1978) approach to include a wider range of 
minerals, including poorly crystallized phases, some of 
which are not amenable to Pearson's technique. 

THEORY 

A mixture of clay minerals consisting predominantly 
of chlorite (chl), vermiculite (verm), kaolinite (kao), 
and smectite (sm) provides a convenient example. For 
this mixture Eq. (2) is the matrix equivalent of Eq. (1), 
using the elements Si, A1, Fe, and Mg to establish the 
mass balance. 

chl verm kao sm 
Si VH/L K] K2 H/Lq[-~ 1 
A1 | H / L  H/L K3 H/L I | % verm / 
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Figure 2. Regressed boundary limits for % Si and % AI for 
chlorites. BR = brunsvigite; CL = clinochlore; DB = diaban- 
tite; DP = daphnite; PN = penninite; RD = rodingite; RP = 
ripidolite; SH = sheridanite. 

Of the two 4 • 1 matrices given in Eq (2), the left 
hand matrix refers to the required mineral proportions 
and the right hand matrix to the experimentally de- 
termined total elemental content. The 4 • 4 matrix 
gives the literature proportions of the four elements in 
each of the mineral phases. Considering the top !eft 
hand entry in this matrix, H/L is the highest (H) or 
lowest (L) % Si for natural chlorites. It is evident from 
chlorite structural formulae that this percentage must 
vary with the extent of substitution of A1 for Si in the 
tetrahedral layers of the chlorite structure. The other 
H/L terms similarly take the place of the Si, A1, Fe, 
and Mg compositions in chlorite, vermiculite, and 
smectite in the remainder of the matrix. Five entries 
are shown as constant. For example, a small variation 
exists in literature tabulations (Deer et al., 1962) of % 
Si in vermiculite; hence a constant value (K~ - 16.2 + 
0.8) has been used. For kaolinite, % Si (K2 = 21.7 _+ 
0.5) and % A1 (K3 = 20.9 + 0.5) are essentially con- 
stant. There is negligible Fe or Mg in this mineral. 
Solutions to Eq. (2) may be then obtained as follows: 
(1) The mixed clay sample is analyzed for total Si, A1, 
Fe, and Mg, and the results are inserted into the right 
hand matrix as % SiT, % A1T, % FeT, and % MgT; (2) 
A choice is made of one of the possible permutations 
of data in the 4 • 4 matrix, e.g., the data may be chosen 
to correspond to all the highest (H) literature values 
together with the K], K2, K3, and zero entries; (3) The 
4 • 4 matrix is inverted (Staib, 1969; Imperial College, 
1980) in order to solve the simultaneous Eqs. (1) and 
(2), the calculation yields values of % chl, % verm, % 
kao, and % sm provided certain conditions are met, 
and acceptable answers must be numerically positive 
and Sum to 100 ___ 5 %; (4) Procedures (2) and (3) are 
repeated with a new choice of permutation; (5) Pro- 
cedures (2), (3), and (4) are repeated until  all possible 
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Figure 3. Regressed boundary limits for % Mg and % Fe for 
chlorites. (Abbreviations as given in Figure 2.) 

(2 ~) permutations have been calculated. The 'accept- 
able' results for each mineral are averaged and the 
resulting means taken as the best estimates of  the true 
proportions of  the four minerals. 

ELEMENTAL RELATIONSHIPS 

The number of  permutations required and the un- 
certainty associated with the calculated clay propor- 
tions can be reduced by taking account of  independent 
information on elemental distributions within and be- 
tween clay minerals. For example, 1~(Si + AI) = 8/unit 
cell in the tetrahedral layers of  various sheet silicates~ 
hence, % Si and % A1 are inter-dependent. 

The d(001) spacings of  chlorites (Gillery, 1959; Deer 
et al., 1962) are related to the extent of  A1 replacement 
of  St in the tetrahedral layer. Inasmuch as all of  the St, 
but not all o f  the A1, resides in this layer, the 001 
spacing is an independent measure of  the Si content of  
a chlorite. The direct relationship between the Si pro- 
portion and d(001) spacing is shown in Figure 1. Figure 
2 shows literature values o f% Si vs. % A1 for a number 
of  natural chlorites. The rectangular lines outline the 
estimated compositional limits of  different chlorite 
types. In an 'unknown'  mixture, d(001) values should 
indicate the type and % Si of  a contained chlorite phase, 
and Figure 2 should yield an estimate of  the corre- 
sponding range o f  compatible % AI values. A unique 
value will not be obtained because % A1 varies with 
the extent of  octahedral substitution of  Fe and Mg by 
AI. Figure 3 is a similar plot of  % Mg vs. % Fe. Here, 
a linear relationship applies, the presence of  other ions 
(Ti 4+, Mn 2+, Ca 2+) having a negligible effect on this 
relationship. 

The elemental relationships described above are ap- 
plied in the following steps in which d(00 l) measure- 
ments and Figures t -3  are employed in conjunction 
with matrix inversion procedures: (1) To avoid uncer- 
tainties associated with a single estimated d(001) value 
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Figure 4. Distribution of% Si and AI for dioctahedral smec- 
tiles. Averaged values indicated by solid circles. 

and to make fuller use of  the H /L  computational pro- 
cedure, two measurements are taken of  the d(001) spac- 
ing (in the range 14.0-14.4/~). These two values give 
two extreme estimates o f %  Si from Figure 1. Thus, if  
the extreme d(001) values happen to be 14.15 and 

Table 1. Major phases in mineral systems investigated. 

S y s t e m  
c o d e  M a j o r  p h a s e s  j 

10 
11 
12 
20 
30 
31 
32 
40 
42 

chl-verm-kaot-9-11-/k phase 
chl-verm-kaot-(A1,Fe)OOH 
chl-verm-kaot-9-11-~ phase/AIOOH 
kao-serp/MgCO3-9-11-~ phase--(A1,Fe)OOH 
verm-kaot-sm-9-11-~ phase 
verm-kaot-sm-(A1,Fe)OOH 
verm-kaot-sm-9-11-A phase/AIOOH 
chl-verm-kaot-sm 
chl-verm-kaot-sm-A1OOH 

1 In the table the symbol "/" indicates compositionally linked 
minerals interchangeable in the same column in the 4 • 4 
matrix. In system 42 the phase A1OOH is in great excess and 
acts as a "sink" for aluminum not assignable to the four clay 
phases, the latter being entered in the 4 • 4 matrix. (chl = 
chlorite; kao = kaolinite; kaot = kaolin group mineral, 
serp = serpentine; sm= dioctahedral smectite; verm = ver- 
miculite.) 
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Table 2. Constants A-I  (x 102) calculated for chlorite (chl), vermiculite (verm), dioctahedral smectite (sm), and kaolin group 
(kaot) mineral coetticient estimations, l 

A B C D E F G H I 

chl,Si 153.0 11.20 1.32 -1.51 -1 .48  0.23 -0.21 0.02 -0 .07  
chl,A1 256.0 -26 .10  25.5 -0 .66  -3 .10  0.79 -0 .34  - 0.02 
chl,Fe 38.8 5.10 -6.41 10.3 -2 .69  -0 .28 0.25 0.04 0.09 
chl,Mg 277.0 -27 .4  2.97 -2.21 27.6 0.76 -0 .40  0.02 -0 .27  
verm,Si 297.0 7.17 -7 .78  -3 .66  -4 .14  . . . .  
verm,Al 156.0 -5.41 13.9 - 1.99 -2 .02  . . . .  
verm,Fe 51.3 -1 .43  -1 .53 7.97 -0 .96  . . . .  
verm,Mg 327.0 -6 .96 --12.1 -5 .96  10.6 . . . .  
sm,Si 358.0 9.17 -13 .9  -6 .53  -9 .54  -0 .20  -0 .24  0.472 -- 
sm,A1 163.0 -2 .35 7.56 1.63 -1 .64  -0 .04  0.16 -0.662 -0 .42  
sm,Fe 136.0 -10 .9  3.26 7.51 -1 .08 0.20 -0 .18 -0.502 0.09 
sm,Mg -72 .0  7.52 -0 .97 0.27 13.7 -0 .16 -- -0.152 0.33 
kaot,Si -301.0  47.4 -3 .69  -0 .96 -3 .2  -0 .93 -0 .03  0.52 0.01 
kaot,Al -73 .0  8.42 14.5 3.15 -2 .66 -0 .25 -0.21 -2 .69  0.11 
kaot,Fe -291.0  23.0 4.32 4.68 0.50 -0 .53 -0.11 -0 .48 0.05 
kaot,Mg -453.0  56.9 -14 .9  1.77 4.29 -1 .34  0.37 -0 .57 0.06 

1 - -  indicates that the data had insignificant magnitude. 
2 The constant H for Sm,Si is the product of the % Si and % A1 assays, as this variable produced an improved regression. 

14.25 A, i nd ica t ed  va lues  o f %  Si are 12.3 and  14.0%, 
respect ively.  (2) W i t h  the  a id  o f  Figure  2 the  % Si va lues  
are assoc ia ted  wi th  two ' e n d - m e m b e r s '  chlor i tes  a n d  
c o r r e s p o n d i n g  ranges  o f  % A1. T h e  end  m e m b e r s  are  
she r idan i t e  a n d  c l inoch tore  in the  exam pl e  above ,  for  
w h i c h  % AI is 11 .0 -15 .0  a n d  7 .8-10 .8 ,  respect ively.  
(3) The  mass  ba l ance  is c o m p u t e d  as above ,  first eval-  
ua t ing  so lu t ions  for one  e n d - m e m b e r  a n d  t hen  the  o th-  
er. F o r  th is  purpose  the  left h a n d  c o l u m n  o f  the  4 • 4 
m a t r i x  (Eq. (2)) is mod i f i ed  so t h a t  the  u p p e r  H / L  en t ry  
takes  the  op t ions  o f  % Si d ic ta ted  by  the  two d(001)  
spacings.  In the  exam pl e  g iven,  H = 14.0 (c l inochlore)  
a n d  L = 12.3 (sher idani te) .  W i t h  H = 14.0, the  H / L  
en t ry  for % AI has  the  op t ions  H = 10.8 or  L = 7.8 
(with H = 12.3, the  co r respond ing  op t ions  are H = 15.0 
or  L = 1 t .0).  The  o t h e r  two H / L  en t r i es  (% Ire a n d  % 
Mg) h a v e  s imi la r  op t ions ,  bu t  Figure  3 shows  t ha t  w h e n  
% Fe is high,  % Mg is low a n d  vice versa:  for  example ,  
for sher idan i te ,  acceptable  op t i ons  are H (% Fe) = 12.0 

Mg = 14.0 or  L(% Fe) = 2.5 ~ Mg = 20.0. 
Fo r  na tu ra l  d ioc t ahed ra l  smect i tes ,  a p lo t  o f %  Si vs. 

% A1 yields c o n c e n t r a t i o n s  o f  po in t s  in  two d is t inc t  
areas  (Figure 4). By tak ing  the  m e a n  for  the  % Si a n d  
% AI va lues  in  each  area,  two c o r r e s p o n d i n g  ' average '  

c o m p o s i t i o n s  ( the large circles in the  figure) m a y  be  
deduced .  These  c o m p o s i t i o n s  are t aken  to r ep resen t  
two d i s t inc t  types o f  d ioc t ahed ra l  smec t i t e  in the  4 X 
4 m a t r i x  (Eq. (2)). Thus ,  in  the  r ight  h a n d  c o l u m n  o f  
th is  m a t r i x  the  op t ions  b e c o m e  H = 28.3 (Si) a n d  H = 
12.0 (A1) or  L = 23.5 (Si) a n d  L = 10.3 (A1). T h e  4 • 
4 m a t r i x  m a y  n o w  be  wr i t t en  

chl v e r m  kao  sm 
Si F (H/L)a  K, K2 (H/L)~A,-] 
A l | ( H / L ) s i  H / L  K3 (H/L)~is i |  
Fe I(H/L)~ ~ H / L  0 H / L  r 
MgL(H/L)t 'xr H / L  0 H / L  _] 

where  subscr ip t s  d, t, Si, A1, Mg, a n d  Fe d e n o t e  de-  
p e n d e n c e  u p o n  d spacing,  clay type,  % Si, % A1, % Mg, 
a n d  % Fe respect ively,  a n d  o the r  t e r m s  are as in  Eq. 
(2). The  n u m b e r  o f  p e r m u t a t i o n s  r equ i red  n o w  be- 
c o m e s  29. As a result ,  the  unce r t a in ty  in c o m p u t e d  clay 
p r o p o r t i o n s  (expressed in t e r m s  o f  t h e  s t a n d a r d  dev ia -  
t ion  o f  the  ave raged  results)  is dec reased  w h e n  ele- 
m e n t a l  r e l a t ionsh ips  are inc luded ,  because  the  ranges  
o f  va lues  s t and ing  for H / L  are reduced.  

O t h e r  e l emen ta l  r e l a t ionsh ips  can  be  deve loped .  Fo r  

Table 3. Example of computer output: phase proportions estimated for a kimberlite alteration product. 

Mineral 

Modeled coefficients Modeled composition (%) Water 
Mass (%) Si AI Fe Mg Si AI Fe Mg (%) 

chl 
verm 
kaot 
9 -11-~  phase 

20.1 +- 1.2 12.7 I3.4 2.9 20.0 2.51 2.77 0.30 4.57 11.8 
48.2 _ 4.7 16.3 5.7 8.3 16.4 2.72 0.97 0.70 2.70 20.1 
24.8 + 6.7 19.8 3.2 7.2 15.0 2.00 0.34 0.39 1.80 13.6 

6.9 + 3.9 12.7 6.5 5.4 5.6 3.02 1.62 1.66 1.56 43.5 
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example, the kaolin-group minerals (denoted kaot)-- 
assumed here to be solid solutions of  kaolinite and 
serpentine--can be represented as a 4 • 1 set of  linked 
H/L  entries within the 4 • 4 matrix. Groups of  % Si, 
% A1, % Fe, and % Mg values are entered according to 
the permutation procedure. Thus, one calculation may 
involve a 'kaolin set" of  assays and a second one a 
'serpentine set'. 

POORLY CRYSTALLINE PHASES 

Alteration reactions can give rise to poorly crystal- 
lized phases which do not give sharply defined X R D  
patterns and defy positive identification. A high pro- 
portion of  such a phase can be accommodated in the 
matrix inversion procedure by assigning the phase a 
modeled structural formula based on a major clay type. 
In this work, peaks noted in the 9-11-~, region were 
assumed to belong to partly formed pyrophyllite-like 
2:1 layered silicates (cf. Bauer and Sclar, 1981) having 
the formula: 

(Mg~Fe3+bAlc)(Al~Si4- tO ~ o)(OH)2' nH20. 

No literature analyses of  such a phase exist, but suit- 
able compositional data can be generated if the follow- 
ing assumptions are made: (t) The relative proportions 
ofMg,  Fe, and A1 in the formula are the same as those 
for % MgT, % Fex, and % Alv (as defined in Eq. (2)); 
and (2) the terms t and n range from 0 to 2 (for A1 
replacement of  Si) and 0 to 30, respectively. The latter 
range accounts for the possibility of  extensively hy- 
drated clays. The above formula can be rewritten as: 

( M g R M g F e R F e A 1 R A , ) y ( A l t S i 4 - t O ~  o)(OH)2' nH20, 

where RMg = a/y = 1 - RA1 - RFe; RFe = b/y = 
% FeT/(% Mgv + % Fex + % x); and RA1 = c/y = % 
A1T/ (% Mgv + % FeT + % A1T). From etectroneutral- 
ity: 

6 + t = 2a + 3(b + c), (3) 

hence, from atomic weight data the molecular weight, 
M, of  the clay is given by: 

M = 24.3yRMg + 55.9yRFe + 27.0(yRA1 + t) 
+ 28.1(4 - t) + 194.0 + 18.0n, (4) 

such that the metal proportions are given by: % Mg 
= 2 4 3 0 y R M g / M ;  % Fe = 5 5 9 0 y R F e / M  % A1 = 

2700(yRA1 + t)/M; % Si = 2810(4 - t)/M. 
Values of  % Si, % A1, % Fe, and % Mg can thus be 

calculated for the extremes of  t and n dictated by as- 
sumption (2) and Eqs. (3) and (4). The resulting the- 
oretical analyses should be compatible with the H/L  
matrix inversion procedure if  both the model structure 
and the accompanying assumptions are correct. 

Other poorly crystalline alteration products encoun- 
tered in the present work were A1 and Fe oxyhydrox- 
ides, for which the metal ion content can be varied 
between suitable stoichiometric extremes in the matrix 

by X-ray power diffraction 23 

Table 4. Effect of chemical analysis error on computed phase 
proportions. 

Calculated phase proportion (%) 
Assay variation chl verm kaot AIOOH 

HLHH 17.0 53.3 20.3 9.4 
LHLL 15.6 49.6 17.6 17.2 
LHHH 17.4 49.9 15.6 16.1 
HHHL 14.7 53.1 19.7 12.5 
HLLH 15.5 55.4 19.6 9.5 
LHHL 16.6 48.5 17.8 17.1 
LLLL 13.9 53.7 16,4 15.0 
HHHH 17.7 49.0 20.4 12.9 
Mean 16.1 51.6 18.4 13.9 
Coeff of var. (%) 8.3 5.0 9.6 23.8 
Exp. values 16.3 51.4 18.9 13.3 

The sequence HLHH refers to high (H) or low (L) levels 
of elemental assays taken in the order % Si, % AI, % Fe, % 
Mg. Thus, from left to right an element of 5% was added to 
% Si experimentally determined, subtracted from % AI, added 
to % Fe and added to % Mg. A similar procedure was em- 
ployed for the other sequences. The experimental data were 
% Si, 14.5; % A1, 12.6; % Fe, 2.6; % Mg, 10.8; % H20, 14.79; 
d(001), 14.3 and 14.2 ~. 

procedure. Thus, for A1, H = 44 (equivalent to 
A1OOH) and L = 34 (equivalent to AI(OH)3). 

C O M P U T E R  PROCEDURES 

The laborious calculations were carried out using a 
Fortran IV computer program written for use with CDC 
4120 equipment. This program has six sections: input 
or d(001) assay data and system code (Table 1); as- 
signments in Eq. (2) modified as necessary to take ac- 
count of  elemental relationships; solution of  the si- 
multaneous equations by matrix inversion; testing and 
storing 'acceptable' values; testing and continuation o f  
permutations as necessary; and output ofaveraged phase 
proportions. 

Each acceptable permutation was associated with 
particular high, low, or fixed/zero values o f %  Si, % At, 
% Fe, and % Mg. The values were averaged for each 
element, for all acceptable permutations, and printed 
out as averaged elemental analyses. When smectite and 
poorly crystalline phases were considered, a water mass 
balance was calculated and similarly modeled. Stoi- 
chiometric coefficients were calculated from the av- 
eraged analyses to that an empirical formula, consistent 
with the calculated phase proportions, could be written 
for each major phase. For this purpose the following 
empirical equation was employed. 

a,(P) = A + B% Si(P) + C% AI(P) + D% Fe(P) 
+ E% Mg(P) + F(% Si(P)) z + G(% AI(P)) 2 
+ H(% Fe(P)) 2 + I(% Mg(P))L (5) 

In Eq. (5) the term a~(P) is the stoichiometric coefficient 
for element i (Si, Al, Fe, or Mg) in mineral P; % Si(P), 
% AI(P), % Fe, % (P), and % Mg(P) are the respective 

https://doi.org/10.1346/CCMN.1984.0320103 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1984.0320103


24 Hodgson and  Dudeney  Clays and Clay Minerals 

i I l i l r l , , 

8 0 0 -  e~ 8 0 0 -  ~ ~ 

~ 1 7 6  J i ~  ~ 1 7 6  ~176  

>"600 -  u ~ 6 0 0  
Z Z 
I 1 ~  _ u ~  - 

0 111 ( i l l  
ua 400 -  ua 400-  

, o o _   oo_ 

' I ' I ' ~ ' I  ' I I ' I ' I ' I 

O 10 20 30 40 0 10 3( 50 7'0 90 
COMPOSITION, % COMPOSITION, % 

' ~ 1"~ ' ' ' ~.'! ' ' 

8 0 0 -  ,o o, 800-  

o o  o o  ~ 

o o  

>- , ~ 
u 6 0 0 -  600 -  
z ~ 
0 (111) (IV) 
c'c' 4 0 0 -  ~ 4 0 0 -  I e v  
L L  u _  

I 

200-  200, 

.'7 
0 10 20 30 0 5 10 5 20 25 

COMPOSITION, % COMPOSIT ON, % 

Figure 5. Frequency dis t r ibut ions  for compu t ed  phase  propor t ions  (327,678 test permutat ions) :  (I) = chl, (II) = verm,  (III) = 
kaot, (IV) = AIOOH. 
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Figure 6. X-ray powder diffractograms of kimberlite alteration products after various reaction times (H = hours): (I) = 260~ 
(II) = 300~ 

metal percentages in P; A-I  are constants regressed 
from natural phases for which ai(P) and corresponding 
elemental assay data are known. 

Table 2 shows values of the constants calculated for 
chlorites, vermiculites, kaolinite-serpentines, and di- 
octahedral smectites. The required data (Deer et al., 
1962) were employed in conjunction with a MINITAB 
II (Ryan et al., 1978) computer regression routine. Cor- 
relation coefficients exceeded 0.95. 

In one alteration experiment (Hodgson, 1981), a re- 
action product was shown by XRD techniques to con- 
tain chlorite, vermiculite, a kaolin mineral, and a poor- 
ly crystalline, 2:1 aluminosilicate. The d(001) values 
for the chlorite were 14.0-14.3 A. Analysis of a fused 
and dissolved sample by atomic absorption spectrom- 
etry showed 16.6% Si, 6.8% A1, 6.9% Fe, and 16.5% 

Mg. System 10 (Table 1) was selected and the resulting 
computer output is shown in Table 3. This product 
was taken to contain about 20% of a chlorite phase of 
empirical formula Mg4.svFeo.3oA12 vySi2.slO,0(OH)8; the 
estimated structural formulae and proportions of the 
other components are given in Table 3. 

ESTIMATION OF ERRORS 

Owing to the lack of a complete set of representative 
'standard' minerals, absolute checks on the accuracy 
of the method were not possible. Only kaolinite and 
vermiculite were obtained in a sufficiently pure form 
(> 99%), whereas samples of chlorite, montmorillonite, 
and serpentine available contained major impuri t ies .  
The alteration products (obtained from other testwork) 
were too complex and finely divided for effective sep- 
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Figure 8. Computed proportions of phases in kimberlite al- 
teration products produced at 300~ 

aration. The precision and internal consistency of  the 
method are considered below. 

Qualitative phase analysis 
The assumption is made that four phases sufficiently 

describe the composition of  an alteration product: any 
other phases present contribute insignificantly to the 
total mass. The method could be developed to account 
reliably for a mixture of  five phases only if a fifth ele- 
ment or other intrinsic property is present for analysis 
so that a 5 • 5 matrix can be set up. Two possible 
sources of  error thus arise: four phases are considered 
when five or more could be significant, and one or more 
phases could be misidentified. If the assay data em- 
ployed, however, are not consistent with the system 
selected for computation (Table 1), acceptable solu- 
tions o f  matrix inversion are likely to be few in number 
or nil. Trial and error soon determines which system 
gives the largest number of  acceptable solutions with 
the min imum standard deviation. I f  this system is con- 
sistent with the X R D  trace, as is common with alter- 
ation products, all should be well. For example in one 
sample, the 9-11 ~ peak was modeled as pyrophyllite, 
and no acceptable solutions were obtained because the 
water mass balance was not satisfied. When remodeled 
as the 9-1 1 ~ phase mentioned above, the results were 
satisfactory. 

Where mixed-layer clays were suspected, the pro- 
gram (as written) considered them in terms of  their 
constituent minerals, e.g., corrensite was treated as a 
mixture of  two separate species: chlorite and smectite. 
The technique, however, allows a mineral mixture sys- 
tem to be used in which one phase could be corrensite, 
to which would be allocated the relevant compositional 
ranges for % Si, % A1, % Fe, and % Mg. 

Quantitative elemental analysis 
A relative error of  -+5% was associated with the 

atomic adsorption method employed. To judge the 

sensitivity of  computed results to variations in the in- 
put data, calculations were carried out with assay val- 
ues set at high or low extremes as shown (for the system 
chl-verm-kaot-AIOOH) in Table 4. The variations are 
< 10% for the clay minerals, indicating that the results 
were unlikely to be ambiguous due to assay errors. 

Literature data selection 
To assess the effect on computed results of  selecting 

only two choices of  literature assay (H or L) for each 
element (Si, A1, Fe, or Mg), the computer program was 
modified to accommodate intermediate values be- 
tween the extremes of  H and L. Preferably the whole 
range of  intermediate literature values would have been 
included, but this would have led to an unacceptable 
increase in computing time. As an alternative, 10-15 
arbitary intermediate values were incorporated as equal 
incremental steps between H and L for each element. 
Employing this procedure for the system chl-verm- 
kaot-A1OOH (cf Table 4) increased the number of  
permutations from 1280 to 327,678. Figure 5 gives the 
results obtained in terms of  the frequency distributions 
of  'acceptable' calculated phase proportions for each 
of  the phases: (I) chl, (II) verm, (III) kaot, and (IV) 
A1OOH. The lines marked A in the plots represent 
weighted mean properties and provide the best esti- 
mate of  phase proportions: chl = 13.2%, verm = 53.2%; 
kaot = 17.6%; and A1OOH ~ 15.1%. Except for chlo- 
rite, for which classification according to the d(001) 
spacings causes two distinct frequency groupings (Fig- 
ure 5I), the lines are close to the highest peaks of  the 
distributions. The lines marked B are corresponding 
means calculated from the unmodified program: chl, 
16.3%; verm, 51.4%; kaot, 18.9% and A1OOH, 13.2%. 
The positions o f  the lines A and B are not greatly 
different despite the fact that the former are based on 
255 times as many calculations as the latter. The re- 
striction to the simple choice H or L seemed therefore 
to be j ustified, and a great deal of  computing t ime could 
be saved. 
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Overall random error 

The overall error, et (Chatfield, 1970), tbra  particular 
phase proportion was assumed to be: 

e~ 2 = e~ 2 + e~ 2 + ec 2 (6) 

where e, is the error due to elemental analysis (from 
Table 4), % the error in averaging acceptable matrix 
inversions, and ec the error incurred in restricting com- 
puting time. The term eb was deduced from the un- 
certainty in calculated mass percentage, as shown, e.g., 
in column 2 in Table 3. The term ec was related to the 
fractional difference between the lines A and B in plots 
of the type shown in Figure 5. Values of e, were in the 
range 7-25%, the error decreasing with an increasing 
estimate of mineral proportion. 

DISCUSSION AND CONCLUSION 

The mass balance technique described here has been 
developed for complex clay mixtures for which well- 
established methods of separation and appraisal are 
not available. Although the method contains uncer- 
tainties when applied to complex mixtures, answers 
can be routinely obtained. Such answers are probably 
qualitatively correct if the computer procedure leads 
to a large number  of acceptable matrix inversions, and 
semi-quantitatively correct if the results of these in- 
versions cluster around a particular set of phase pro- 
portions. The probability of obtaining reliable answers 
will become less, the less abundant  and/or less well- 
defined is (are) the phase(s) involved. In this context, 
calculated standard deviations provide a numerical in- 
dicator of reliability. 

The method relies on finding a set of 'modeled '  phas- 
es consistent with qualitative XRD analyses, quanti- 
tative elemental assays, and the literature of clay com- 
position and structure. Confidence in the results is 
improved if the 'modeled'  phases are also consistent 
with other independent information. In one group of 
experiments (Hodgson, 1981), hydrothermal alteration 
reactions were carried out for varying lengths of time. 
Figure 6 shows diffractograms of products obtained at 
260 ~ and 300~ Careful examination of the diffrac- 
tograms (some involving the use of glycolation and 
potassium saturation techniques (Thorez, 1975)) clear- 
ly indicated the presence in some of the products of 
vermiculite, a dioctahedral srnectite, kaolinite, boehm- 
ite (A1OOH), and 9-11-,~ phase s. The phase identifi- 
cations were supported by separate thermogravimetric 
and infrared analyses (not described in detail here) which 
indicated the presence of highly hydrated material oth- 
er than the principal clay minerals. The former tech- 
nique gave a quantitative measure of the water content. 

Examination of trends in peak heights in the dif- 
fractograms with time suggested initial rapid formation 
of metastable poorly crystalline alteration products 
which decomposed progressively with time to yield 
crystalline products. This process was evidently more 

rapid at 300~ At 260~ the main crystalline product 
was eventually kaolinite, whereas at 300~ it was smec- 
tite. As will be discussed elsewhere, such trends were 
mechanistically plausible; the 'modeled'  phases and 
chemically likely sequences of alteration reactions were 
mutually supportive, particularly with respect to those 
components poorly defined by X-ray powder diffrac- 
tion. 

The XRD technique has often been employed for 
the semi-quantitative estimation of clay minerals (e.g., 
Gibbs, 1967). Peak heights or areas are measured in 
comparison with 'standard'  clay samples. Although the 
complex nature of the mixtures considered in this con- 
tribution normally precluded reliable comparisons of 
peak areas, such comparisons were occasionally fea- 
sible for isolated, well-defined diffractions forming part 
of a more complex spectrum. For these reflections the 
relative peak areas were invariably in accord with the 
computed phase proportions (cf. Figure 6(I) and 6(I1) 
with Figures 7 and 8). 
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Pe3m~e--KaK qacTb .aa60paTopnblX RCCJIeJIoBaI-I!4~ U!4]IpoTepMHqeCKOFO I43MeHeHItlt KHM6epJIHTa, 
pa3pa6oTaa Mexo~ ~Jl~ onpe~e~eun~ OTHOC~TeJ~b~biX n p o n o p ~  ~a3  Cl41tTeT~lqeCKl4X i~3ItJ]sIocnJn4Ka- 
TOB--XJ~OpnTa, BepMHKyJI~ITa, CMeKTItTa, KaoJn4Hl4Ta H CepIleHTHHa---~pHcyTCTByIOI~HX B npo/lyKTaX 
peaKIlnri. MeTO~ OCOBaH na KON6nnatlHn naMepeHri~ nopomKOBO~ peHTFeHOBCKOII ~InqbpaKIlnn (]lJl~ 
n/lenTnqbn~atmn qba3), onpe~enenna  aVOMHOfi a6cop61Inn (~nn cyMMapHoro co~lep~ann~a Si, AI, Fe,  
n Mg) n ony6JUlKOBaHttblX ~laHHblX no Xl4M!4qeCKOMy ana~nay rJn4ffaCTblX MIIHepa.rlOB (~l.rDt CTOI4XI40- 
MeTplIqeCK!,IX BblqHTaHI4H). ~TOT MeT0]I OCHOBaH Ha qllcJleHnOfl nanepcnn  4 x 4 MaTpHllbI onpeJle~neMofi 
CHCTeMOfi qeTepex ypa~nenafi ,  onpeReJ~mulnx 6anaHc Maccbl Si, AI, Fe, n Mg ~ qeTepex ~ 6 p a n n ~ x  
MnHepa~ax, a TaKx<e BKJllOqaeT npo~e/Iypy CHCTgMaTIIqeCKOFO OT6Opa (~lX acex BO3MONKHblX nepMy- 
Taqnil BblCOKHX H HH3KNX oIIeHOK Mnaepa.n~nbix XIlMIlqeCKI4X anaJmaoa) ~onyc~aeMblX rpynn  CTOnXnO- 
MeTpHfi IIpo~IyKTOB U Ilponopuan doa3, COBMeCTIIMblX C nilnHblM aHanU3OM MeTa3]J~OB. ]~n~l MHHllMH3alII4H 
ueot~peAe~eHHocTn n ape~ean  BblHHCJIeHHfi, npoKpaMa BKAIOqaeT 9~eMeuTap~ble B3a!4Mo}tefiCTBHJ~ a 
6a~ianc MaCCbl BO~bl, CBII3aHHble C qbIIJ1JIOCHJnlKaTaMH, ~Ta IlporpaMa TaK~<e BK.rltoqaeT j~aHHble 
OTHOC~IIJIHec~I K c~a60 KpHcTaJIJIIIHeCKHM qba3oM, JIJ~n KOTOpblx IlCilOJlb3yeTclt ~lHana3oil ananu3a  
TeopeTllqecKoro TiiIla, MOJleJltlpoBaHHoro Ha OKClIFI4]lpOOKIICIIX adItOMHHI4~I H 9--11 ~ ,  2:1 CJIOHCTblX 
aJItOMIfHOCaJII4KaTax. 

~TOT MCTO]I ItBJDteTClI yCTO~II'IBblM ]IJl~l oilpe/leJIenria TeHjleiltliifl B Ilponoptlnn qba3, COFJIaCHblX C 
I, ntTetfcI4BrlOCTItMn YliiH141~ nopotnKogo~ penTreHOBCKOf~ j~ndppaKllnl4, xapaKxepHblX ]1~ FJ~4II!4CTbIX 
MnHepanoB, naxoJl~mnxcn B anaananpyeMofi CMeCII; IlanpnMep yaennqenne  Ilponop~Inn KaoJInHIITa 
COOTBeTCTByeT yBeanqenmo h a n n a  7 A (n /lpyrnx) a ailann3apyeMoM o6pastIe. O6bIqHO /locTnra~nc~, 
ypoBnn TO~nOC~'n nopajlKa 7-25%. [E.G.] 

Res i imee- -Als  Tell  einer Laborun te r suchung  der hydro the rma len  U m w a n d l u n g  yon  Kimber l i t  wurde  ein 
Massenbi lanzverfahren zur  Absch~itzung der relativen Anteile yon  synthet ischen Schichtsi l ikaten--Chlorit ,  
Vermiculi t ,  Smekti t ,  Kaolinit ,  und  Serpen t in - -d ie  in den Reakl ionsprodukten  v o r k o m m e n ,  entwickelt.  
Das  Verfahren basiert  a u f  einer K o m b i n a t i o n  aus  R6ntgendi f f rak t ionsmessungen (zur Phasenidentif izie-  

�9 rung), A t o m a d s o r p t i o n s b e s t i m m u n g e n  (fOr die B e s t i m m u n g  des Gesamtgehal tes  an  Si, A1, Fe, und  Mg) 
und  publizierten chemischen  Tonmine ra l ana lysen  (zu s tSchiometr ischen Ableitungen).  Es konzentr ier t  
sich a u f  die Compute r inve r s ion  einer 4 • 4 Matr ix  for 4 s imul tane  Gleichungen,  die die Massenbi lanz  
ftir Si, A1, Fe, und  Mg in den 4 ausgewfihlten Minera len  darstellen. Aul3erdem schliel3t es eine sys temat ische  
Rout ine  zur Auswahl  (aus allen m6gl ichen Pe rmuta t i onen  yon  hohen  und  niedrigen M6glichkeiten einer 
chemischen  Mineralanalyse)  m6gt icher  K o m b i n a t i o n e n  yon  s tSchiometr ischen Z u s a m m e n s e t z u n g e n  der 
Produkte  und  von  Ph~tsenverh~ltnissen ein, die mi t  der Gesamtmeta l l ana lyse  f ibereins t immen.  U m  U n -  
sicherheiten und  die Rechenzei t  m6glichst  klein zu halten,  beriicksichtigt das  P r o g r a m m  Elementbezie-  
hungen  und  die Wasserbi lanz,  die im Z u s a m m e n h a n g  mi t  den Phyllosi l ikaten steht. Es bezieht  auch 
Daten mi t  ein, die im Hindbl ick au f  schlecht  kristallisierte Phasen  wichtig sind, l'tir die ein Bereich von  
theoret ischen Typanalysen  eingesetzt  wird, die a u f  A l u m i n i u m - O x i h y d r o x i d e n  u n d / k  9-11 A 2:1 Alu-  
moschichts i l ikaten beruhen.  

Diese Vorgangsweise liefert reproduzierbare  T rends  bei Phasenverhgtl tnissen,  die mi t  den Intensi t~ten 
der  charakter is t ischen X R D - P e a k s  der  Tonminera le ,  die in den  analysier ten Mischungen  vo rhanden  sind, 
iabereinst immen; z.B., entsprechen Z u n a h m e n  bei den geschfitzten Kaolini tantei len gr613eren 7 ~ (und 
anderen)  Peaks in den analysierten Proben. Genauigkei ten  yon  7-25% waren routinemfil3ig zu erreichen. 
[u.w.l 

R6sum6- -En  tant  que partie d ' une  6tude de laboratoire de l 'alt6ration hydro the rmique  de la kimberli te,  
un  proc6d6 d'6quil ibre de masse  a 6t6 d6velopp6 pour  es t imer  les propor t ions  relatives de phases  phyl-  
losilicates synth6t iques--chlor i te ,  vermiculi te ,  smecti te,  kaolinite, et se rpent ine- -pr6sentes  dans  les pro- 
dui ts  de r6action. Le proc6d6 est une combina i son  de mesures  de diffraction des rayons-X (pour l ' iden- 
tification de phases),  de d6terminat ions  d ' adsorp t ion  a tomique  (pour le contenu  total en Si, A1, Fe, et 
Mg) et d 'analyses  ch imiques  de min6raux  argileux publi6es (pour les d6duct ions  stoichiom6triques).  I1 
centre sur l ' inverse h l 'ordinateur  d ' une  forme de matr ice  4 • 4 de quatre  6quat ions s imultan6es  repr6- 
sentant  l '6quilibre de masse  de Si, Al, Fe, et Mg dans  quatre  min6raux choisis,  et incorpore une rout ine 
syst6matique pour  la s61ection (fi partir de toutes  les pe rmuta t ions  possibles d ' es t imat ions  61ev6es et basses  
des analyes ch imiques  de min6raux)  d ' ensembles  acceptables de stoichiom6tries produites  et de propor-  
t ions de phases  consis tantes  avec les analyses  de m6taux  totaux.  Pour  min imise r  les incert i tudes et le 
t emps  gt l 'ordinateur ,  le p rog ramme  tient compte  de relations d'616ments et des 6quilibres de masse  d 'eau  
associ6es avec des phyllosilicates. I1 accomode  aussi  les donn6es  ayant  rapport  aux phases  p a u v r e m e n t  
cristallines pour  lesquelles on emploie  une gamrne  d 'analyses- type th6oriques model6es  sur des oxyhy-  
droxides  d ' a l u m i n i u m  et sur des a luminosi l ica tes  g couches 9-11 ~ 2:1. 

Le proc6d6 est stir pour  la product ion  de tendances  de propor t ions  de phases  consis tantes  avec les 
intensit6s de s o m m e t s  X R D  caract6ristiques de min6raux  argileux pr6sents dans  le m61ange analys6; par  
exemple  des  augmen ta t ions  de propor t ions  est im6es de kaolinite cor respondent  fi de plus hauts  s o m m e t s  
7 ~ (et autres) des  6chant i l lons analysts .  I1 6tait c o m m u n  d 'obteni r  des  n iveaux de pr6cision de 7-25%. 
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