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COMPARISON OF FOUR ELEMENTAL MASS BALANCE METHODS FOR
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Abstract— The quantification of the relative mineralogical composition of clay mixtures by powder X-ray
diffraction or chemical mass balance methods has been severely hampered by a lack of representative
standards. The recent development of elemental mass balance models that do not require standards for
all minerals in the mixture may help circumvent this problem. These methods, which are based on the
numerical optimization of systems of non-linear equations using the Marquardt algorithm, show promise
for mineral quantification. The objective of this study is to make a preliminary assessment of the accuracy
of these methods and to compare them to linear models that require standards for all mineral phases.
Methods 1 and 2 are based on weighted average solutions to simultaneous linear equations solved for
single samples with known standards. Solutions were achieved by a matrix decomposition algorithm and
the Marquardt algorithm, respectively. Methods 3 and 4 are based on a set of simultaneous non-linear
equations with reduced non-linearity solved by least squares optimization based on the Marquardt al-
gorithm for multiple samples. Illite and halloysite compositions were fixed in Method 3, only the halloysite
composition was fixed in Method 4. All models yielded relative weight fractions of the three mineral
components; additionally, Methods 3 and 4 yielded compositions of smectite, and smectite and illite,
respectively. Ten clay mixtures with varying proportions of the <0.2 um size fraction of three different
reference clays (Wyoming bentonite, Fithian illite, and New Bedford halloysite) were prepared gravi-
metrically and analyzed by inductively coupled plasma-atomic emission spectroscopy. Accuracy of the
four methods was evaluated by comparing the known mineralogical compositions of the mixtures with
those predicted by the models. Relative errors of 5 and 10% (randomly +/—) were imposed on the
elemental composition of the smectite standard to simulate errors due to lack of good standards. Not
surprisingly, the accuracy of Methods 1 and 2 decreased rapidly with increasing error. Because Methods
3 and 4 optimized for the smectite composition and only used it for an initial guess, they were unaffected
by the level of introduced error. They accurately quantified the mineralogical compositions of the mixtures
and the elemental compositions of smectite, and smectite and illite, respectively.

Key Words — Elemental mass balance, Marquardt algorithm, Non-linear models, Numerical optimization,
Quantification.

INTRODUCTION
Methods of quantification

Quantification of clay minerals by X-ray powder dif-
fraction (XRD) has proven difficult due to a variety of
physical problems associated with clay minerals. A
number of computer programs have been developed
that quantify powder XRD patterns using some func-
tion of peak height or peak area (Smith, 1989; Hos-
terman and Dulong, 1989; Jones, 1989), but difficulties
arise when applying these programs to soil clays. Many
soil clays, particularly smectites, give broad powder
XRD peaks because of interstratification, poor cyrs-
tallinity, and small crystal size common in soil clays.

Crystal orientation can also be problematic, as most
soil clays have acicular, platy or tabular morphologies
that promote non-random orientation, whereas most
techniques for quantifying powder XRD patterns re-
quire random orientation. Most of these problems di-
rectly result from a lack of reference clay standards that
can be confidently assumed to have XRD character-
istics similar to those of the soil clays present in the
sample. Generally, quantitative analysis of clays by
powder XRD is considered good if relative errors are
< +10% for major constituents, and < +20% for min-
erals constituting <20% of the sample (Moore and
Reynolds, 1989).

A variety of quantification methods have been de-
veloped based on XRD and/or compositional data.
Four major XRD methods requiring standards have
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been developed: 1) the method of external standards,
2) the method of internal standards, 3) the method of
known additions, and 4) the Rietveld method. Al-
though the Rietveld method doesn’t actually require a
standard, it does require accurate knowledge of the
chemical composition and structural characteristics of
the minerals of interest. From a practical standpoint,
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however, all of these methods require calibration with
representative standards which are rarely available for
soil clays.

A standardless XRD method of quantification was
developed by Salyn and Drits (1972) and refined by
Zevin (1977). This method requires partial separation
of phases in two or more fractions, usually accom-
plished by centrifugation. A rearrangement of terms
describing the relationship between weight propor-
tions, mass attenuation coeflicients, and peak intensity
ratios for the fractions relative to the original sample
produces equations that may be solved for the relative
quantities of two or more phases in the original mix-
ture, providing concentrations of the components in
the mixtures change about 20-30% relative to initial
values. This method has been shown to be reasonably
accurate, as two-phase mixtures agree within £2% and
three-phase mixtures within about +5-10%. The gen-
eralized version of this method (Zevin, 1977) requires
n? intensities for n phases as well as mass attenuation
coefficients of each phase, a significant drawback for
clay mixtures with more than two phases. Additionally,
minor and amorphous components cannot be quan-
tified by standardless methods based on powder XRD.

Chemical methods

Most chemical methods are based on an elemental
mass balance model that uses least squares optimiza-
tion or other means to fit the elemental composition
of individual phases to that of the mixture. Chemical
methods have been used alone or in conjunction with
powder XRD data for clay mineral quantification
(McNeal and Sansoterra, 1964; Hussey, 1972; Johnson
et al., 1985; Calvert et al, 1989; Slaughter, 1989;
Hodgson and Dudeney, 1984; Braun, 1986). The ma-
jority of these methods have used simultaneous linear
equations (SLEs) to solve for the quantities of each
phase in a mixture. Such methods require an accurate
knowledge of the chemical composition of each phase
in the mixture, or at least a knowledge of the com-
positional range of a particular clay phase.

New techniques using non-linear elemental mass
balance models allow simultaneous determination of
both the quantity and the chemical composition of two
or more clay mineral phases in mixed clay samples
(Laird et al., 1991a). The relative accuracy of these new
chemical mass balance techniques, however, has not
been evaluated using samples whose composition is
known a priori. The objective of this study is to provide
an initial assessment of the accuracy of these methods
and to compare them to linear models that require
standards for all mineral phases. To accomplish this
objective, artificial mixtures containing known quan-
tities of reference clays of known elemental composi-
tion were made and subjected to total elemental anal-
ysis, and the results were used to test the different
models. Application of these techniques to quantifi-
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cation of mixtures of soil clays will be presented in a
subsequent manuscript.

MATERIALS AND METHODS
Sample pretreatment

Three reference clays, Fithian illite No. 35, New Bed-
ford halloysite No. 12 (Wards Natural Science Est. Inc.,
Rochester, NY), and Wyoming bentonite (Baroid Di-
vision of National Lead Co., Houston, TX) were se-
lected for this experiment. Bulk samples were crushed,
washed with 1 M NaCl, and mechanically dispersed
in 20 liters of distilled H,O. After settling for 16 hours
the supernatant (20 cm) was siphoned off, frozen to
promote flocculation, thawed, centrifuged, and de-
canted to concentrate the <2 um fraction. Samples of
the <2 um fraction were washed again with 1 M Na(l,
dispersed in 200 ml of distilled H,O, and the <0.2 um
fraction was collected by repeated centrifugations. Car-
bonates and sesquioxides were removed by treatment
with pH 5.0 Na-acetate buffer solution and dithionite-
citrate-bicarbonate (DCB), respectively (Kunze and
Dixon, 1986). Samples were analyzed by XRD to ver-
ify mineralogical composition. Because these methods
rely solely on elemental composition, structural infor-
mation and mineral purity are not necessary for quan-
tification. These methods merely require that there are
significant compositional differences between the sam-
ples and that the compositions of the aliquots used to
make the mixtures are representative of the whole sam-
ple (i.e., they are well-mixed).

Preparation of mixtures

The <0.2 um size fraction of each reference clay
sample was saturated with Ca by four washings with
0.5 M CaCl,, then washed eight times with 95% ethanol
to remove excess CaCl,. After final decantation with
95% ethanol, 100 ml of deionized water were added
to the Ca-saturated reference clays and the clays were
dispersed by sonication for 30 seconds at 60 watts. The
reference clay suspensions were then heated to 70°C
for two hours to volatilize excess ethanol. The suspen-
sions were gravimetrically diluted to 200 g and an al-
iquot (10 ml) of each suspension was oven dried and
weighed to determine clay concentration. The suspen-
sions were gravimetrically combined to prepare ten
mixtures with varying proportions of the three Ca-
saturated reference clays.

Elemental analysis

Portions (0.1 g) of the reference clays and each mix-
ture were sonicated for 2 min at 60 watts in 100 ml of
0.1 M Na(Cl prior to elemental analysis. Elemental
analyses (Si, Al, Fe, Ca, Mg, K, Mn, Zn, and Ti) were
performed on the prepared clay suspensions using sus-
pension nebulization (Laird et al., 1991b) with analysis
by inductively coupled plasma atomic-emission spec-
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trometer (ICP-AES) (Applied Research Laboratories
Model 3560, Fisons Instruments, Inc., Valencia, CA).
The spectrometer was calibrated with multi-element
solution standards prepared with 0.1 M NaCl + 0.5
M HNOQO, matrix solutions. All samples and standards
contained 10 mg Co liter~! as an internal standard.

Quantification models

The models are based on the elemental mass balance
equation:

1)

where E,; is the mass ratio of element oxide i to the
sum of all oxides in the mixture, E;; is the mass ratio
of oxide i in phase j to the sum of all oxides in phase
j,» and W;j is the mass ratio of the sum of all oxides in
phase j to the sum of all oxides in the sample. In the
final step of each model, W, values are multiplied by
the sum of oxides for mineral j and divided by the
formula unit weight for mineral j, and then normalized
to sum to one for each sample. Where all E;; values are
known (i.e., reference standards exist), the non-linear
model reduces to a set of SLEs; these can be solved by
a variety of methods. If reference standards do not exist
for one or more minerals, however, then the E; values
are not known and the model becomes a set of simul-
taneous non-linear equations; these are much more
difficult to solve. In this study, E; values are based on
ICP-AES analyses of the various clay mixtures, where
treated as knowns, E; are based on analyses of the
reference clay standards. Four models having different
inputs and/or methods of solution were constructed
and compared.

E, = ) WE,
j=L

Method 1: Simultaneous linear equations. In this mod-
el, E; values for all three minerals were treated as
knowns, thus producing a set of SLEs. Solutions were
independently obtained for each mixture for all pos-
sible combinations of mass balance equations for Si,
Al, Mg, Ca, Fe, Ti, and K using a matrix decomposition
algorithm. Weighted average W, values were deter-
mined by weighting each solution by the sum of oxides
for elements included in the solution relative to the
total oxides for the sample.

The Marquardt Algorithm. Models 2 through 4 were
solved by non-linear optimization using the Marquardt
algorithm (Bevington, 1969, as modified by Barak et
al., 1990). A fully non-linear model would determine
both the relative proportions of three mineral phases
as well as their compositions, and would require op-
timization of the following parameters: 1) the relative
weight fractions of three minerals in 10 mixtures; and
2) nine element fractions for each of three minerals,
for a total of 47 parameters. The number of parameters
can be reduced, and the likelihood of success increased,
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by constraining the model by application of a priori
knowledge. For example, the K contents of smectite
and halloysite are, by definition, assumed to be zero.
The model can be further constrained by fixing the
elemental composition of one or more phases if ac-
curately known. The composition of soil smectites is
more variable than that of the other clays, and it differs
most from that of available reference standards. Hal-
loysite composition is probably best represented by
available reference standards, and illite falls some-
where between the other two. Consequently, we were
most interested in enhancing the ability of the model
to optimize for the smectite composition. The halloy-
site composition remained fixed (the reference clay
composition) in all three models.

Required data inputs for all of these models include
1) the composition of all fixed mineral phases; 2) initial
guesses for the composition of all mineral phases to be
optimized; 3) initial guesses for the weight fractions of
each of the three phases; and 4) a sensitivity value.
Optimization was terminated when reduction in the
sum of squares relative to the previous iteration was
less than the sensitivity value (0.05% unless otherwise
stated).

Method 2: Linear model, Marquardt solution. This
model is similar to that used in Method 1 in that the
composition of all three mineral phases was fixed. The
main difference is that the system of SLEs was solved
using the Marquardt algorithm (Bevington, 1969, as
modified by Barak et al., 1990) instead of the matrix
decomposition algorithm used in Method 1. The least
squares best fit between measured and predicted ele-
mental compositions of mixed clay samples was de-
termined on an individual mixture basis. When all
three phases were optimized, the number of data points
was 9 (each element) leaving 5 degrees of freedom (9
— 3 — 1) for fit of the model. When only two phases
were present, the number of data points was again 9
but there were 6 degrees of freedom (9 — 2 — 1).
Required inputs for Method 2 include the composition
of all three clay phases (their E; values).

Method 3: Non-linear model with known illite and hal-
loysite compositions. In this model, non-linearity was
reduced by fixing the composition of illite (E; ;) and
halloysite (E; jaoysite)- Both the W, and E, ;.o Values
were determined by iterative parameter fitting, yielding
the smectite composition and clay phase weight per-
centages. The least squares best fit was determined be-
tween measured and predicted elemental compositions
for all 10 clay mixtures simultaneously. Method 3 op-
timizes nine elements in 10 mixtures allowing for 90
data points. All clay phase weight percentages are vari-
ables (27) as well as the major five elements (Si, Al,
Ca, Mg, and Fe) in smectite for a total of 32 variables,


https://doi.org/10.1346/CCMN.1994.0420409

440

leaving 57 degrees of freedom (90 — 32 — 1) for fit of
the model.

Method 4: Non-linear model with known illite com-
position. Method 4 is similar to Method 3 except that
it also optimizes for the elemental composition of illite
(E, o), thus yielding the composition of the illite and
smectite and the relative proportions of all three phases.
The only fixed composition is that of halloysite. Meth-
od 4 optimizes 9 elements in 10 mixtures allowing for
90 data points. All clay phase percentages are variables
(27) as well as five major elements (Si, Al, Ca, Mg, and
Fe) in the smectite standard and six major elements in
the illite standard (Si, Al, Ca, Mg, Fe, and K) for a total
of 38 variables. This leaves 51 degrees of freedom (90
— 38 — 1) for fit of the model.

Model evaluation

If the composition of reference clay standards reflects
the composition of soil clays, each of these methods
should accurately estimate the relative quantity of each
phase in each mixture. As discussed previously, how-
ever, this is not necessarily the case in soils because
the chemical composition of reference clays often dif-
fers markedly from that of soil clays, particularly for
smectites. In order to approximate this situation, two
levels of errors were introduced into the chemical com-
position of the smectite standard: the oxide fractions
for each element were randomly increased or decreased
by 0%, 5%, and 10%. The models were run using E; ;necrice
values that contained three levels of introduced error:
0%, 5%, and 10%; the E; values for the other two phases
were not modified by introduced errors.

The four methods were evaluated by comparing the
known gravimetrically-determined percentages of each
mineral phase in the mixtures with that predicted by
each method and, in the case of Methods 3 and 4, by
comparing the predicted smectite and/or illitic phase
compositions with those measured by ICP-AES anal-
yses of the reference clay standards.

RESULTS AND DISCUSSION

The elemental compositions of the <0.2 um size
fractions of the reference clays (Table 1) are consistent
with their presumed mineralogy. Small amounts of K
were found in both the halloysite and smectite samples,
indicating the presence of small amounts of an illitic
material or potassium feldspar. Minor amounts of Ti
were found in all three samples. This may be structural
Ti, or may result from the presence of small amounts
of rutile or anatase, or possibly contamination from
the sonicator tip.

Weight fraction percentages predicted by each model
from the elemental compositions of the mixtures are
presented in Table 2 along with standard errors (SE;
Eq. 2) and average errors (AE; Eq. 3) for each method:
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Table 1. Elemental compositions of the <0.2 um fraction
of the reference clays (g kg=').
Element Halloysite llite Smectite
Si 248.68 261.63 307.47
Al 242.46 141.06 125.15
Mg 0.29 15.07 17.02
Ca 1.79 7.06 24.27
Fe 2.24 48.08 30.65
Mn 0.01 0.15 0.02
Ti 0.28 2.58 0.82
Zn 0.10 0.21 0.10
K 2.57 54.30 0.22
Xn — Xp)
2
[2 T 2
Xm
AE = E ( p) (3)

where X, is the measured weight percentage, X, is the
predicted weight percentage, and n is the number of
analyses.

All four methods accurately predicted clay phase
weight percentages in the mixtures when the smectite
standard had no introduced error. As errors were in-
troduced into the smectite standard, however, the ac-
curacy of Methods ! and 2 decreased rapidly, indicat-
ing the need for very accurate standards, which are
usually nonexistent for soil minerals. Because E; seciice
values are dependent variables in Methods 3 and 4,
those methods should be essentially independent of the
level of error introduced into the smectite composition.
However, the smectite composition does provide an
initial guess, or starting point, for the optimization
routines used in these models, and if the starting point
is sufficiently in error, the algorithms may converge on
a local minimum rather than the global minimum that
represents the true solution of the chemical mass bal-
ance model.

Method 3 was virtually unaffected by the choice of
starting point, whereas Method 4 was affected to some
degree (Table 2) due to the looser constrictions given
the algorithm (no assumed illite composition). Method
4 was slightly more accurate with 5 and 10% introduced
error in the smectite standard than it was with no in-
troduced error. This is interesting considering that no
smectite composition was assumed for any of the error
levels. Methods 3 and 4 both accurately predicted the
elemental composition of the smectitic, and the smec-
titic and illitic phases, respectively (Tables 3 and 4).

Mixture #5 was problematic throughout this inves-
tigation. Mixture #5 was apparently contaminated by
Fe and various trace metals prior to elemental analysis
(Table 5). Significantly greater error is apparent in the
results for mixture #5 than for any other mixture (Ta-
bles 2 and 5). The error in mixture #5 illustrates an-
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Table 2. Clay phase quantification using four elemental mass balance models.
Predicted mineralogical composition (%)
0% introduced error 5% introduced error 10% introduced error
Mix- Method #
ture Mea-
# Minerals sured 1 2 3 4 1 2 3 4 1 2 3 4
1 Halloysite 50.9 50.7 504 506 3516 50.7 50.6 50.6 50.5 50.7 506 506 503
Illite 49.1 493 496 494 484 493 494 494 495 493 494 494 497
2 Halloysite 48.9 456 494 492 482 43.8 445 49.2 493 42.1 383 492 494
Smectite 51.1 544 506 508 518 56.2 55.5 508 507 57.9 61.7 508 506
3 Ilite 496 497 496 48.6 486 457 470 48.6 49.6 53.0 453 486 496
Smectite 504 503 504 514 514 543 53.0 514 504 470 547 514 504
4 Halloysite 42.8 423 430 43.0 440 42.1 425 430 429 419 41.8 430 427
Tllite 516 528 519 51.8 519 529 519 51.8 53.0 52,5 520 51.8 532
Smectite 5.6 49 5.1 5.3 4.1 5.0 5.7 5.3 4.1 5.6 6.2 5.3 41
5* Halloysite 41.5 369 385 38.7 379 343 335 38.7 389 312 272 387 390
1llite 49 141 110 9.3 8.7 184 10.7 9.3 8.8 19.8 11.2 9.3 8.9
Smectite 536 490 50.5 520 535 47.3 558 520 523 4920 61.6 52.0 52.1
6 Halloysite 4.5 4.7 4.4 4.6 4.5 4.4 0.0 4.5 4.6 6.5 0.0 4.5 4.6
Illite 457 457 46.2 450 450 45.1 46.1 45.1 460 47.1 484 45.1 46.1
Smectite 498 496 494 504 505 50.5 539 504 494 46.4 516 504 493
7 Halloysite  31.3 30.5 31.7 31.8 320 293 285 31.8 319 276 245 31.8 319
Illite 356 37.1 355 347 34.6 373 355 347 354 392 360 347 355
Smectite 33.1 324 328 335 335 334 359 335 328 332 395 335 327
8 Halloysite  50.0 50.1 50.5 506 50.6 49.1 480 50.6 50.6 479 448 50.6 50.6
Illite 240 241 234 227 227 243 234 227 232 257 238 227 233
Smectite 26.0 258 26.1 267 26.7 266 28.6 26.7 26.2 26.5 314 2677 26.1
9 Halloysite  21.1 20.7 21.1 212 21.8 19.7 185 212 211 184 150 21.2 210
Tllite 51.2 518 513 50.6 506 52.0 513 50.6 51.8 506 51.8 506 519
Smectite 27.7 275 276 28.1 27.6 28.3  30.2 28.1 27.1 31,1 331 28.1 271
10 Halloysite 20.6 19.5 20.2 203 19.9 174 149 203 205 15.0 8.3 203 205
Illite 25.1 294 26.1 248 245 320 262 248 250 335 270 248 251
Smectite 543 51.1 538 549 556 50.6 58.9 549 545 51.6 64.7 549 544
Average error with #5 1.5 0.8 0.8 0.9 2.7 2.5 0.8 0.7 3.5 4.9 0.8 0.7
Average error without #5 1.0 0.3 0.5 0.8 1.9 2.2 0.5 0.4 2.7 4.3 0.5 0.4
Standard error with #5 2.7 1.5 1.2 1.3 4.2 34 1.2 1.0 5.1 6.6 1.2 1.2
Standard error without #5 1.6 0.4 0.6 0.9 2.8 2.9 0.6 0.6 3.7 5.9 0.6 0.6

* See Table 5 and text for discussion of mixture #5.

other advantage of Methods 3 and 4 as these models
minimize errors due to sample contamination in part
because they average compositional errors over all ten
mixtures at the same time. This “averaging advantage™

Table 3. Elemental composition of the smectite (g kg~!) as
predicted by Method 3 and the percent error for the predicted
values relative to the measured elemental composition of the
smectite (Table 1).

Predicted value Absolute error Relative error
Element gk ™" gke™) (%)
Si 304.64 2.83 -0.92
Al 125.26 0.11 +0.09
Mg 16.73 0.29 -1.70
Ca 24.08 0.19 -0.78
Fe 33.59 2.94 +9.59
Mn 0.03 0.01 +50.00
Ti 0.98 0.16 +19.51
Zn 0.14 0.04 +40.00
K 0.27 0.05 +22.73

may also mean, however, that the results for the other
9 mixtures may have increased errors because the av-
eraged smectite composition was slightly incorrect. For
mixture #5, total standard errors were 12.0, 11.5, 3.6,
and 3.3% for Methods 1, 2, 3, and 4 respectively.
Methods 2, 3, and 4 require initial guesses of the
relative percentage of each phase prior to computation.
Initial guess errors of up to 30% (absolute) gave iden-
tical results when compared to guesses without errors
for Methods 2 and 3 (data not shown), but Method 4
was more sensitive to initial guesses (Table 6). Average
phase percentage estimation errors for Method 4 in-
creased by about 8 x when initial guesses were (on
average) 8.8% in error, indicating that the model was
finding local minima and not solving for the best fit of
the model, probably due to the larger number of vari-
ables in the model. Although average errors increased
by approximately 8 X when more erroneous guesses
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Table 4. Elemental compositions of the smectite and illite
as predicted by Method 4 and percent errors for the predicted
values relative to their measured compositions (Table 1).
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Table 6. Effect of initial guess of smectite composition on
clay phase percentages estimated by Method 4. Analyses per-
formed without data for mixture #S5.

Smectite 1llite

Predicted Relative Predicted Relative

value error value error

Element (®keg™") %) (g kg™ %)
Si 299.56 —~2.57 264.82 +1.22
Al 134.85 +7.75 130.38 -7.57
Mg 15.35 —-9.99 16.58 +10.02
Ca 22.28 ~8.20 7.79 +10.34
Fe 31.88 +4.01 50.67 +5.39
Mn 0.03 +50.00 0.18 +20.00
Ti 0.97 +18.29 2.98 +15.50
Zn 0.14 +40.00 0.25 +19.05
K 0.27 +22.73 58.76 +8.21

were input, relative errors were 3-4%, still quite ac-
curate for quantification of clay mixtures.

A sensitivity value is also a required input for Meth-
ods 2, 3, and 4. Iterations were halted when the re-
duction in sum of the squares relative to the previous
iteration was less than the sensitivity value. The effect
of choice of sensitivity value was evaluated for Meth-
ods 3 and 4. For both models, increasing the sensitivity
values from 0.05% to 0.075 and 0.100% had no effect
on the results. Smaller sensitivity values (0.005%) in-
creased computation times and, interestingly, in-
creased errors in the estimated clay phase percentages.
This effect was most pronounced in Method 4 (Table
7).

A major disadvantage of Methods 3 and 4 is that
they cannot be used with a single sample because a
large number of data points are required to provide
sufficient degrees of freedom for fit of the models. If,
however, one is assured that the compositions of in-
dividual clay species in different clay mixtures are iden-
tical, then one can solve several mixtures simulta-
neously using these methods. For exampie, if sufficient
compositional similarity exists among clay species in
samples from the same geological provenance, then
Method 3 or 4 could be used with samples taken from
that provenance. A more practical approach may be

Table 5. Elemental analysis of mixture #5 and predicted
elemental analysis calculated from standards and gravimetric
fractions.

Measured Predicted Error

Element @kg™" ®ks™') (%)
Si 247.87 255.16 +2.94
Al 151.03 154.32 +2.18
Mg 8.99 9.45 +5.17
Ca 12.95 13.42 +3.63
Fe 25.58 18.41 —28.03
Mn 0.11 0.02 —80.69
Ti 2.52 0.62 ~75.45
Zn 0.13 0.09 ~28.18
K 3.46 3.05 —11.85

Error in Average error in

smectite std. initial guess Average error

(%) %)

0% 2.0 0.75

8.8 3.71

5% 2.0 0.40

8.8 4.01

10% 2.0 0.44

8.8 3.43

to produce several size fractions from a single mixed
clay sample by differential centrifugation. Elemental
analysis of all the subsamples will produce sufficient
data points for the model, as shown by Laird et al.
(1991a).

It is not surprising that Methods 3 and 4 produced
accurate results at all levels of introduced error in the
smectite standard because they optimize for the Si, Al,
Fe, Mg, and Ca content of the smectite as dependent
variables. Because Methods 1 and 2 treat these param-
eters as constants, they are affected much more strongly
by errors in these values.

CONCLUSIONS

All four chemical mass balance models accurately
predicted clay phase percentages when the composition
of the reference standard matched that of the clays in
the mixtures, but methods requiring reference stan-
dards (Methods 1 and 2) faltered when arbitrary errors
were introduced into the composition of the reference
smectite. Results for Methods 3 and 4, however, were
unaffected by the introduction of errors in the smectite
standard because smectite elemental concentrations are
dependent variables in these models. Methods 3 and
4 accurately predicted the chemical composition of the
smectite, and smectite and illite phases, respectively,

Table 7. Effect of sensitivity value on clay phase percentages
predicted by Methods 3 and 4. Analyses performed without
data for mixture #5.

Average error (%)

Introduced

error Sensitivity Method 3 Method 4

0% 0.100 0.50 0.75

0.075 0.50 0.75

0.050 0.50 0.75

0.005 0.51 0.99

5% 0.100 0.50 0.40

0.075 0.50 0.40

0.050 0.50 0.40

0.005 0.51 0.68

10% 0.100 0.49 0.44

0.075 0.49 0.44

0.050 0.49 0.44

0.005 0.50 0.60
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as well as the relative weight fraction of all three phases
in the system. Method 4 was somewhat less accurate
than Method 3, but still within acceptable limits for
clay mineral quantification. The use of non-linear
chemical mass balance models that can simultaneously
determine the compositions of one or more mineral
phases and the relative weight fractions of several phases
demonstrates a new and promising approach to quan-
titative clay mineralogy.
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