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Abstract--The method of known additions for estimating clay-mineral content was reversed in that in- 
creasing proportions of soil clay were added to a standard composed of equal weights of kaolinite, illite, 
and montmorillonite. After glycolation, peak-area ratios were calculated from 7.2 (kaolinite), 10 (illite), 14 
and 17/~ (vermiculite and montmorillonite) diffraction peaks of standard, mixes, and soil clay. Ratios were 
plotted against % soil clay from the standard (0%) through the mixes (14 to 77%). Curves of fit were cal- 
culated and projected to 100% soil clay giving theoretical values which agree with measured values. As 
weight proportions are known in the standard, the projections permit estimates of clay-mineral weight 
proportions in the soil clay. 
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INTRODUCTION 

The clay mineralogy of  sedimentary rocks, soils, and 
paleosols is routinely analyzed in this laboratory by 
X-ray powder  diffraction techniques to determine 
whether the clay minerals may be used as stratigraphic 
(Frye et al. ,  1968; Kleiss, 1973) or sedimentological in- 
dicators in the rocks or as weathering indicators in the 
soils and paleosols. Commonly, 20 to 30 stratigraph- 
ically aligned samples may be collected at a field site 
and are subsequently analyzed in the laboratory.  Sev- 
eral hundred analyses may be involved in a single field 
project (Ruhe and Olson, 1978). The large amount of  X- 
ray work, in addition to other analyses that must be 
performed, does not permit " in-depth"  analysis of the 
clay mineralogy by known techniques of saturation 
with inorganic or organic compounds. 

In translating the peaks of a diffraction pattern to an 
estimate of the quantities of  the clay minerals in a sam- 
ple, many problems may be encountered as have been 
discussed by Jackson (1956, 1975), Brindley (1961), and 
Dixon and Weed (1977). Regardless of these problems,  
the intensities of diffraction peaks,  measured from peak 
heights or peak areas, do relate to the quantities of clay- 
mineral species present,  and estimates of these quan- 
tities may be made by the method of known additions 
of an internal standard (Jackson, 1975; Brindley, 1961). 
In such methods,  differing known weights of a standard 
are added to a soil containing the same component,  and 
by measuring X-ray diffraction intensities before and 
after additions, the approximate weight proportion of 
that component can be estimated. 

In the present  work the procedure has been reversed. 
Increasing proportions of soil clay are added to a con- 
stant weight of a standard, and through a sequential 
change in X-ray diffraction intensities from 100% stan- 

dard to 100% soil clay, estimates of the quantities of 
various components of  the soil clay can be made. 

LABORATORY METHODS 

For  X-ray powder  diffraction analysis, oriented glass 
slides were prepared from the <2-/zm fraction of the 
standard, the standard plus additions of soil clay, and 
the soil clay. The <2-/zm fractions were separated by 
sedimentation following dispersion with sodium meta- 
phosphate (NaPO3)6 buffered with sodium carbonate as 
employed for particle-size analysis by the pipet method 
(Soil Survey Staff, 1972). Duplicate slides were pre- 
pared. One slide was X-rayed before and after heating 
for 15 min at 450~ The other slide was glycolated 
(ethylene-glycol vaporization in a desiccator for 48 hr) 
and then X-rayed. On selected samples a third slide was 
X-rayed following heating at 600~ A Philips-Norelco 
XRG-2500 machine was used with Ni-filtered CuKc~ 
radiation with a scanning rate of 2 ~ 20/min from 3 ~ to 30 ~ 
20. 

The clay-mineral standard is a 1:1:1 mix by weight 
of the <2-p~m fractions of kaolinite KGa- 1, montmoril- 
lonite TX-1 (The Clay Minerals Society standards), and 
illite (Blaylock, Oklahoma). The <2-/xm fraction of soil 
clay was added to the standard mix in weight ratios of 
0.5:3, 1:3, 2:3, 4:3, and 10:3. Thus, the 0.5:3 mix is half 
a part soil clay, one part kaolinite, one part illite, and 
one part montmorillonite or 14% weight percent soil 
clay, and the amount of  soil clay in the mixes ranges 
from 0% (standard only) to 14, 25, 40, 57, and 77% in 
the mixes, to 100% (soil clay only). The sequence of 
seven samples was X-rayed before and after glycolation 
and after heating. 

All mixtures of soil clay and standard were prepared 
in the wet state. A known volume of  a stock suspension 
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of  the 1:1:1 standard was corrected for the sodium 
metaphosphate dispersant and sodium carbonate buff- 
er. Independently, the weight of  <2-/zm soil clay was 
determined by the standard pipet method of particle- 
size analysis (Soil Survey Staff, 1972). Aliquots of  soil- 
clay suspensions of  the desired weight ratios of 0.5:3 
to 10:3 were added to the extractants from the standard 
stock. After thorough mixing by shaking, glass slides 
were prepared for X-ray work. 

The change in X-ray powder diffraction patterns of 
the sequence (sample R-12) is evident in smoothed trac- 
ings following glycolation shown in Figure 1. The in- 
creasing intensity of the 14-A peak of the soil clay is 
accompanied by the decreasing intensity of the 17-A 
peak of the standard. The sequential change is illus- 
trated more clearly by dismembering and reassembling 
the patterns as shown in Figure 2. 

ANALYSIS OF X-RAY POWDER 
DIFFRACTION PATTERNS 

Clay minerals are identified as follows: Kaolinite(K) 
has a 7.2-A basal spacing which disappears on heating 
to 600~ leaving peaks only at 3.34, 4.98, and 10 A. This 
indicates that little chlorite is present. Illite (I) has a 10- 
A spacing before and after glycolation. Expandable 
clay minerals (X) (vermiculite and montmorillonite) 
have peaks at - 14 A (air dry) and ~ 17 A following gly- 
colation that collapse to 10 A on heating to 450~ 

The peak areas of the 7.2 (K), 10 (I), 14, and 17 A 
reflections were measured after glycolation. See the 17- 
A peak (Figure 2, X-3) for graphic definition of  peak 
area where peaks are readily separable, or a plateau 
area (Figure 2, X-6) where 14- and 17-A peaks merge 
in a composite pattern. The 14- and 17-4 peak areas 
were summed (X). 

Peak-area ratios were calculated for K, I, and X of 
each diffraction pattern by dividing the sum of the peak 
areas for all  three components into respective peak 
areas for each component: 

K area I area X area 
and K 4-1+ X areas K + I + X areas K + I + X areas 
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These values may thus be expressed as relative ratio 
percentages (Figure 2). 

Next, the ratio percentages for K, I, and X were plot- 
ted for the standard (0% soil clay), through increasing 
percentages of soil mix (14 to 77%) to the 100% soil clay 
(Figure 3). Curves were fitted mathematically for K, I, 
and X from the standard through the soil mix of 77% 
(10:3) and were then projected to the 100% soil clay. 
Peak-area ratios were predicted for the soil clay (Kp, 
Ip, and Xp) and compared to measured values obtained 
from the diffraction patterns. Note the reasonable 
agreement between predicted and measured values for 
sample Or-9g (Figure 3). Note further that, the curve 
for K is a parabolic function, while for I and X, the 
curves are linear. Among the 19 experimental sets, the 

I_ I I  I I I I I I I I 

Figure 1. Smoothed X-ray powder diffraction patterns fol- 
lowing glycolation of sample R-12 showing progressive 
changes from the standard, through a sequence of increasing 
additions of soil clay to the standard, and the soil clay. Mixes 
are 0.5 part soil clay to 3 parts by weight of standard, etc. Stan- 
dard scale is half the peak heights of other patterns. 
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Figure 2. Dismembered X-ray powder diffraction patterns following glycolation of sample R-12. Cf. Figure 1. Peak area is 
graphically defined by area a above broken line in X-3 and X-6. Peak-area ratios (times 100) for components are given for 
sequential changes in peaks from standard (1) to soil clay (7). 
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Figure 3. Mathematical fit of regression lines showing se- 
quential changes in peak-area ratios from standard through 
mix of 10:3. Projections to 100% soil clay theoretically predict 
peak-area ratios Kp, Ip, and Xp. Measured actual values are 
Ka, Ia, and Xa. Peak-area ratios for the standard are Ks, Is, 
and Xs. Regression equations and coefficients of correlation 
and determination are given. Sample is Or-9g. 

mathemat ica l  variations f rom standard to soil clay for 
any componen t  may be linear,  logarithmic,  exponen-  
tial, hyperbol ic ,  or  polynomial .  Any  one set may have  
three different mathematical  express ions .  F o r  the 19 
exper imenta l  sets, close agreement  was obtained be- 
tween predicted and observed  peak area  ratios for the 
unmixed soil clays (Figure 4). 

Because  the peak-area  ratios Ks,  Is, and Xs in the 
standard (Figure 3) correspond to a weight  propor t ion  
of  33.3% each,  the predicted intensity ratios for 100% 
soil clay,  Kp, Ip, and Xp should do likewise. In sample 
Or-9g (Figure 3) the predict ion equat ions for Kp,  Ip, 
and Xp in general  form are: 

Kp  = a - bS - cS 2 

Ip = a - bS 

Xp = a + bS 

where  S is the Soil clay %, and a is a constant  corre-  
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Figure 4. Comparisons of theoretically predicted peak-area 
ratios (Pit) and measured, actual peak-area ratios (Air) for K, 
I, and X at 100% soil mix in 19 experimental sets. Note that 
the relations are almost 1:1 for all components. 

sponding to the peak-area ratio for the standard clay. 
It therefore follows that a is equal to 33.3% for each 
equation (weight proportion of standard) and that this 
value can be substituted for a. Each equation can then 
be solved for 100% soil clay (S = 100). In sample Or- 
9g: 

K : 0.333 - 0.00026(100) - 0.000022(1002) 

= 0.087 or 9% 

I = 0.333 - 0.0014(100) 

: 0.193 or 19% 

X -- 0.333 + 0.0039(100) 

= 0.723 or 72% 

A similar procedure can be carried out for the 18 oth- 
er experimental sets. The weight proportions, then, can 
be related to predicted peak-area ratios (Figure 5), and 
general prediction equations can be calculated for com- 
ponents as: 

K (%) = -5 .04 + 0.99PirK 

I (%) = 11.99 + 1.01Pir[ 

X (%) = 4.72 + 0.93Pirx 

These predictions have coefficients of correlation of 
0.97 to 0.99 and standard errors of estimate of 4 to 5%. 
Because predicted and actual peak-area ratios are in 
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Figure 5. Relations of calculated amounts (%) of K, I, and 
X and their predicted peak-area ratios. The equations are pre- 
dictive models for estimating the amount of each component. 

close agreement (Figure 4), the actual peak-area ratios 
of unknown samples of a larger array, from which the 
experimental sets were selected, now can be substitut- 
ed for the predicted peak-area ratios of K, I, and X, 
allowing weight proportions to be estimated. 

The 19 soil samples examined in this study were se- 
lected to represent the range of X-ray powder diffrac- 
tion patterns found in 145 analyses from a field study 
of loesses and associated paleosols in southwest In- 
diana (Ruhe and Olson, 1978). For the remaining 126 
samples, the prediction equations slightly overestimate 
the sums of components. The mean sum was 101.2% 
with a standard deviation of 2.9% and a range of 95.7 
to 104.8%. Perhaps wider discrepancies than the range 
of a 10% error would result if the method were seriously 
in fault. 

No claim is made for universal use of the general pre- 
diction equations. They apply only to the cited study. 
For example, this method of additions of proportions 
of soil clay has been used in an ongoing study of the 
origin of terra rossa on limestone and other soils as- 
sociated with sandstone, siltstone, and shale in south- 
ern Indiana. The general prediction equations for K, I, 
and X in these soils differ from those formulated for the 
study of loess and associated paleosols. Consequently, 
if this method of additions is used, it should be tested 
for each new situation. 
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Pe31oMe---MeTo~I H3BeCTHblX ~O6aBOK ~ I  OUeHKH Co~Iep~KaHHa rJIHHHCTblX MnHepaJIoa 6bIJ1 H3MeHeH 
TaKHM o 6 p a a o M ,  qTO noqBeHHa~l rJIHHa jlo6aaym~acb B yBe.rIHqnBaIoIRefiC~l nponopIBtH K aTa3IoHy, 
COCTaBJIeHHOMy n3  paBUblX BecoB KaoJIHHHTa, HJUIHTa, n MOHTMOpHJIJIOHHTa. H o c ~ e  FJIHKOJI,qIIBH 6bIJIn 
BBIqHC.IIeHhl OTHORIeHH~I IIHKOBblX 3 o n  OT JIHdppaKRHOHHblX HHKOB 7,2 (Kao.rIHHHT), 10 (H.rl.rlHT), 14 n 
17 ~ (BepMnKyanT n MOHTMOpHJUIOHHT) ~Ym aTa21oHa, cMecefi, U IIOqaeHHOI~ r anHhl .  CTpoltYlltCb 
rpaqbHKH 3aBHCHMOCTe~I OTHOIlleHI414 H % noqaeHHO~l FJIHHbI, HaqHHaR OT aTa.rloHa (0%) ~o cMecefi  (14 ~Io 
77%). Bb]qltCYleHHble HHTeprloJI~IRHOHHble KpI4Bble arcTpanoJiHpoaaub] ~I0 100% HOqBeHHOI4 F21HHbl, 
tlTO oHpe~e.rlH.rlO TeopeTHqeCKHe 3HatleHH~l~ COOTBeTCTBylOILIHe H3MepeHHblM 3HaqeHHgM. HOCKOAbKy 
HpoHopI~HH Beca H3BeCTHbl B ~TaJIOHe, 3KcTpaHO2LqlR4H HO3BOJI~IIOT BblCqHTaTb HpH62IH3HTeJlbHble 
Ilponopl~HH Beca FYlHHHCTblX MHuepa.rlOB B I]oqBeHHOfi r2114He. 

Resiimee--Die Methode fiir die Bestimmung yon Tonerden, in der bekannte Additionen zugemischt wet- 
den, wurde herumgedreht, indem zunehmende Mengen von Tonerden zu einem Standart gegeben wurden, 
der aus gleichen Gewichtsteilen von Kaolinit, Illit, und Montmorillonit bestand. Nach Glykolierung wurden 
die Verh~iltnisse der Signalfliichen f/Jr Standart, Mischung, und Tonerden yon den 7,2 (Kaolinit), 10 (Illit), 
14 und 17 ,~ (Vermiculit und Montmorillonit) Diffraktionssignalen berechnet. Die Verh~ltnisse wurden 
gegen Prozent Erden vom Standart (0%) bis Mischungen (14 bis 77%) graphisch dargestellt. Anpassungs- 
kurven wurden berechnet und auf 100% Tonerde projektiert, was theoretische Werte ergibt, die mit den 
gemessenen Werten iibereinstimmen. Da die Gewichtsproportionen im Standart bekannt sind, erlauben 
diese Projektionen die Bestimmungen der Verhiiltnisse von Ton zu Mineralien in den Tonerden. 

R6sum6---La m6thode d'additions connues pour estimer le contenu min6ralogique d'argile a 6t6 invers6e 
de sorte que des proportions croissantes de sol argilique ont 6t6 ajout6es h une norme compos6e de poids 
6quivatents de kaolinite, d'illite, et de montmorillonite. Al~r~s la glycolation, des rapports de r6gions de 
sommet ont 6t6 calcul6s de 7,2 (kaolinite), 10 (illite), 14 h 17 A (vermiculite et montmorillonite) des sommets 
de diffraction de la norme, des m61anges, et du sol argilique. Ces rapports ont 6t6 compar6s graphiquement 
au % du sol argilique de la norme (0%)jusqu'h celui des m61anges (14 h 77%). Des courbes ont 6t6 calcul6es 
et projet6es h 100% du sol argilique fournissant des valeurs th6oriques qui s 'accordent avec les valeurs 
mesur6es. Comme les proportions de poids sont connues dans la norme, les projections permettent des 
estimations de proportions de poids d'argile dans le sol argilique. 


