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Abstract:
Two studies are reported.

I. An assessment of the major sources of error in the X-ray diffraction procedure was conducted using a
nested design and ANOVA for peak area and clay mineral composition. Clay separation, slide
preparation and slide positioning were significant sources of error.

II. Modifications of the factor method for semi-quantitative characterization of clay mineral
composition by X-ray diffraction analysis were tested. Samples used in the study were from early
Tertiary aged sediments of the Fort Union Formation and associated soils in Southeastern Montana.
Estimates of the total CEC of the clay-sized fraction were based on X-ray diffraction results. The
accuracy of estimation for each modification was tested by linear regression comparing these estimates
with measured CEC values. Variation in measured CEC explained 90% of the variation in estimated
CEC, 92% of the variation in smectite composition, and 82% of the variation in kaolinite composition.
Percent illite was compared with illite content estimated by total K analysis. Variation in measured
illite content accounted for 74% of the variation in estimated illite content.

A modification of the factor method is presented that provides relatively fast and reasonably accurate
estimations of percent smectite, illite, and kaolinite for material that does not contain significant
portions of vermiculite or chlorite.
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ABSTRACT

Two studies are reported.

I. An assessment of the major sources of error in the X-ray diffraction procedure
was conducted using a nested design and ANOVA for peak area and clay mineral compo-
sition. Clay separation, slide preparation and slide positioning were significant sources of
error. :

II. Modifications of the factor method for semi-qhantitative characterization of -
clay mineral composition by X-ray diffraction analysis were tested. Samples used in the

study were from early Tertiary aged sediments of the Fort Union Formation and asso-. -

ciated soils in Southeastern Montana. Estimates of the total CEC of the clay-sized fraction
were based on X-ray diffraction results. The accuracy of estimation for each modification
was tested by linear regression comparing these estimates with measured CEC values. Vari-
ation in measured CEC explained 90% of the variation in estimated CEC, 92% of the vari-
ation in smectite composition, and 82% of the variation in kaolinite composition. Percent
illite was compared with illite content estimated by total K analysis. Variation in measured
illite content accounted for 74% of the variation in estimated illite content.

A modification of the factor method is presented that provides relatively fast and
reasonably accurate estimations of percent smectite, illite, and kaolinite for material that
does not contain significant portions of vermiculite or chiorite.




INTRODUCTION

X-ray diffraction methods are central to studies of I-the clay fraction of soils with
the exception of those‘ soils suspected to contain large amounts of amorplhious material. A
* study of the components of the clay fraction of soil must begin with the proll)er identifi-
cation of the minerals present. Quantitative estimations ‘of the clay mineral components
have applications to many disciplines.

Several methods have been employed to make quantitative ‘estimations of clay
minerals in soil investigations. The factor method used in making the investigations ;eported
here has the advantages of being relatively rapid and precise: Hdwever, estimations obtained
are relative values. Consequently, the method has been referred to as semi—quéntitative.
Few investigations report tests of the accuracy of Quant_ifativé estirr;étibns. McNeal _.[31]
used a combination of chemical and X-ray diffraction .methods to make quantitative esti-
mations of the mineralogy of arid and semi-arid land soils. . |

The objectivé of this study was to derive a relatively fast and reasonably accu;ate
method of determining clay mineral composition of soils and associated parent material for
application to large numbers of samples. Ten modifications of the factor meth;)d for semi-'
quantitative’ characterization of _cla_y mineral composition‘b.y X-ray diffrgction'ahalysis
were tested for accuracy and precision. Appropriate factors were determined. Estimations
of relative mineral composition and cation exchangé cépacity derived from x-ray diffraction
results were tested against ;:ation exchange capacity .values obtained by chemical methods.
Estimates of the percent illite derived from X-ray diffraction analysis were tested against'

perceht illite values obtained from total potassium analysis.
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In addition an attempt was made to assess the major sources of efror in the method
of X-ray diffraction analysis used in this study, and to identify the diffraction maxima that

may be measured with the greatest precision.




LITERATURE REVIEW

Quantitativé applications are firmly based on sound theoretical considerations.
However, almost every précedural step in X-ray diffraction methods may be considered as
a potential .source of error [16,43,32,391. In this review of pertinent htgfature, an attempt
is made to briefly survey the major procedural steps in making quantitative clay mineral -
estimations by X-réy diffraction methods. These steps may be identified as: (1) sample dis-
persion and particle size segregation, (2) sample prepar‘ation. and presentation, and (3)

quantitative estimation of clay mineral components.

Sample Disperson and Particle Size Segregation

Day [7], Kunze [27], Kittrick and Hope [23], Jackson [18] and Watson [53]
provide reviews of procedures applicable to éainple dispersion. It is generally accepted that
cementing agenfs and free oxides and salts should be rémoved to some extent to aid in dis-
persion. Apparent disagreement does exist, however, as to the severity of the pretreatmeﬁt
required. |

The procedures described by Jackson [18] are: generaliy rigorous.. It Has been
demonstrated that less severe pretreatments are adequate to obtain satisfactory sample dis-
persion and X-ray diffraction results [23]. Several authors have found that sample pretreat-
ment can ;eriously affect appareﬁt clay mineral composition. Harward, The‘isen,“and Evans
[17] compared the effects of several different dispersion methods. Generally, they found
that, alfhough irén removal enhanced dispersion, it also resulted in significant differences
in apparent clay mineral composition. More rigorous iron removal and dispersion treatmépts
generally résulted in a greater number of cfay minerals identified, however, this was also

dependent upon the soil itself.
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The choice of the proper combination of pretreatment and di'spersionA methods
remains to the discretion of the investigator. A combination of methods might be most
worthwhile. While it is imp:ortant to identify the maximum number of mineral components .
- present, it is also advantagéous to use those methods which retain the real mineral as-
semblages as they exist in situ [17].

Usé of ultfas_onic vibrations to obtain sample dispersion may eliminate need for
drastic pretreatment. Olmsfead [37] found that sonic vibrations coulﬂ-be used in con-
junction with chemical treatments to obtain stablé dispersed suspensions of soil colloids.
However, his work was largely overlooked fo; almost thirty years. Recently Edwards and
Bremner [9,8] found, using soils having a wide range of characteristics, that sample dis-
persion coulci be obtained with most soils using only distilled water, thus _reduciﬁg both the
time involved in treating the sample and the possibility of destruction of natural mineral
structure. This work ha’s been corroborated by Genrich and Brémner [1 2]; Vladimirov [52]
suggested the value of ultrasonic dispersion methods in studying highly calcare‘ous soils
where chemiéal treatments disallow a particle size investigation of carbonate salts. Emerson
[10] found that sodium hexametaphosphate improved dispersioﬁ .of soils partiéularly high
in organic métt}ef or soluble salts. In most cases it has been rep_orted that abrasion of miner-
als is lower using ultrasonic methods than with eif_her shaker or mixer methods of mechani-
cal dispersion except in the case of biotite [9]. |

Particle size segregation may be obﬁained by settling or centrifugatioﬂ [18]. Tén—
ner andn Jackson [48], in considering settling and centrifugatioh techniques, have. pub-
lished nbmographs by which the sedimentation of pﬁrticles Haviﬁg a particular effective -

radius may be predicted according to tirne"teinperathre, particle density and céntrifuge
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speed. Procedures employing density gredient centrifugation and heavy liquid teehniques
have not received much attention in clay minéralogy as yet. Towe [51] suggested these f
latter techniques while critically considering the use of the 1ess-than-2-micron' .‘particle-size
fraction in making typical clay mineral studies. Towe seriously questioned the ability of
current sedimentation and centrifuge techniques to yield accurate representative samples -

of this size fraction based on inherent differences in particle density and settling times.

Sample Preparation and Presentation

Preferential orientation is rather easily obtained because of the shape of most
layer-silicate minerals, Orientation results in the enhencem‘ent of basal (001) diffraction
| maxima and thus permits greater sensitivity to small amounts of the mineral components-
present [27]. ' .
The length of the specimen irradiated and the depth to which the X-raiy beam pene-.
trates are functlons of the angle at which the X-ray beam intersects with the sample 6).
The length of the irradiated specimen (L) may be calculated by the relationship:
L =aR/2sing ,
where a represents the d1vergence slit width (m radians) and R represents the radius of the
‘gonlometer [38]. The irradiated spe01men length increases rapidly at smaller angles of 0.
This results in a maximum d-spacing that may accurately b_e measured and a minimum
sample length. It is 1nterest1ng to note that the majority of studies reported in the litera-
ture use CuKa radiatlon in conjunction w1th a divergence slit w1dth of 1° to study soil clay

mlnerals. According to the values reported by Parrish [38] the maximum d-spacmg accu~ -
rately measured under these conditions is 5.2A, a value well below even the relatively small

" ¢ dimension of the kaolinite minerals (approximately 7A).
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Cullity [6, pp. 269-272] described the effective depth of X-ray penetration in terms
of the fraction (Gx) of the total diffrected intensity contributed by a surfaee layer of a
certain thickness (x) by the relationship:

Gx=(1 - e-2ux/sin0) ,

where represent"s an appropriate mass ,ebsorption coefficient. Gibbs- [13] used th1s
equation to calculate penetration values. The need for a uniform .sample in which no parti-
cle segregation has occurred is imperative. |

In a comparison of several techniques Gibbs [13] found that particle segregation
~ was best avoided b.y smear-on-glass techniepes as described by Theisen anrl Harward [50]
and suction-on-ceramic tile techniques described by Kinter and Diamond [22]. Centrifuge
methods for vde‘position- on either ceramic tiles or glass were feund to cause particle size
segregation and thus bias estimetes toward the finer grained smectite minerals..

An additional consideration in preparing oriented samples is the degree of orien-
" tation that is actually achieved. Departure from the preferred orientation can cause a
reduction in the peak inte'nsit'yl. Taylor and ‘Nerr'lfsh [49], using the suction-on-ceramic tile
method reported significant variations in tlre degree of preferred orientation between
specific minerals. They' also found that variations in the deéree of orientation for specific
minerals may' vary between duplicates. Quakernaat [41] reported relativel;ll low absolute‘
orientation for all minerals 'studiedl using:- a suction-on-plastie membrane technique..
Schultz [44] , in a study of kaohmte-ﬂhte m1xtures using a smear-on-glass techmque,
found that the degree of preferred orrentatron in pure kaolinite samples was greater than

the orientation of either kaolinite or illite in mixed samples However for any one. mlxture,
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the preferred orientation éf thel kaolinite and illite Qas about the same. He concluded that
the effect of orientation was eliminated Within a single slide.
At present no clear advantage is held by either the smear-on-glass or the suction-on-

ceramic tile techniques in comparison with each other [50].

Quantitative Estimation of Clay Mineral Components

" Quantitative X-ray diffraction methods fall into three basic approachés described
here as:'(l) the Theoretical Method, (2) the Standard Clay Mixture Methods, and (3) the

Factor Method.

The Theoretical Method. The work réported by Alexander and Klug and thei;
“associates [1,24,25] form the theoretical basis for current quantitative methods. In its
simplest form, the method of Alexander and Klug [1] reduces to:

IL/1..=w

plop=Wp>

p o,p
equals the diffraction intensity of the P component in puré form (the extérnal standard),

where 1 equals the diffraction intensity of the P component in a multjphase nﬁxtu_re, I

b
that the mass absorption coefficient of the P component (“*p) is equal to the mass absorp-

and w_, equals the wéight fraction of the P component in the mixture. This method assumes

tion coefficient of the matrix con-taining the rest of the components of the mixture (,u-*m).

This assumption is not strictly true and can leagl to large errors. Leroux, Lennox, and Kay

[28] attempted to correct for this by extending Eq. 1 to include a ratio of the mass

absorption coefficient of the P component to the average mass a}bsorption coefficient of
1 T AN

the mixture (u ):

. = ® [Tk
pflo p = WolB/Rk)




8
Tabulated values of ur"; for several mmerals are ava11ab1e [31. ' Assuming an investigator has
previously determined I P’ the apphcatlon of th1s technique requires only a measurement’
of Ip and ﬁr"l‘l. Williams [57] provided an improved method for determi_ning the average

mass absorption coefficient.

The Standard Clay Mixtures Method. Methods using mixtures of standard clays
have been applied through two basic avenues for quantification: (1) the calibration curve
approach and (2) the empirical factor approach.

The calibration curve approach uses mixtures of known weighed amounts of sta‘nd-
ard clay minerals to calibrate the method. Probably the most extensive use _of this tech-
nique was that of Willis, Pennington, and Jackson [58]. They used 141 standard clay mix-
tures containing either 2, 3, 4, 5, or 6 components based on their coﬂception of_the
weathering seq.uence of clay size material. T/alvenheimo and White [47] used a diffractome-
ter in developing a standard clay mixture method for multiphase system containing kaoli-
nite, illite, and bentonite. With this technique they reported 5 to 10% accuracy.

Internal st_andards have been émployed, in the calibration curve approach. Com-
pounds such as MéO, LiE, and CaF, having low absorption coefficients and high sym-
metry are normally used [3] so that small amounts may be iﬁcorporated in thé sample
to be measured without disrupting fhe desired degree of orientation. The internal stand-
ard method of quantitative analysis is based upon ‘the ratio of the 1ntegrated 1nten81ty of
a component in a clay mixture with the mtegrated intensity of an internal standard added
to the mixture in a constant amount. Calibration curvés are normally prepared using syn-
thetic mixtures of standard clay samples together with a constant amount of the internal

standard. The use of an internal standard circumvents the need to know mass absorption.
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coefficients or crystal lattice parameters. Because of this édvantage the method has been
applied to the sfudy of soil clays by several investigafcors. Méhy of these investigations were
done using photographic techniques on randqm powder mounts {5 5;19] . In a more recent
study, Glenn and Handy [15] applied the ihtemal standard' mefhod usi._ng' a diffractometer.
Orientation problems have been ap'_proached by‘Quakernaatu [41.] by the use of
molybdenite as an orientation indicator. Compensating for deviétions from preferred '
orientation, he set up quantity intervals using standard mineral mixtures. I.I'l determiniﬁg )
quantities of kaolinite, illite, and smectite, he ;:laimed an accuracy of about 7 percent.
Estimations of chlorite, vermiculite, and, pyrophylﬁte were within labout 10 percent
accuracy. ~ |
- The empirical factor approach is best exenilp‘lifiéd by the work of Schﬁltz [44,45].
Basically this met_hod uses standard clay minerals in' binary. combinations to obtaih ra‘tios
of integrated diffraction i_ntensitié_s for two minerals. Thesp ratios were théﬁ applied to a
multiphase mixturé‘to qharacterize the peak intensities to obtain relative clay mineral cém-
positions. As stated previolusly, Schultz recognizeéd that such factors nlot only rés’ulted frorﬁ
characteristics of the composition and lattice structure of the minerals,_but from orientation
effects as well. Schultz reported that ip 50/50 mixtures .i)y weight of several kaolinites to
Fithian Illite, the ratio of the integrated intensities was approximat.el_y 1/1. He foﬁnd no
consistent ratio for chlorite minerals. In‘a similar study Moore [33] reported the accuracy
to be within 2 percenf of the actual values.
The major problem shared by the m'et‘hods employing mixtureé-of- standard clays
is the difficulty faced m obtéining mineral standards that are comparable to the clays

naturally occurring in soils. Gibbs [14], however, has reported a technique in which he
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obtained standard minerals directly from the samples fo be studied. Coupling the approach
of Schultz as described above together with an internal standard method, he avoided the
problems of absorption and crystallinity differences- between the standards and the

unknowns.

" The Factor Method. The factor method incorporates the use of an empirical multi-

plication factor by which me;clsured peak intensities or integrated intensities are character-
ized. These factors may be derived éxperimentally ;IS in the case of studi_es reported by
Weaver [54] and Freas [111, or by calculations-based on chemical and crystal lattice
parameters [4,42]. The method has several édvant_ages in thai it is relatively rapid aﬁnd
generally has good precision. Any of the diffraction maxima may be used in the calcu- '
lations along with a careful and reasonable choice of multi.plicqtion factors.

The method as outlined by Johns, Gﬁm, and Bradley [20] is probably the most
often cited of all quantitative procedures. Basically it uses illite somewhat like an internal
standard. The integrated intensities of the diffraction maxima of the other minéréls are
.then related to the intcérated_ intensity of the illite peak by appropriate multiplication
factors. They hsed two illite peaks for compafison pﬁrposes. The 10A'illite peak was multi-
plfed by 4 to allow djrect comparison with the 17A peak of smectite. The 3.3A peak.was
compared directly with the 3.5A maximum for chlorite and kaolinite. Heat treatments
were used to discern minerals which occur concurrently in a peak. An‘ apparently arbi-
trary correction for quartz was applied with the 3.3A peak of illite.

Similar gpplications of this méthod have beeﬁ repofted. by several authors and dif-

fer from the method of Johns er al. by either the method used to determine peak intensity
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or integrated intensity, in the multiﬁlication factors used,'ahd/or in the diffraction maxima
being measured. Weaver [54] used a factor of 2.5 in comparing the 7A peak with the l_OA
peak‘ fdr the determination 6f kaélinite. Freas [11], on the other hand, in 'compa.lring all
minerals presént to the (0,01)'diffraction maximum of kaolinite at 7A, used facfors of 3, 3,
and 1 for compaﬁson with the (001) reflections of illite, .chlofite,'and smectite, respec-
.tively. Biscayne [2] in comparing all minerals to the 17A peak of montmorillonite used a
factor of 4 for the 10A éeak of illite and a fact(;r of 2fora comp;<1rison with the 7A peak.
The relative composition of chlorite and kaolinite was further discerned by using the
doublet occurring near 3.5A. Meade [29] assumed that smectite, ;caolinite, and illite
reflected lX-rays at' the same intensity. I.n addition, he used different intensity factors for
Type A chlorite (x2) and Type B chiorite (x 1.5) at 7A for comparison with the 10A peak“

of illite. The rﬁethod of Keller and Richards {21} is glose]y similar to thai of 'Jphns etal

with the exception tha.t a facfor 6f 3 was used to 'cor-npare the 17A peak to the 10A peak.
Neiheisel and Weaver [34] used é factor of 2 for comparing the 17A énd 7A peaks With

the 10A péak.




MATERIALS AND METHODS

MAIN STUDY—-QUANTIFICATION

The fifty samples used in this study were 6btained from the Decker Coal Company,
Decker, Montana. The material consists of 'early Tertiary aged sediments of the Fort Union
Formation, together with soﬂ formed on this moderately indurated material.

The; samples were chosen on t.he basis of clay mineral_ composition estimated from
preliminary X-ray diffraétion analysis in an effort to obtain a wide range of clay mineral

composition. The déscription of those sambles used in this study appeared in Table 1.

Sample Preparation

The samples were first ground to pass a me sieve. Sample dispersion was obtained
by using a probe-type ultrasound machine (1 20 volts, 4 amps, 60 cycles) manufactured by
Blackstone Ultraéonics, Inc. Ten g,rams.of éach sample were placed in 50 ml of 0.0i%
Naz(IO3 and subjected to ultrasound for 2 minutes. ﬁxcessive heating of the sampieé was
experienced using longer periods of dispe;sion. : |

Stock. clay-sized (< 2u) pgrticle suspensions were prepared for each sample by five
washings using 0.01% Na, CO3, centrifuging at 500 RPM accor_ding to the nomographs of
Tanner and Jackson [48], and saving the supernatant from each wash. Four 25 ml sub-
samples were removed from these stock suspensions and prepared for X-ray diffractiéﬁ
analysis asl described vbelow. The remaining stock sﬁspensions were saturated with calcium
by centrifuge washing three times with N CaCl, . Excess salt was removed by s_imple dialy-
sis until a test for chloride wé"s negative. Upon completion of dialysis the samples were air

dried and hand ground with an agate mortar and pestle to pass a 60 mesh sieve.
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Table 1. Sample Identification and Descriptién '

Description . P i Description
Lab. (Depth in ‘ Lab. (Depth in
Sample No. Ident.No. = Feet) Sample No. Ident.No. Feet)
1 44518 0-2 ' 26 45257 - 54-60
2 44519 2-5 27 . 45258 60 - 65
3 44520 5-11 .28 . 45261 - 75 -77
4 44521 11 -15 29 45262 - 129 -135
5 S44522 15-20 30 . 45263 © 135-140
6 44523 20-23 31 " 45264 140 - 145
7 44524 - 23-27 32 1235-4 ' 55 -60
8 44525 27-29 33 . 1235-5 60 - 66
9 44528 .- 40-45 34 1235-6 - 73-78
- 10 44529 45 -50 _ 35 1235-8 103 - 107
11 44530- . .- 50-55 36 1235-9 107 - 117
12 44531 . 55 - 60 37 1235-10 117 -126
13 44532 60 - 65 38 1237-1 - T 5-10
14 . 45245 . 0-2 39 1237-2 10-20
15 45246 - 2-5 40 . 1237-3 . 20-25
16 - 45247 5-11 41 1237-4 25-35
17 45248 11-15 42 . 1237-5 35-45
18 45249 15-20 a3 1237-6 45-50 -
19 45250 20-25 44 1237-8 60 -70
20 45251 '25-28 45 - 1237-10 ' 988 -105.3
S 21 45252 28 - 34 46 . 1237-11 105.3-110.0
22 - 45253 - 34 -40 47 1237-12 111.8 -120
23.° 45254 40-44 48 . 1237-13 120-130
24 45255 44 -49 . 49 1256-2 42-52

25 . 45256 . 49-54 50 Co1256-12 . 138-142

Total Potasswm Determmatlon :

Duphcate 0 0500 g clay samples were welghed The HF—HCIO decomposmon "
method was employed as suggested by Pratt [40] The extract was dlluted to 100 ml. so:
that the resultmg solution contamed 0 5% Sr as SrCl,. The concentratlon of potassmm

jons in solution was detérmined by atomic absorptlon. The results we;e reported in terms

of illite, expressed as a pércentage of the 'total clay fraction as 'calculated assuming 8.3%
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[30] and 5.1% [54] elemental potassium per unit cell illite. The resulting estimations of
the percent illite were tested against the percent illite estimated by X-ray diffraction analy-

sis using linear regression methods.

Cation Exchange Capacity Determination

'

Free carbonates were removed from the dry Ca-saturated clay samples by a modifi-
cation of the method described by Jackson [18]. The modification involved four centri- |
fuge washings with normal sodium acetate buffer (pH 5.0) without heating fhé sample.
Following carbonate removal 'air-dried Ca-saturated clay samples were prepared by the
method previously described.

The cation e)ichange capabilities of the clay samples were determined by ﬁ Ca//Mg
exchange. system. Duplicate 0.050 g éamples wefe centrifuge washed four ti_mes ﬁsing
10 ml aligtiots of N MgCl,, saving the supernatant following each wash. The resulting
extract was diluted to 50 ml so that the resulting solution additionally contained 0.5% Sr
as SrCl, . The concentfation,of Ca in the extract was determined by atomic absorption and

the results reported in terms of meq/100 gm of clay.

X-ray Diffraction Analysis

. One subsample of each clay sample was saturated with Mg by centrifﬁge washing
three times with 25 ml aﬁquots of N MgCl, . Excess salt was removed by washiﬁg twice
 with distilled water. A second subsample was saturated similarly wiﬂi potassium using
N KCl. Excess salt was removed by washing once with distilled water folloWéd bya sqcond

wash with 50% ethanol. Subsamples were duplicated for each clay sample.
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Parallel oriented s.amples were pfepéred by the paste method of Theisen and Har-
ward [50]. The Mg-saturated samples were ét_hylen‘e glycol solvated by the condensation
method described by Kunze [26]. K-saturaféd sémples were heate<;l to both 350°C and
55 0°C for three hour periods. |

X-ray diffraction analysis was carried out on a General Electric XRD-5 diffractome-
‘ ter using Ni filtered CuKa radiation at 45Kv' and 18ma with beam and detector slit widths
of 1° and.0.2°, respectively. Medium range collimating assemblies were used fér both the
incident and reflected beams. Scanning speed of the goniometer was 2° 26 per minute and
" the chart speed was 1 inch per minute, giving a 2° 26 per inch diffractogram scale for all
samples. All Mg-saturated, ethylene glycol solvated samples were scanned through a 20
range of 2°-30°. A 2°-15° 26 range was used for K-saturated samples for both heat treat-
ments. |

The criteria used to identify the clay minerals present in the samples were taken

from [18] , [56], and [5"] and are as follows:

Mineral Group Identification Characteristics
Smectite d(001) maximum at approximately 17A

under Mg-saturation and glycol solvation. K-
saturation fogether' with heat -treatments
cause progressive collapse of interlayer space
resulting in a d(001) maximum at approxi-
mately 10A for the K-saturated, 550°C heat

treatment.
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Vermiculite : o . d(001) ‘maximum. at 'approxirnateiy 14A
| under Mg-saturation and e;thylene‘ glycol sol-_.
vatiénl ":I‘ota,‘l collapse of the intérlaygr space '
and a consequeht d(001) mé;(imum c_>f ap-
i 'pr'o'xjmately 10A result.from AK‘-saturation to: -
X géfher ,wit'h,hea.1t treatments.
Chléritc : | - ‘ ) d(OOD maximum at z.iﬁprox‘imatellyﬁll4A for,“
o all <_treatments.’d(002) maximum may or méy :
not be present in the K-saturated, 5'50°C -heat'. _ |
tréatment. '
Illite - o : d‘(OOI)'maximur'n at.appr.oxiﬁllately 10A for
o | all treatments. | | .
"Kaolinite S o o : .c_l(O(')l) maxiﬁum’ af appro?{in;gte}y‘7A‘ and a
1d(002), maximum "at'-_3._5A for all trea;m_e;its' "'-
_except K-saturated, 550°C heat -tregfgd‘ sam-
-p.le's. Oh'heéting: td aﬁ'proximately SSO?C the
| mineral reportéd here as kaolinite becomes
“amorphous to X-rays due to the collapse of -
. crysfalline structure.
: Quartz . ' ' .a'A diffraction r;laximum 'at approximéteiy :
| 3.,‘3A"avi1d coi_ncidés with an aé:_cq:r_npahying. .

d(003) maximum of illite.
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Peak irlterislties of the d(001) reflections Were measufed to a hand—drawn back-
ground line. The areas under the peaks were estlmated by multlplymg the peak helght by
the width of the peak at: half the peak height [36], as 1llustrated in Fig. l
Characterlzatlon of the mmerals followed the factor method of J ohrls Grinl and .
Bradley [20] as modified by Wilding [59]. Modlflcatlons in. thlS method mvolved both the
peaks and factors used to character1ze the mlnerals con31dered Fxrst order basal reflections
were used in the characterization of all clay minerals. The 3.3A reflection was used to
characterize quartz. Often the 14A peak of the Mg;s"aturated, ethylene glycolated slide ap-
peafs as a shoulder on the high.angle side of the 17A peak. In such cases the low angle side
of the 14A peak was estimated, as in Fig. 1, and the area calculated. The area of the"l7A-
peak was then corrected by subtracting the area of the 14_A, peak from the area of the 17A
peak. ' |
Ten mog:lifications were tested inv_olving different factors for smectite and kaolinite. |
' Computer programs were ,usea to complete the cha_racterization.'The following compu-
tationa were used to calculate cllaracterized peak areas:
Modification I.
17A Mg—sat. E.G./4 = Smec. Peak Area
(14A Mg-sat. E.G. minus 14A K-sat. 350°C)/2
' ' , = Verm. Peak Area
14A K-sat. 350°C/2 Chlor. Peak Area
10A Mg-sat. E.G./1 . - Il1. Peak Area
_ ‘(7A Mg-sat. E.G. mlnus 7A K-sat. 550°C)/4
= Kaol. Peak Area

(3 3A Mg—sat E.G. minus 3/4(10A Mg-sat. E.G. )/4 '
= Quar. Peak'Area




Figure 1. Peak Area Determination

A = [land drawn background line

B = Hand drawn line estimating the extent of the peak
C = Area of peak overlap

H = Maximum height of peak measured from A

W = Peak width measured at H/2

Peak Arca=HX W
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Modifications III, III, IV, and V were similar toAModifica'tion I exéept that the (7A:

Mg-sat. E.G. minus 7A K-sat. 550°C) peak area was divided by 3, 2.5,2,and 1, respectivély,
for kaolinite estimates. Modifications VI, VII, VII'I, IX, and X were similar to Modifi-
cations I-V except that the 17A Mg-sat. E.G. peak area was divided by 5 fof smectite esti-
mateé.
For each modiﬁcétion_ tested, the characterized peak areas were totaled énd the
relative percent compositic:m of each mineral calculated according:
Smec. Pk. + Verm. Pk. Area + Chior. Pk. Area
+ Kaol. Pk. Area + Quar. Pk. Area = Total Peak Area
Percent Smectite = Smec. Pk. Ar’ea/Tofal Pk. Area X 100 '
Percent Vermiculite = Verm. Pk, Area/Total Pk. Area X 100
- Percent Chlorite = Chlor. Pk. Area/Total Pk. Area X 100
Percent Illite = Tll. Pk. Area/Total Pk. Area X 100

Percent Kaolinite. = Kaol. Pk. Area/Total Pk. Area X 100
Percent Quartz = Quar. Pk. Area/Total Pk. Area X 100

Cation Exchange‘Capacity-' Estimation

Cation exchange capacity values were estimated for the < 2u pérticle size fraction

of each sample by multiplying the percent mineral compositions estimated by each modi-

ﬁcatioh with cation exchange capacity values reported b)} McNeal [31] for the minerals

‘considered:
Smectite . 100 meq/100 g
Tlite © 25meq/100g
Kaolinite - . 8meq/l00g
‘Chlorite 25 meq/100g -
-Vermiculite "~ 175 meq/100g

* Quartz _ 2 meq/100g
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" The resulting estlmated catron exchange capacity values were tested against the

]

catron exchange capacrty values determined by the laboratory procedure prevxously

described, using linear regressron methods.

Statistical Methods

Correlatlons were computed usmg the Bzvarzate Correlation Analyszs routme, sub-

program Scattergram and the Multiple R‘egression routine‘, subprogram Reg_ression of the

Statistical Package for the Social Sciences ‘[35] . For each‘modification, linear regression

models Were developed for the following:.

where,
MCEC

ECEC - =

MILS

. MILS5

"EIL

ESM . .

dependent vs. ndegendent

"MCEC " .ECEC
- ECEC MCEC
. ESM . MCEC
ECDIF " ESM
EIL . .. MIL8
EIL. " T MILS
ILDIF8 - - EIL
EKA " MCEC

ECDIF . - EKA

Catron exchange capacrty determmed by .chemical means: measured ‘

"CEC. -

Cation exchange .capacity estimated from X-ray drffractlon results'

=" Relative Illite content of the clay fraction as determined by total potas-

sium analysrs assummg 8. 3% K per unit cell of Illlte measured lllrte

" content.
‘Relatrve Ilhte content of the clay fractron as determined by total potas—

sium analysis assuming 5.1% K per unit cell of Illite; measured illite

‘content.
-Percent Tllite content of the clay fractron estrmated from X-ray drffrac-

tion results

= Percent Smectite content’ of the clay fractlon estrmated from X-ray drf- Y
, fractlon results : :
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EKA

Percent Kaolinite content of the clay fraction estimated from X-ray dif-
fraction results. ' '

ECDIF = Difference in CEC of ECEC minus MCEC

ILDIF8 = Difference in the percent Illite content given by EIL minus MILS.

The esfimating accuracy and precision of_ a modificatiori in the factor mqthod was
primarily based on comparisons of the slope, the y-intercept, the correlation coefficient (r),
the coefficient of determination (r?), and the standard error of the estimate (SEE) for the
linear regrt;,ssion models listed above. | |
PRELIMINARY STUDY—ISOURCES OF ERROR
IN LABORATORY TECHNIQUE

| Three soils were chosen from samples obtained from the Decker Coal Company,
Decker, Montana, and the Coal Mine Reclamation Program, Montana State University, on

the basis of their relative srhectite content:

Ident. No. Description”
Soil A 44523 20-30 feet
(High) :
"~ Soil B 44531 55-60 feet
* (None) . . , ,
Soil C ‘ 15 Colstrip—C.M.

(low to moderate) : ' Watershed #1
From each.soil, three 10 g samples were taken ahd clay size (< 2p).material sepa-
rated by the meth;)d previously described. From the resulting stock clay suspensions threg
Mg—saturated slides and three K-saturated slides were prepared. The Mg-saturated slides
wére ethylene glycolated and scanned through a range of 2°-30°, 20. K-saturated slides
underwent su.ccessive heat treatments of 1350°C and 550°C and were scanned through a
range of 2°-15°, 20 following each heat freatment. Each slide was positioned to create

three arbitrary fields on the slide corresponding to center, slightly left of center, and
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shghtly right ‘of center. Three readmgs were made at each pOSlthI‘l The des1gn results in
81 samples from each soil and 243 samples for the whole experlment
Characterlzatlon and relative clay mineral composmon were determmed by MOdl-’
_ flcatlon No. 1 descrlbed prev1ously in Materlals and Methods— Mam Study
One-way analy.s1s of variance for the nested design [46_-] was comp_qtéd over all soﬂs
tested conSidering .p.eak' 'ar‘ea (meaaured in sq’uar.e_'inehes), add .relative clay mineral cdmpor ,
sition. | | -
| In the analysis of peak area the folloWing peaks Wer‘e cbnsidered:A | .
Mg-E.G. treatment: 17A, 14A; 10A 7A 3.5A,3.3A
K- 350°C treatment: 14A, 7A
K-5.50°C treatment: 7A
" These peaks have been used in the past._.by..nu'meroue in‘vesﬁgators in making quantitative

estimations of clay mineral composition. -




" RESULTS AND DISCUSSION -

" The results hereio- reported and disc'ussed"were .derived from two separate studies.
. The two stuelies are reportec_l: separately un_der the headings: I Preliminary S't‘udy—Sou'rces

. of Error in' Laboratory .Technique,' and II. Main .Study;QuantifIcation.
I PRELIMINARY STUDY—SOURCES OF ERROR

IN LABORATORY TECHNIQUE
Peak area measurem'ents (in*) and percent clay mineral composition data appear in
Tables 15 and 16, respectively. Analysis of .variance was conducted according to the_
odel of ANCVA table appearihg in Table 14 by computer. Computations were con-"
- ducted by Dr Erwm Sm1th Complete analys1s of variance statistics for peak area appear
in Tables 17-24 Complete analysis of varlance ‘statistics for relative percent. compos1t10n
appear in Tables 25- 30
. Percent of the totaI variance for the. main effects v_tlas calculated from variance

components' for all analyses and appear in Table 2.

/

‘Variance_'Compor.lents were calcul'.ated for thie Analysis over all soils by: ..

SBCA = MSgis B MSclay sep./bedn
Step = MSclay sep.  ~ MSglige/cdn
bec = MSsiide -~ MSfield/slide/dn

*.SKcD = MStield/stide = MSread ffield/™
| 82 = MSpeaq. [field |
Total Variance = §> + SNCD + SDC C

SCC,B_ + SBCA A




Table 2. Percent of Total Variance for Ma_in Effects on Peak Area. for All Soils Studied

Treatment Mg EG Mg EG

| Mg EG Mg EG Mg EG MgEG K350 . K350

Peak 7A - 14A oA 7A 35A . 33A 14A 7A
Soil | 90,38 42.46* ,'81_.79.* | - es6rr " 65.98* _6_2.-2'6*- _'11.75.* 45.74%
Clay Sep./Soil 000  752% 159 - 2.89 0.00 633 0.00 25.06_*': |

S‘li(.le/Clay'Sep. | 000 - 000 B 000 1496*  14.20% 066+ 000 245
Field/Slide ‘ 8.6+ | 36,49+ 11.98% 13.04* 13.3éf 1_8;'22".‘ 75.88 26.30* -

Read/Field 092 1357 4.64 - 3.49 647 12.34 0.45

3.53

~ *Significant for a = 0.05 for variance components within colurns.

1L
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The percent of 'the variance as it appears in the tables is a useful statistic, although
the magnitude. of the values can be somewhat misleading. For thlS reason- asterisks have
been used to mdicate main effects sngmficant at the 5% level based on F test values (Tables “

17-30).

Significant Main Effects in Determinmg Peak
Area Over All Soils Tested - '

The X-ray diffraction method used was shown to be sensitive to the variation in
mmeralogy of the clay size fraction of the soils used when cons1dermg peak area. As may
be_ seen in "_l'able ‘2, soil was shown to be the biggest source of variation. ThlS was expected -
since the soils.were'chose‘n on.their apparent clay mineral co:nposition (high smectite, low‘
to moderate srnectite,“arid no smectite).

Positioning of the slide (fie‘ld/sli.de')‘ was found to have a significant effect in deter-

mining peak area for all peaks considered:in this study. This points 'tAo a_-definite need to

be consistent in the 'oositioning of the samples in the diffractometer. It.may be further

inferred that, in attempting to use different treatments, requiring removal and reposition-

ing of the same or a different slide, a significant sotxrce of variation may be incurred in
repositioning. This effect is not simply the effect of variations in the thickness of the speci-’

men, but also ‘the effect of the length of the specimen exposed to irradiation. Positioning '

of the slide significantly off center has the ‘effect of shortening the effective length of. the

speCImen 1rrad1ated by allowmg a substantial portion of the incident X-ray beam to miss -
the sample [39].
For Mg—saturated,',ethylene glycol solvated samples, between slide (slide/clay sepa-

ration) variations .were-found to have significant effects in determining peak area for the
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7A, 3.5A and 3.3A peaks. This points to possible clay.mineral segregation during the cen-
- ‘trifuge wash'ing technique following‘l\/lg-saturation, diffeérence in prelerred orientation, . .
va'riati'on‘of clay. ﬁlm fhickness, or a combination ol’ these effects'. This.seems to be espe- ‘
cially important when considering minerals m the high 26 angle_region such' as kaolin‘ite )
and duartz, since the peaks showing significant variation are the first order peal(s for these
minerals. While these peaks also represent high ord.er reflections for other minerals (chlo; '
rite, vermiculite, and illite) similar variation was not ,recognized in the first order reflec-
tions for these mlnerals | | |

For these samples variations due to the clay separatxon plocedure were found to
be 51gn1f1cant in determmmg peak area for the l4A and 7A peaks Again this pomts to
clay mineral segregation, in thls 1nstance during the clay separation procedure. The effect
‘lseems to hbe‘ significant A‘in considering chlorite and .k'aolinit"e. Vermiculite also exhibits a
_ first order reflection at 1'4'A‘ b'ut was not fecogn'ized in many samples. .

- Sources of Error in Detemﬁn‘Lg Clay
._ Mmeral Composition Between Soils

"The X- -ray dlffractlon ‘method used in th1s study was found to be sensmve to the‘ a
varlatlon in mmeralogy of the clay size fraction of the SOllS .

© As may be seen in Table 3, the soﬂ was found to be a s1gn1flcant source of varlatlon
" Soil was _the major source. of variation for smectite, illite, and kaolinite. This was antlcl-
_ ‘pated since the soils yvere chosen on their apparent clay mineral.composition.

The posmomng of. the slide was also found to have a significant effect in deter-

" mining the relatlve clay mlneral compos1tlon for each of the mlnerals tested
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Table 3. Pércent of Total Variance for Main. Effects on the Deferminatiori of Clay Mineral
‘Composition Over All Soils Studied .

Smectite . Illite Kaolinite

Soil ' 98.56% ‘ 94.10* 87.31%
Clay Sep./Soil 0.09 1.44% ' 2.20%
Slide/Sep. 0.00 4 0.00 0.00
Field/Slide 1.12% - 2.58% o 8.19%
Read./Field _ - 023 1.89 : 2.30
Coef, of Var. . 6.10 . . 8.33 " 6.80

* - significant at & = 0.05

The clay separation was found to be sjgnificaﬁt in determining the relative 61ay
mineral composition for all the minerals considered in this study except smectite. The
crystallite size of smectite is relative!y small. Variation in temperature, time, and centri-
fuge speed not compensated for during the centrifugation procedure would have a greater .

effect on the amounts of clay minerals having larger particle size than smectite.
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I1. MAIN STUDY-~QUANTIFICATION
The accuracy and precision c;f each modiﬁqati_on of the factor ﬁethod tested m
this study were determined By lineal‘~ regressio\n‘ ana}&sisi In this way measure(_i paranrieters.
were compared with related estimated parameters. Complete peak area measurements ap-

pear in Table 31.

Cation Exchange Capacity Estimation

Linear regression models were devé}oped to detérmine the relationship of the
cation exchange éapacity of the clay-sized fraction'as ,éétima_ted from X-.ray diffraction
resﬁlts (ECEC) to the CEC of the same clay fraction as determined by chemical .metllc;ds
(MCEC) for each of the modifications tested.: Regressioh models of MCEC as estihatgd
from levels of ECEC also permit an assessment of thé- variability of MCEC for any‘ level
of ECEC. Table 4 contains the linear models and 'gésociated statistics developed for the ten

modifications tested in 'thig study.

‘Table 4. Linear Regre;ssibn 'Mgdels of the Measured CEC on Estimated CEC

Slope Intercept . r rz‘l . - SEE
. Mod.T ©0.683 - 3.66 : 0.927* 0.859 6.52
Mod. II 0.634 443 - 0.936* 0.877 6.10
Mod. IIT 0.688 4.97 0.939*% - 0.881 6.01
Mod.IV 0.697 . 550 0.941% 0.886 5.87
Mod. V 0.750 - 7.11 © 0949* 0900 551
Mod. VI 0.733 ' 3.01 - 0932% 0.869 6.29
Mod. VI 0739 . 3.82 T 0935* 0.875 6.15
Mod. VIII 0.741 _ 443 . 0.937* " 0878 6.07
Mod. IX 0.750 5.02 0.940* 0.883 - 594 .
Mod. X 0.815 6.64 0.946* 0.895 5.63.

* - significant at & = 0.05
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‘Based on the interdependence between MCEC and ECEC as measu'red“by the -cbr—
relation coefficient (f), the coefficient of determination (r*), and the dispersion of MCEC .
about the régression lihe as measured by the standard error of the estimate (SEE), Modi-
fications 1V, V, IX, and X;_Were, ?hpseig, aé tﬂé_jbgst modifications tested. Complete data -
tables for tl}e§§= four modificati;)nsz’,a‘p;.)ejar,.ji_rifTab[é;s 32-35. |

It rﬁay -Be assumed t'ha.t: if a ;ﬁo;iificatidn accurately account.ed for the CEC as
measured by chemical methods, the regression model éeveloped would be of the form
MCEC = ECEC; where tﬁe 'regression line passes t'hrough_ thé origin and has a slbpe o’t“ 10
The modification providing a linear relationship with a' slope and y-interéept clc_)sest" to
~ these values.may be'assumed to provide thé most accurate assessment of the suite:of 'cla'ly_
minerals present in the clay-sized fra.(.:tion. |

Statist'ical resuits for these four modifications appear in'Table 5. Coﬁfidence limits
have been applied for consideration of both the inherent accuracy and pfecision'of these

. modifications.

Table 5. Selected Linear Regression Models 6f Measured CEC on Estimated CEC

Mod. No. Slope Intercept - r . r " SEE -
v A 0.69710.072_. CL 5.50i1.‘66' . 0.94*% - 089 . 5.87
\ 0.750+0.068 7.11£1.56 0.95% . 0.90 5.51
IX . 0.750+0.073 . 5.02+1.68 .0.94% 0.85 5.94
X - 0.815+0.069 6.64%1.59 o 0.95% .0.90 5.63

)

* . significant at & = 0.05
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A value for the y-interéept greater than 0.0 is evidence of a failure of the mci)difi-.
cation to completely account for the CEC of the clay-sized fraction as .measu'red by chemi-
cal methods a_n.d/oi' the error inherent in the methods employed in obtaining values for -
both MCEC and ECEC. Since the values of the y-intercepts do not signiﬁcantlyl differ from
gach other f_or the four models considered here it might be assumed that the error involved
in estimating CEC is constant for all of the modifications di's'cussed. The positive intercepts
could be caused by one or more of several things. A few erronéously high measured CEC
values (MCEC) on samples dominated by low CEC clays would have this effect. Another
possible explanation is that the CEC of the clayl minerals occuﬁing in samples varied frofn
those assumed in estimating fhe CEC of the clay fraction. Alternatively, thé positive inter-
cepts may indicate the p.resen'ce_ of additional minor, _low' CEC consti.tuents of the clay-
sized fraction; such as feldé'pars.

Smectite, v_vhen'present in a suite of clays, sigﬁifiéantly affects both the estimated
and measured values of CEC. Overestimation of smectite would tend to reduce the slope
-of these graphs to some value less than 1.0. A comparison’of the slopes obtained for the
regression models of MCEC on ECEC for the four modifications discussed here reveals that
all of the modifications apparently overestimate smectite, since all of the slopesare signifi-
cantly less fhan 1.0 (& = 0.05). Of these four modifications, Modification X has the highest \
value for the slope of the model, coupled with favorable values for the y-inferc_ept,,r,_r’.,
and SEE. o

Graphical tepresentation of this relationship for Modification X appears in Fig. 2.
The regressioﬁ model given by MCEC = 0.815 (ECEC) + 6.64 approximates the expépted

relationship given by ECEC = MCEC tepresented by the dashed iine. The graf)hs are simul-
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taneous .'at value of 36 meq/100 g clay. The model underestimates CEC of the clay fraction.
for values of MCEC less than this value and overestimates for values greater.
| Regression models of ECEC as estimated from values of MCEC provi&e a measure
of the ability of MCEC to predict estimated values of CEC. This apprbach also allows an
assessment of the variability of the estimated CEC for various levels of the measured CEC
as well as an indication of the error involved in applying the regression model at diffefeﬁt
lovels of MCEC. |
- If é modification is making an accurate assessment of the dlay minerals in a suite 'of
“clays, the régression model would be ECEC = MCEC. Values f01j the y-intercept that are
leés than 0.0 would reflect either a failure of the modification to entirely account for the
actual CEC, or a use of inappropriate CEC values in estimating the total CEC of the clay |
fraction. Overestimation of the CEC could be attributed primarily to overestimation of the
smectite minerals and would result in a slope of the regression line that is significantly
greater than 1.0. |

Statistical results for the four modifications discussed appear in Table 6.

Table 6. Selected Linear Regression Models of Estimated CEC on Measured CEC

Mod. No. Stope - Intercept t 12 SEE
v 1.27£0.13 -2.40£2.25 0.94* 0.89 7.98
v 1.29£0.12 24.98+1.97 ©0.95% 0.90 - 6.96
IX 1.180.12 -1.46+1.73 094* . 088 718

X 1.10%0.11 -3.90+1.83 0.95% 090 - 648

X - significant at a = 0.05
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If, for any one value of CEC for the clay fraction one and only one suite of clay
minerals exists, it might be assumed that the SEE for the regression models of MCEC on
ECEC wéuld equal the SEE for the- regression models of ECEC on .MCEC. Values of SEE
for the regression models of ECEC on MCEC, for:all the modifications discuésed, are hiéher
than those repofted for the regression models of MCEC o,n'ECEC_. The variability of ECEC
for any level of MCEC is greater than- the variability of MCEC'fpf any value of ECEC This
is because the clay mineral estimates exhibit greéter variability than do values for measured.
CEC. This indicates that, in practice, due to the variability in X-ray diffraction resuits, one
measured value of CEC does not represent a unique suite of clay minerals. As in the case

of the regression models of MCEC on ECEC, the mean yalue for the slopes and.intercepts"

- indicate that these modifications tend to underestimate_fhe CEC at lower levels of MCEC

and overestimate the CEC when significant amounts of smectite are present.

If any of the values for the CEC of each mineral groub varies significantly from_ the

‘actual value it would be reﬂécted in a slope different than 1.0. The slope obtained for the

regression model testing Modification X does not significantly (9‘ = 0.05) differ from 10 s
The value for the y-intercept does significantly differ from 0.0. Siﬁce 'the.y'-intercepts
of the models discussed do not significantly differ from each other, the difference between
the'y-il.lterlcepts of t_h.e expected model aﬁd the model actually obtﬁined is probably due

either to erroneously high measured CEC values or to the presence of a mineral group that '

" was not considered .in- estimating the composition of the clay-sizéd fraction. This parallel‘sA

the results 6f the regression models déveloped for MCEC on ECEC.
From Fig. 3 it may be seen that the regression model of Modification X for ECEC

.on MCEC given by ECEC = 1.10(MCEC) - 3.90, closely follows the expected relationshib
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given by ECEC = MCEC represented by the dashed line. The graphs are seen to be simul- ‘
taneous at a value of 39 'meq/100 g. The model underestimates the CEC for values of
MCEC less than this value and overestimatés for values of MCEC greater than 39 meq/
100 g. The percenf error may be calculated by the following:v ‘

where, y = 1.10(MCEC) - 3.90 = the predicted‘ ECEC-
and y = MCEC = the expected \}alue of ECEC assuming ECEC = MCEC

-

then %-error = y

y X 100, and the sign indicates underestimation (~)
or ove;estimation ).

F_‘rom these calculétions it was found that in the portion of the regression model
corresponding to values of MCEC less than 20 meq/100 g the error is greater than 11%. It
~ should be remembered, however, that in this portion of the graph fhe-values of both.M('IE'C
and ECEC are themselves small and relatively small errofs in terms of meq/ 100 g cor-
respond to large errors when expressed as percent. At these low levels of CEC, illite ana
kaolinite typically dominate the exchange complex. Consequently, small differences in‘the :
ECEC couid be the p'roduct. of significant errors in estimating thé amounts of i:hese
minerals. . |

The percent error inw'/olved in estimating CEC from this regression médel in the area
of the graph corresponding to ‘values of MCEC greater than 30 meq/100 g is less than 5%.
Consequently, Modification X appears to be most sensitive in détermining the clay mineral
composition for those 'clay-sizeci fractions containing significant amounts of smectite.
Further, Modification X provides the greatest range in values over which it acceptably esti-

_ mates' clay mineral composition of the élay fraction.
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Smectite Estimation .

A more usable relationship is that of the estimated percent smectite composition_
(ESM) as deteﬁnined by the measured CEC. These regression models present a direct pre-
“dictive tool for the determination of smectife based on the measured CEC of the clay-
sized fraction and permit a measure of the precision of the estimate (SEE).

Statistical results and confidence limits (¢ = 0.05) for the slope and y-inter'cept

appear in Table 7.

Table 7. Selected Linear Regression Models of Estimated Smeétite Content on Measured
Cation Exchange Capacity

Mod. No. Slope Intercept r 1? SEE
v 1.49%0.13 -21.78+2.27 0.96%* 0.91 8.03
*1.22£0.13 ’
\'% 1.35+0.11 -20.78+1.94 0.96%* 0.92 6.87 -
*1.21+0.11
IX 1.37+£0.12 -20.59+2.10 0.96** 0.91 7.42
. *1.2140.12
X ©1.23%0.10 -19.41+1.78 0.96%** 0.92 © 630
*1.19+0.10 .

*# - slopes of the expected regression model derived by substituting 100meq/100g at 100% smectite content
** . significant at ¢ = 0.05

Expected models were derived from the regression models developed for each
~ modification assuming a MCEC of 100 meq/100 g at 100% smectite. This expected model
appears as a dashed line in Fig. 4 along with the graphical representation of the confidence l

interval for the regression model obtained (dotted line).
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The; y-intercepts obtained for these relationships did not signiﬁCantly differ from
each other and are related to the x-intercepts which correspond_'to the average CEC of the
clay-sized fraction when no smectite is presént. As may bé seen from Table 7 the slopes of
the expected regression models do not significantly differ. Consequently, the expgctéd
models are similar for all of the modifications tested.

Expected models were derived from the regression models developed for each
modification assuming a MCEC of 100 meq/100 g at 100% smectite. This expected
model appears as a dashed line 1n Fig. 4 aloﬁé with the graphical representation of the
confidence intervallfor the regression model obtained (dotted line).

The y-intercepts obtained for these relationships did not significantly différ from -
_ eacﬁ 'othe¥ and are‘ related to the x-intercepts which correspond to thg average CEC of tile
clay-sized fraction whén no sméctite is pfeseﬁt. As may be seen from Tablé-7 the slopes 6f
the expected regression models do not signifi?:antly differ. -thséquentl&, the exp"ected
“models are similar for all of the modifications tested. |
| Overestimation of the percent smecfité_ composition wéuid, tend to increase tﬁe
‘slopes of these relationships. Ass;umin',g thaf the valués for the y—intercépts rélaté to a,cph—
stant and true average of the CEC of the. clay-sized fraction when no smectite is present, -
the prefe'rable- modiﬁcation would be indicated by a régression model' that closely esti-
~ mated the expected regresgion model ahd did not significantly differ frofn it.‘It may be
~ seen from Fig. 4 that this is' ti'ue of the régréssion mpdel developed for Modificatioﬁ X
The graph of the expectea and derived regress_ion models are near‘lsll co‘ncurrént_ and the .
expected model lies well within the 95% -conﬁdeni:e interval applied-td the deri\./ec'l ;eg;es-

sion model for this modification. The coefficient of déterminatioﬁ indicates that approxi-
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mately 92% of the variation in the percent smectite composition was ekplained by vari-
ations in the measured CEC.

The errer involved between the expected end the derived models was ~apprexi-
mafely 3% at MCEC = 100 meq/100 g clay. Less than 3% error is incurred in estimatin_g
the relative smectite content at lower values of measured CEC.

A limiting factor in applying this relationship to the prediction of levels of smec-
tite content is the apparent lowilevel of precision as indicated by an SEE = 6.30. The 95% -
confidence inferval for any value of the percent smeetite in a sample predicted from the
measured CEC of the clay-sized fraction would be approximately-£12.6 percent smectite.

The difference between the measured CEC (MCEC) subtracted from the estimated
CEC (ECEC) was used as a dependent variable (ECDIF) in testing relationships with ESM
to assess any effect the apparent relative smectite composition might have on estimatir;Q

accuracy. In the above discussions it was shown that accuracy is generally lower for esti-

mates of the smectite content in samples containing low amounts of smectite when the

error is expressed on a percentage basis. The regression models developed for ECDIF on
ESM provide a direct indication of bias. and an avenue for determining the significance of V
’ghe apparent bias.

Statistical results for the four best ﬁodificatib_ns tested appear in Table 8. Confi-
dence limits have Been applied to the slope and y-intercept to facilitate the aseessment ef'
thev siénificance of the ai)parent bias _ifnplied by the slope and intercept of the model.

Modifications providing accurate-and unbiased estimates of the suite of clay mi.n-
erals should reveal a relationship that is concurrent with the x-axis and is of }the fe;m

ECDIF = 0, with r = 0, r> =0, and SEE = 0.0. Regression models testing the modificatiens
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Table 8. Selected Linear Regressmn Models of the Difference in Estimated and Measured
Cation Exchange Capacity on Estimated Smectite Content

Mod. No. Slope Intercept .. I ‘ 1 SEE
v 0.248+0.067 -0.32%+1.77 0.73* 0.53 6.28

A" 0.217+0.067 -3.81%1.62 0.68* 0.46 5.

X ‘ 0.198%0.073 -0.63+1.79 0.62* 0.38 6.33

X 0.151+£0.076 -3.83%1.66 0.50* 0.25 5.86

* - significant at « = 0.05

that significantly differ from this perfect fit relationship indicate significant bids in making .
estimates of the clay mineral composition. Overestimation ef the amount» of smectite
would tend to increase the slopes of these models and decrease the value of tile 'y-intercept;
Of primary importance in analyzing these relationships is the slope and y-intercept
of the regression models obtained. From Table § it may be seen that the slopes of all the
regression models significantly differ from 0.0. ‘ansequently, it may be assumed tl_lat bias
is incurred in estimating the clay mineral composition by any of the four modifications dis- ‘
cussed.-Howev'er,:the results indicate that Modification X provides the most accurate and
- relatively unbiased assessment of the clay mineral composition. Modit“ication X has the -
lowest slepe; Modifications IV and IX do include 0.0 in the 95% confidence interval. The
y-intercept for Modification X is reasonably close to zero. In addition the'r, 12, andSEE
" values for Modification X aie lowest of the modiﬁcations discussed; |
| These results tend to support those previ_ously reported for the fegression models
developed for ECEC on -MCEC, MCEC on ECEC and ESM on MCEC. From Fig Sitis

observed that the graphs of the expected and derived models aré simultaneous at a value
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of approxixhafely 25 ‘perce‘nt smectite. The regfession niodél indicates thét Modification
X tends to overestimate the amount of smectite present when it is greater than this-amount
and .underestimate the amount of smectite when it is less than this amount. Modification X .
also tends to favor lower estimated amounts of illite. In the portion of the graph represent-
ihg low smectite composi.tio'n the suite of clay minerals would be dominated by ﬂﬁte and
. kaolinite. Consequently, Modiﬁcation X should 5e expected to yield lower estimates of the

CEC in_samples dominated by illite.

Illite Estimation

As a further test of the accuracy of the mineral estimates, regression models were
developed to examine the relationship of the relative composition of illite (EIL) in each
sample with the percent illite based on total K analysis aésuming 8.3% (MIL8) and 5.1%
(MILS) elemental lK pe_l" unit cell of illite. Regression models of EIL as estimated from
values of MIL8 and MIL5 provide a measure of thé sensitivity of the. chemical methods
employed to account for varia‘tioﬁ in apparent percent composition of illite in the‘clay-
sized frabction‘, They also éﬂow an assessment of the variability of the estﬁnated percent
illite for various levels of MILS and MILS5 as well as the error involved in apply'iﬁg the'_
regression model at various levels on MIL8 and MiLS. |

It may be assumed that if a ~m(')dification accurately"estimate‘d the'percent. illite

and all of fhe K.preéent' in the clay-sized fraction was a component of the crystalline
structure of illite then the expect-edAregression model developed would be PIL = MIL38
- or MIL_S. This regréssioh line would pass through .the' origin and ha(re a élope of 1.0. 'I"he‘-

modification providing a linear rela'tionship' with a slope and y-intercept closest to these
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values may be assuﬁed to provide the most accurate assessment of the relat“ive' amount of
illite presex}t in the clay-sized fraction. Values for the y-intercept that are less than 0.0
- would reflect a failure of the modification to entirely account for the re}ative amount pf

illite as estimated by total K analysis.

.Models derived assuming 8.3% elemental K per unit cell illite. Statistical results for -

the four best modifications appear in Table 9. Confidence limits (a = 0.05) have been ap-

plied for consideration of both the accuracy and the precision of these modifications.

Table 9. Selected Linear Regression Models of Estimated Illite Content on Measured Iilite
Content (Assuming 8.3% K per Unit Cell Illite) ‘

Mod. No. Slope , Intercept f ? SEE
IV 1.63%0.24 -11.12¢1.73 087 - 075 610
v 1.03£0.15 -4.831.10 0.87* 075 390
X 1.5840.23 -9.22+1.67 0.87% 0.76 592

X 1 0.990.15 ~3.311.09 0.86* 074 387 -

* _ significant at & = 0.05

The y-intercepts of all the regression models (Table 9) are significantly less than
0.0. These negative intercepts support the conclusions made from the regression models
- developed for ECEC on MCEC, particularly that the inability of the modifications to com-
| pletely explain the percent illite derived from total K analysis is due to the lp;esence §f a
K-bearing minefal in the clay-sized fraction tilat caused an overestiinatioﬁ of the relative
amount of illite. It may be seen, however, that there is a significant difference between the
y-intercgpts obtaingd for these models. While the y-fntefcepts of the regression models for

Modifications IV and IX do not significantly differ from each other, they do significantly
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.differ from the intercepts obtail_led for the rﬁodéls testing Modﬁcatidns V and X. The -
latter modifications do not significantly differ from each other. It should.be notéd tha1.: |
Modifications IV.and'IX tend to cause higher estimates of smectite and illite whﬂé'Modi—
ﬁcations V and X tend to favor higher estimates of kaoﬁnite at the expense of the esti-
- mated smectite and illite contents.

If the modification is sénsitive to the changes in illite cqnten't a§ determined by
total potassium analysis and the K-content of the illite is 8.3%, the slope of the regres-
sion mod_él testing that modification should not significantly differ from 1‘.0.' _In Figs. 6
and 7 it may be seen thét the regression modeis closely p,arallellthe expected models and
differ in both cases by a relatively constant amount. |

The constancy of the differencel between the expected and derived regression
model might also indicate the use of an inappropriate combiﬁation <_)f coefficients in
. the characferization of the peak areas. As stated eaﬂier it might be reaéonablé to exp‘ec_t‘ _
such a relationship if the procedure used to estimate the mineral components of the clay-
sized fraction failed to recognize a. K-bearing mineral of minor, relatively constant,
proportions. | | | ' | '

Values for SEE indicate lower variability for EIL at any given level of MIL8 _ff)f |
" Modifications V and X.' SEE values were much hfghe,r for the reg;eséion modeis t_estir;g
Modifications IV and IX. | | | |

Modification X seems to provide the most favorable combl;ﬁation df accuracy and
precision for the estimation of illite of the four modifications discussed here. The fegres-
sion model testiné fhis modiﬁca_ltioﬁ is given by EIL = 0;99 (MILS8) - 3.31. 'fhis clo~sel‘y fol-; '

lowé the éxpected relationship given by EIL = MIL8. The coefficient of determination .




45

60
7
SQ b
~ 40
8
§
g
S 30 }
S
g
3
g 20 Fr y = 1.03x-483
i r = 087
= ? = 0.75
0L p SEE = 390
<
0 &/ N A 1 )
10 20 30 40 50 60
Measured Illite Content (%)

Figure 6. Linear Regession Model of Estimated Illite Content on Measured Illite Content
(8.3% K) for Modification V.




46

60
/
50 b
~ 40 i
®
§
§ 30 b
Qo
8
=
2 20 ° y = 0.99x - 331
E r = 086
- = 074
o SEE = 387
10 ; s
0 A Il | '
10 20 30 40 50 60
‘Measured Illite Content (%)

Figure 7. Linear Regression Model of Estimated Illite Content on Measured Illite Content
(8.3% K) for Modification X.




47
indicates that 75% of the variation in the EIL values was explained by the vgriation of
the MIL8 values. This is considered fqrther evidence of the presence of additional K-béar-
ing minerals in the clay-sized fraction.

The percent error was dependent on the relative amount of illite present, with

" more error, on a percent basis, being incurred on the estimation of low amounts of illite.

The percent error was greatly reduced, to about 10%, in considering estimates of larger
amounts of ﬂhte This parallels the findings reported by several authors and might be antno-

ipated from the parallel nature of the expected and derived models.

Models derived assummﬁ 5.1% elemental K per umt cell illite. The effect of assum-'

ing 5.1% K per unit cell of illite is to increase the measured relative composition of illite i in -

all samples cqmpared to values derived assuming 8.3% elemental K. Modifications IV and
IX favor higher estimates 6f sméctite and illite. Based on the regression models developed
for EIL on MILS, it was anticipated that the estimated illite cémposition derived bly these | |
two modifications might more closely relate tp the measured illite .composition 'assurﬁing'
5.1% K per unit cell illite rather than 8.3% K |

Table .10 contains the statistical results for the four best modifications ‘tested.

Table 10. Selected Linear Regression Models of Estimated Iilite Content on Measured
Iitite Content (Assuming 5.1% K per Unit Cell Illite)

Mod. No. Slope Intercept r ?  SEE
v 1.00x0.04 ~11.12£0.50 ' 0.87% | 0.75 1.75
v . 0.63+0.03 -4.83+£0.40 0.87* 0.75 . 1.40
X 0.97+0.04 C o -922+047 0.87% 0.76 -1.67
X

0.61£0.03 T -331%+038 - - 0.86* 074 135

* - significant at = 0.05 -
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The slopes of the regression models testing Modifications IV and IX do not differ

“from the perfect fit slope of 1.0. However, these modifications more seriously underesti-

mated relative illite content in comparison with measured values assuming 5.1% K per unit

cell 1111te than did Modifications V and X in similar compansons assuming 8.3% K. These

results mdicate that for the samples used in thls study the 8.3% value is a more accurate‘

measure for the relative K-content per unit cell illite than is 5.1%. Consequently, the dis-
cussion and conclusions drawn based on the models of EIL derived from MIL8 appear to
be more appropriate.

To assess the bias in estimating the relative illite composition that is related to the

estimated percent composition of illite, the difference between MILS subtracted from EIL

~was used as a dependent variable (ILDIF8) in_ developing regression models with EIL. Sta-

tistical results for the four best .modiﬁcations tested appear in Table 11.

Table 11. Selected Linear Regression Models of the Difference in Estimated and Measured

* Illite Contents on Estimated Iilite Content (Assuming 5:1% K per Unit Cell Illite)

Mod. No. Slope : Intercept ro. 2  SEE

B 0.519£0.075 -1030:098  0.89° 080 348
& 0.2370.116 -8.61£097 0s1* 026 343
X - 0.501£0.077 -9.46+0.98 0.88* 078 345
X 0.219:£0.124 -7.83+1.00 045* 045 354

* - significant at a = 0.05 .

Modifications providing accurate and unbiased estimates of the suite of clay rnin-
erals should reveal a relationship that is concurrent with the x-axis and is of the form

ILDIF8 = 0, with r = 0, r2 = 0, and SEE 0. Underestimation of the relativé amount of
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illite present would tend to decrease the value of the y-intercept. A positive slope for the

regression line indicates that the modification provides biased estimates of the percent

illite composition such thaf, above some point at which the derived and expected models-

are sir_nultaneous, the amount 6f overestimation is directly proportional to an increase in
thé apparent relative cqmpbsition of illite. Conversely, .the amount of underestimation is
- directly proportional to a decrease in the percent illite cox(nbositiori; In addition, statisti-
cally siéniﬁcant \'ralues for' the r and r* further i.ndicate'that the bias inhereni: in the modi-
fication is significant. R
Frbm. Table 11 it may be seen that the slope and correlation COefﬁciehfs of all
the regression models discpséed significantly d,iffe; from 0.0. It follows tha;t. bias is inc_u_lj-

red in »estimating the relative composition of illite by any of the modifications discussed

here. It niay be anticipated, from the results of the regression models developed for EIL '

' on MIL8 (Table 9) that the y-intercepté will significantly differ from 0.0.‘This was found
tobe the case fbr all four modifications discussed.

Modifications X and V combine the lowest slope with a value for the y-intercépt

that is in line with the results obtained for EIL on MILS. The r and 1* values are the lowest .

of the ﬁlodiﬁcations discussed. The SEE is slightly higher for Modification X, but it is hot
felt that this indica_tés a signif“icant iﬁcreése m variability of the estimates compared to the
other modifications. | |

The regression model.as shown in Fig. 8 indicates that Modification X -unde_reé_ti-
mates the relafive amount of illite present'below a value of 35 .8%_ illite (EIL). This cor-

responds to the upper range of the percent illite composition as estﬁhated by Modificaﬁ_oh

X. Consistent apparent underqstim‘atibr‘l -of EIL coupled with a low, yet Signiﬁcant cor-.
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relation coefficient. 1s interpreted to indicate a consistent overestimation of MIL8. This
could Be due to tﬁe .pre;,sence of an additional, but unmeasured, K-bearing mineral that
'composes a small, relativély constant portion of the clay-sized fraction. However, a defi- ‘
nite conciusion based on the results of this studiy concerning the apparent underestimation
of illite is not possible. When the results of these regression models are considered in con-
junction with the results previously reported here, it is felt that they indicate Modification -

X is more responsive to the amount of illite in a sample.

Kaolinite Estimation

Measurements' of the kaolinite content such as those made for illite content were
not made during this study..'As a result the accuracy and precisi,on' of a rﬁodiﬁcation’s o
abilify to éstiméte_ the relative composition of kaolinite was infefred_ from linear regression
models of the estimated kaolinite content (EKA) on the measured CEC (MCEQ). Statistical
results and confidence limits (a = 0.05) for the slope and intercept appear in Table 12 for
the four best modifications tested.

Table 12. Selected Linear Regression Models of Estimated Kaolinite Content on Measured
Cation Exchange Capacity - '

Mod. No. Slope Intercept r & SEE
v -1.0520.17 68.45+2.87 -0.88% 077 . 998
v -1.2210.16 ‘ 87.39+£2.77 -0.91% 0.83 9.79
IX -1.02+0.16 .68.36%2.74 -0.88% 0.77 9.70

X -1.17%0.16 . 8696x268 . -091* . 082 949

* - significant at e = 0.05
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In general, sarnple; exhibiting low values for measured CEC will éossess high kaoli-
nite contents and low smectxte content. The reverse is assumed to be true at high values for
measured CEC. As a result the slopes of the regression models of EKA on MCEC should be
negatiye. As may be seen in Table 12 the slopes of the regression models _testing the four
modifications discussed exhibit this negative relationshib.

Kaolinif:e typicélly exhibits a relatively small CEC. In the presenée of mez;sureabfe
amounts of smectite, kaolinite is expecfed to compose a relatively small portion of the
total CEC of the clay-smed fraction. Further, it is assumed that relatively large variations in
the estimated kaolinite content would not affect the CEC of the clay fraction as much as
a s1m1lar variation in smectite content. Consequently, it could be antlcipated that the
accuracy and precision of the modifications as measured by the reg!ression models of EKA _
on MCEC would be lower than that indicated by similar models developed 'for smectite
composition. The high values for the SEE obtained for all thé modiﬁcations,tested‘indicate
that these modifications estﬁnate kaolinite content with lessl precision than either _smectite o
or illité. Modification X exhibited the lowest SEE (9.49). .

The four modifications discussed ékhibﬁ significant -correlati'on between the esti,-'.
mated kaolinite content and the measured CEC. The vélu'es'of thé intercei)ts aﬁd thei;
confidence intervals indicate that all four modiﬁcatiohs signifivcantl'y undqreétimate'kaoli—
nite at 100% kaolinite content. Modifications V and X tend to favor higher estimates for
kaolinite. These two modifications significantly differed f'r<.>m Modiﬁcaﬁons IV and fX.but
not from each other. Since régreésion models"testing the estimation of smectite and ilﬁte
content indicafed, that Modification X provided the best estimates of these mix'lerglsjt- K

was assumed that this modification provided adequate estimation of kaolinite c‘onten't' as
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well. The regression model for Modification X is giv'en by EKA =- 1.17 (MCEC) + 86.96,

with r =-0.91, 12 = 0.82, and SEE = 9.49. This relation is graphically presented in Fig, 9.

* Linear regres'sicn models of ECDIF as related to EKA were developed to assess the

effect of the relative kaolinite composition has on the estimating acciiracy.. They appear in

Table 13. :

Table 13. Selected Linear Regression Models of the Difference in Estimated and Measured
Cation Exchange Capacity on Estimated Kaohnite Content

Mod. No. Slope Intercept -_ o . . SEE
i\ ~0.3180.106 17.28+1.81 -0.72" 052, 869
V. -0.223£0.096 1200:163 -~ .-067% - . 050 720
IX -0.238+0.106 . . 12,55+1.82 -0.60* . 036 1731

X

-0.150£0.096 6.64t1.66 -050* 025 6.03 .

% _significant at & = 0.05

The expected regression- model is concurrent with the x-axis and is of the form

ECDIF = 0, 'with r= ‘-0 12 =0, and SEE = 0 A s1gn1ﬁcant difference between this. perfect .

ﬁt model and the denved model mdiates a s1gmficant blaS in making estimates of the kaoli-

nite content. Uriderestimation of the kaolinite content would tend to steepen the slopes of -

the regression models and increase the value ot the y-intercept. Data in Table 13 show that
. the slopes'and y-intercepts signific'antly differ from 0.0. The"correlation coefficients indi-
, zcate relationships significant at 'a = 0.05. It may be assumed that bias is incurred in estimat-
. mg the: relatively kaolinite content. The results mdlcate that Modiflcation X provrdes the

B most accurate and relatively unbiased assessment of the kaolinite composition It combines
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Figure 9. Linear Regression Model of Estimated Kaolinite Content on Measured Cation
Exchange Capacity.
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the lowest slope and y-intercept wifh the lowest valu‘é of r, rf , and SEE for any of the

modifications discussed. |
These results seem to corroborate those previously reported for estimates of smec-
tite and illite composition. The graphs of the expected and_derived models 'for Modiﬁ-
cation X (Fig. 10) are simultaneous at a value of approximately 44% Kaolinite. 'fhis indi-
cates that Modiﬁcation X underestimates CEC of the clay fraction af kaolinite.contents
highér than 44% and overestimates CEC at kaolinite contents l;)wer than this value. This
could result from an. underestimation of kaolinite énd/or an overésti,m.ation'(-)f smectite.
Previously it was shown that Modification X overestimates CEC and smectite at values of
smectite composition gre;ter than 25 percent. The. results indiéatg that Modiﬁcatidn X
tends to underestixnafe kaolinite and overestimate smectite at values of relative kaolinite
and ‘sniectite composition greatef than 44% and 25%,. respectively. An apparent overesti-
mation of kaolinite and u;;derestimatiqn of smectite occurs at com‘posit,ib‘ns léelow these
A -\;alues. Since regression modéls teﬁting the accuiacy of the illite estim;itions indi(:at'ed'.g
.corisi.stent. érro_r not. directly involved with the X—rayA diffraction pattern characterization
process, it is inferred that Modification X overestimates smectite and underestirﬁates :
kaolinite. These results inq'icatg that further accuracy might be ob'_tained by ;r&ing other‘
modiﬁcati;)ns ;)f the lfacto; method that"lreduce the chéracteﬁzed peak area of the 17A

peak while it increases the charéc’tevljized peak area of the 7A peak.
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Figure 10. Linear Regression Model of the Difference in Estimated and Measured Cation
Exchange Capacity on Estimated Kaolinite Content.




SUMMARY AND CONCLUSiONS

An assessment of the major sources of error in the X-ray diffraction procedure
was conducted in a preliminary study using a one-way analysis of variance for a nested
design for peak area and percent mineral co,mbosition. When considered over all soﬂs .
tested, the X-ray diffraction method used was found to bé sénsitive to the variations in
the n.1ineralogy of the clay fraction of the soils used when considering peak area apd rela;
tive mineral compositioﬁ. The polsitioning ;?f the slide was found to be significant in
determining peak area and relative compoéition for all soils tested. Clay separation and
between slide effects were found to be significant sources of variation in ségcifjc instancés
and seem to be particularly important in considering kaolinite content and those peaks
associated with kaolinite determination. The results indicate the need for extreme care and
consistency during all phases of sample preparation and presentation.

In t}_le" main study the accurady of ten 'modlilfications of the factor méthod was
investigatéd. The results indicate that the factqr mgthod may be applied in X-ray diffrac-
tion analysis to yield a relatively fast and reasonably accurate assessment of the dominant
clay minerals composing the clay fraction of arid and semi-arid land soils and their parént
materiai in southeastern Montana. The method seems particullarly useful in making quanti-
tative ésti,mations of smectite, illite, and kaolinite. ‘

Linear ‘regression models indicated that Modification X is most .responsive to the
amount of smiectite, illite 'gmd kaolinite in a sample, This modification yields accurate esti-
mates for these clay minerals in material that does not contain significant amount 6f vér-
miculite and chlorite. . . |

' The following computations are used to calculate characterized peak areas for

" Modification X:
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17A Mg-sat. E.G./5 = Smectite Peak Area
(14A Mg-sat. E.G. minus 14A K-sat 350°C/2
Vermiculite Peak Area
14A K-sat. 350°C/2 Chlorite Peak Area
10A Mg-sat. E.G./1 Illite Peak Area
(7A Mg-sat. E.G. minus 7A K-sat 550°C)/4

= Kaolinite Peak Area
@a. 3A Mg-sat. E.G. minus 3/4 (lOA Mg-sat. E.G.))/4

= Quartz Peak Area

Characterized peak areds are totaled and the relative percent compbsition .of each mineral
calculated according to:

Smec. Pk. Area + Verm. Pk. Area + Chlor. Pk. Area
+ Kaol. Pk. Area + Quar. Pk. Area = Total Peak Area

Percent Smectite = Smec. Pk. Area/Total Pk. Area X 100

Percent Vermiculite = Verm. Pk. Area/Total Pk. Area X .100
. Percent Chlorite = Chlor. Pk. Area/Total Pk. Area X 100

Percent Illite = I11. Pk. Area/Total Pk. Area X 100

Percent Kaolinite = Kaol. Pk. Area/Total Pk. Area X 100

Percent Quartz = Quar. Pk. Area/Total Pk. Area X 100°

| Linear‘regressio'n ,,moc!els involving CEC detérmined by chemical means (MCEC)
and the CEC estimated from X-ray diffracti_on analysis (ECEC) showed that 90% of the |
variability of the predicted pérameter cou]d_ be accou.ntl‘ed' for by the measﬁred parameter
using estimates derived by :Mgdiﬁcation X. The var:iability of ECEC for any level of MCEC
is greater than thé variability of MCEC for any level of ECECl. Tﬁis indicates that in prac-
ticé, due to the variability in the X-ray results, one measured value of CEC doe.s not repre-
sent a unique suite of clay minerals as dete‘rmined by X-ray diff;action' analilsis.
Measuretment of illite content by tofal K analysis was co-nducted aséumin'g 8.3%

and 5.1% elemental K per unit cell illite. The results of linear regression analysis indicated
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that measurements made using the 8..3;%') K value more‘ accurately depicted the estimated
illite content. | ' | |

-Uslng' estimates derived by l\/lodification X pre‘dictive ‘regress‘ion.models for ”the esti- -
mation of the relative'compoSitions of smectite illite- and kaolinite were developed based '
~on values of measured CEC and the percent composrtlon of illite as determmed by total K
analysrs (MIL8) ‘ ‘

orsmectite (= 12.6%)= 1.23(MCEC) - 19.41, 12'=0.92
Irillite . (£ 7.7%)= Q.§9(M1L8) = 331, r*= 0.74
%-kaolinite (£ 19.0%) = —hl .l7(MCEC) + 86.96,r2 =0.82

The relatlve amount of 1llrte was frequently underestlmated The apparent under-
estrmatlon could be caused by varlabrllty in the I\ per unit cell of illite resultmg in over-
estrmatlon of 1lllte from total K analysrs This 1s supported by the moderate r? value Im-
proper factors employed m characterrzmg peak areas mlght have been responsrble for the _
apparent underestrmatron but thls is not supported by the slope of-the regressron Alter— '
natrvely, the y-mtercept of this- model could indicate either a threshold amount of illite
' that must be p_resen't-to be. recogniz'edw by the X-ray diffraction machinel.or_ could indicate
the presence of an add.itional,'K-bea'ring, nonmicaceous mineral such as t‘_eldspar 'in:sm.all
constant amounts that- was'not considered in e'stimatin'g the mineral cornposition of the
. clay-siaed fra(:tion of the'samples studied. | |
| Modrfrcatron X tended to overestimate smectlte and underestlmate kaolmlte at .
. values of relatrve smectlte and kaolinite composrtron greater than 25% and 44’/0, respec-
.'t1vely An apparent overestrmatlon of kaolmrte and underestrmatlon of smectrte occurs '

at compos1trons below these values Smce regressron models testmg the accuracy of the
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. illite estimations indicated. a ccnsistent error not directly involved with the X—ra.y'_diffrac-
tion pattern characterization process, it was‘in_ferred that Modification X overestimates .

smectite and un’derestimates kaolinite. -
Significant bias caused By the apparent amount of the mineral present was found
for all modrfrcdtlons tested in estlmatmg smeetlte illite and kaolinite. However Modlﬁ-
catlon X was shown to be least affected by the amount of mineral present Based ona .
comparison of the SEE and r? values, the estlmates of the relative’ 1111te composmon ap-
pear to be less accurate than estimates of the relat1ve smect1te content Ilhte and smectite

are estimated with greater accuracy and precision than kaohmte.
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