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QUANTITATIVE CLAY PETROLOGY:THE TREES 
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Abstrac~ Gravitational settling and centrifuge techniques have been criticized in the preparation of X-ray 
specimen mounts for quantitative clay petrology because of the marked mineral segregations that can 
occur. Although the same factors can operate to produce error in the separation of the traditional less- 
than-2-#m fraction, this potentially more important source of bias is seldom taken into consideration. 
A fair representation of the bulk sample deserves at least as much attention as a representative X-ray 
mount. The most accurate and precise X-ray analyses may be geologically misleading or meaningless 
otherwise and translate as exercises in precision for its own sake. 

The principal reason for achieving greater precision in 
most quantitative X-ray diffraction studies of fine- 
grained sediments is to try to obtain meaningful infor- 
mation about the distribution of clay mineral species 
and for geologic interpretation of the observable 
trends. More than a few authors have directed their 
efforts at attempting to achieve a 'true' quantification 
in clay petrology. Several major sources of error have 
been described and emphasized and additional papers 
on the subject continue to appear in the literature. 
Most of these attempts to minimize error in quantita- 
tive X-ray clay petrology are undoubtedly valuable but 
in the zeal to reach the goal of true quantification it is 
possible that a forest of information may have been 
lost in the trees of experimentation. We have concen- 
trated our efforts on techniques of X-ray diffraction 
analysis that will be representative, accurate, and 
reproducible. The preparation of sample mounts and 
the X-ray diffractometer procedures have been studied 
and the measurement of the X-ray data has been eva- 
luated, but from the quantitative standpoint the treat- 
ment of the original geologic bulk sample has been all 
but ignored. The bias included in the selection of the 
traditional less-than-2-/lm fraction (LTMF) has been 
given little attention indeed. The purpose of this paper 
then is to call some attention to what is really obvious: 
isolation of a gravity-settled size fraction must induce 
a significant bias to the fine-grain petrology of the bulk 
,sample. The interpretation of comparative quantitative 
X-ray data may therefore be geologically misleading or 
meaningless regardless of the precision and reproduci- 
bility of the X-ray data. Thus the principal reason for 
precise quantification--the geological meaning of the 
samples--has been lost. 

Why does this contradictory situation exist? Histori- 
cally, the less-than-2-#m fraction was chosen because 
it was a preparation that was (1) free from most of the 
so-called non-clay minerals and (2) capable of produc- 
ing a well-oriented X-ray sample mount. In the begin- 
ning both of these criteria were designed for qualitative 
analysis. An oriented sample mount enhances the criti- 
cal 00l basal reflections of the structurally layered clay 
minerals which serve to identify the species present, while 
at the same time suppressing the usually nondiagnostic 
hkl reflections. The absence of quartz, feldspar, calcite, 
etc. makes the task of identification easier by minimiz- 
ing overlapping diffraction maxima. 

After having identified qualitatively the clay 
minerals the next obvious step is to ask for quantita- 
tive analysis of the phases present. At this point major 
assumptions are consciously or unconsciously invoked. 
By doing a quantitative analysis of the LTMF it is 
assumed that the quantitative distribution of clay 
minerals in fine-grained sediments is essentially inde- 
pendent of the size fractionation procedure. It is 
further assumed that quantitative sample-to-sample 
trends found in the LTMF's are geologically mean- 
ingful in terms of the clay mineralogy. In other words, 
the LTMF is usually equated with the original bulk 
sample both quantitatively and qualitatively. 

Is there any justification for these assumptions? In 
apparent support of the assumptions is the clay mineral 
concept itself(see Grim, 1968)which states, in essence, 
that clay minerals are composed of extremely small 
particles of a limited number of mineral phases. To a 
large extent this must be true, intuitively if not also by 
definition, but to arrive at any conclusion on the basis 
of size analyses involving settling or centrifugation is 
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to assure the result before the experiment has been 
done. Stokes Law calculations will show that such pro- 
cedures must bias the sample towards the definition of 
the concept. 

Errors involved with Stokes Law settling pro- 
cedures include, among others, those due to specific 
gravity, shape and temperature. Brindley (1961) has 
pointed out that the error due to temperature alone 
can be significant. Some examples can illustrate his 
point. A quartz grain of 2 pm equivalent spherical dia- 
meter (e.s.d.)will have settled in distilled water at 20~ 
a little less than 5 cm in 4 hr. The same grain will have 
settled at 25~ more than 5.5 cm in 4 hr. Under the 
same conditions a fully hydrated smectite particle (s. g. 
1.75) of 2/~m e.s.d, will have settled only 2.25 cm at 
20~ but 2:5 cm at 25~ Such a range of temperature 
(20-25~ is reasonable not only between different 
laboratories but also within the same laboratory. 

The previous examples illustrate the potential in- 
fluence of both specific gravity and temperature but 
the effect of specific gravity alone on biasing the 
sample at a constant temperature is even more pro- 
nounced. Examining the standard sedimentological 
Stokes Law settling procedures (which assume a 
quartz s. g. about 2.65) it is immediately obvious that 
any LTMF obtained as a supernate will be devoid of all 
minerals of 2 #m e.s.d, with higher specific gravities. 

By way of example, consider that a hydrated illite 
particle (s. g. 2.35) of 2 pm e.s.d, will have settled after 
4 hr 4.0 cm in distilled water at 20~ while a musco- 
vite particle (s. g. 2.80) of the same size will be 5.35 cm 
down and thus eliminated in the supernate which 
would normally be drawn off at a depth of 5.0 cm. 
Geologically speaking, this could mean laboratory eli- 
mination of much of the 'detrital mica' often seen in 
thin-section. Hower e t  al. (1961) and Bailey e t  al. (1962) 
have shown this can be significant in geologically 
meaningful contexts. Any ilmenite, hematite, pyrite, 
magnetite, or zircon grains of 2 #m e.s.d, would all 
have settled over 10 cm in 4 hr and thus unquestiona- 
bly eliminated. Is it any wonder then that the clay 
mineral concept viewed as a limited number of 
minerals of very fine grain size is in part self-fulfilling? 
The bias in favor of the concept is compounded even 
further by shape considerations---the flake-shaped par- 
ticles settling less rapidly than the equant grains. 

These potentially significant biases in sample prep- 
aration have been largely ignored or somehow rationa- 
lized by the majority of clay petrologists. It is ironic 
that the advocates of accuracy in clay mineral quantifi- 
cation have on the one hand so carefully (and justifiably 
so) demonstrated the dangers involved with settling in 
clay mineral mounting techniques and on the other 
hand so casually obtained their supernatant fractions 

by the same procedures. Gibbs (1965, 1968) has clearly 
illustrated that a large error can be introduced in clay 
mineral X-ray mounts where settling or centrifugation 
is employed. Stokke and Carson (1973) have recently 
arrived at essentially the same conclusion. If gravi- 
tational settling or centrifugation produces such major 
errors in preparing the X-ray mounts, how is it that 
this same source of error has not been given equal con- 
sideration in the steps that precede the preparation of 
these mounts? Shouldn't the errors here be equally as 
significant? 

A number of clay petrologic studies have been made 
on suites of samples separated into several size frac- 
tions in addition to the LTMF. Some of these have 
used the techniques of X-ray mount preparation 
recommended for accuracy and precision by Gibbs 
(1965); others have not. Those studies using the recom- 
mended techniques (see, e.g. Perry and Hower, 1970) 
have usually shown that both quantitative and qualita- 
tive differences can exist in the differing size fractions. 
Studies which have not used the recommended tech- 
niques sometimes claim little or no differences between 
the bulk or different size fractions (see, e.g. Towe and 
Grim, 1963 or Devine et  al.,1972). Unfortunately, these 
claims must be suspect because of the fact that even 
with bulk or coarser fractions there will be a tendency 
for the fines to concentrate at the top of the X-ray 
mounts during gravity preparations and thus make a 
coarser fraction appear similar to a finer fraction. 
Stokke and Carson (1973) have shown that sample X- 
ray transparency will not necessarily avoid this danger. 

It has been suggested that standardizatiin of tech- 
nique is the answer and will allow geologically mean- 
ingful comparison from sample-to-sample and labora- 
tory-to laboratory (Pierce and Siegel, 1969). There can 
be little doubt that a standardized procedure is better 
than half-a-dozen varied procedures but unless stan- 
dardization also takes the bulk sample characteristics 
into account there can be no way to decide (.except in- 
tuitively) whether sample-to-sample trends are geolo- 
gically and sedimentologically meaningful or just 
vagaries and artifacts of the size fractionation pro- 
cedures. If the depositional environment is capable of 
sorting the sediment sent to it by size, shape and speci- 
fic gravity, then the clay petrologist must certainly be 
able to accomplish similar feats when obtaining a 
given size fraction by settling procedures. 

A hypothetical example can illustrate the potential 
influence on results. Start with a two-component mix- 
ture of smectite and kaolinite in equal proportions and 
both with Gauss-normal size frequency distributions 
that overlap so that the smectite is on the average finer 
than the kaolinite. If this 50-50 starting material were 
introduced into a current of down-slope diminishing 
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competence we would expect (following Stokes Law 
and ignoring flocculation effects) to find the kaolinite 
because it is coarser and of higher specific gravity set- 
tling out faster than the smectite. Sampling the bulk 
deposits we would expect to find that bottom samples 
taken upstream would be enriched in kaolinite for this 
reason. But bringing these bulk samples back to the 
lab for accurate and precise quantitative clay petrology 
could change the order considerably if we use only the 
traditional LTMF. Thus a bulk sample of 60-40 kao- 
linite-to-smectite composition could come out of the 
graduated cylinder as a 40-60 mixture because in set- 
tling the smectite would tend to stay up in the super- 
hate and be drawn off while much of the kaolinite 
would be settling faster and this time eliminated. The 
use of settling or centrifugation in preparing the X-ray 
mounts would emphasize this effect even more so that 
what started out to be a sample somewhat richer in 
kaolinite ends up being a sample much richer in smec- 
rite. Depending on the size-frequency distributions and. 
the minerals involved such results could be dramati- 
cally different from the actual samples and geologically 
misleading regardless of how accurate and precise the 
X-ray techniques happened to be. 

Is there a solution to this dilemma? There will pro- 
bly never be any such thing as 'true quantification' free 
from sample bias of one sort or another, but some 
approaches seem worth considering depending on the 
geological problem and the time and energy of the 
researcher. Recognizing and facing the problem is, of 
course, at least half the battle. We can no longer con- 
tinue to stick our heads in the sand (mud?) and hope 
the problem will go away while at the same time proud- 
ly announcing accuracy and precision in the hand- 
ling of X-ray data. On the practical experimental side, 
it would seem worthwhile to try to study quantitatively 
the bulk sample in a random mount after having used 
a settled, oriented fraction as a qualitative guide to 
help identify which clay minerals to expect. This is, of 
course, easier said than done but the geological infor- 
mation obtained could be worth the effort involved. 
The continued use of more than one size fraction X-rayed 
under the appropriate conditions is certainly better 
than a simple LTMF alone. Finally, a suitable exper- 
imental protocol involving heavy liquids and density 
gradient centrifugation might produce interesting 
results. In any case, the continued use of the traditional 
less-than-2-#m fraction for quantitative (and perhaps 
even qualitative) clay petrology can only be viewed as 
an exercise in futility. 

Is the general observation that illites are usually pre- 
dominant over chlorites in geologically older shales a 

true quantitative representation of the bulk sample 
mineralogy or a reflection of a coarser size frequency 
distribution (> 2 #m) for chlorites present in what may 
be larger quantities? Is the general lack of zeolites in 
many clay analyses of more recent sediments a result 
of a similar bias? Is the almost total absence of any 
heavy minerals in clays that have been slaked and set- 
tleO more a reflection of the influence of specific gravity 
than of particle size ? Are smectites, generally conceded 
to be of exceptionally fine particle size, really as abund- 
ant in bulk samples as they appear in many analyses of 
settled fractions? Many of these questions may be 
answered empirically but a blind adherence to a less- 
than-2-#m fraction will be of little help in seeing these 
forests perhaps lost among the trees. 
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R 6 s u m ~ - L e s  techniques de s6dimentation et eentrifugation ont fait l'objet d 'une 6tude critique en vue 
de la pr6paration d'6chantillons destin6s a l 'analyse p6trographique quantitative de l'argile par diffraction 
X; cette 6rude est motiv6e par les s6gr6gations importantes qui peuvent exister entre les min6raux. 

Quoique les m~mes facteurs peuvent intervenir pour produire une erreur dans la s6paration de la frac- 
tion usuelle inf6rieure ~ deux microns, cette source d'6carts potentiellement plus importante est rarement 
prise en consid6ration. Une repr6sentativit+ correcte de la totalit6 de l'6chantillon m6rite au moins autant  
d'attention qu 'un dispositif repr6sentatif de mesure par rayons X. Les analyses par rayons X les plus 
pr6cises et les plus fines peuvent &re, au point de vue g6ologique, erron6es ou mfime d6pourvues de signifi- 
cation, ce qui les transforme en pur exercice de style dans la recherche de la pr6cision. 

Kurzreferat Sedimentation unter dem Einflul3 der Schwerkraft und Zentrifugentechniken sind als 
Methoden zur Herstellung von Rikntgenpr~iparaten fiir quantitative petrologische Untersuchungen von 
Tonen wegen der ausgepr~igten Mineralentmischungen, die vorkommen k/Snnen, kritisiert worden. 
Obwohl dieselben Faktoren sich als Fehlerquelle bei der Abtrennung der traditionellen <2/~m- 
Fraktion auswirken kt~nnen, ist diese m6glicherweise bedeutendere Ursache von Fehlbeurteilungen selten 
in Betracht gezogen worden. Eine richtige Wiedergabe der Probenmenge verdient mindestens ebensoviel 
Aufmerksamkeit  wie ein repr~isentatives R6ntgenpr~iparat. Die genauesten und sorgNltigsten R~Sntgen- 
analysen ktinnen undernfalls irrefiihrend oder bedeutungslos sein und sich als I]bungen in Genauigkeit  
um ihrer selbst willen erweisen. 

Pea~oMe - -  KpHTHKyfOTCa Hcno~b3oBanHe FpaBHTatlI4OHHOFO o c a ~ e H H a  H LteHTpHqbyraYlbHO,q nepe- 
pa6OTKH np~ rlpI4rOTOB.qenI4H o6pa3ttOB ~ha  peHTreHorpaqbi, i,~ecKoro I43y~eHHa a KOYlHqecTBeHHOfi 
FYII4HHCTOH nerpo:~oraH, Bc~e~CTBI4e MOryLtle~ BO3HHKHyTb 3aMeTHO~ cerpera tmu Ml4HepaYtol3. Xorn ,  
Te ~ e  CaMbIe aunenrta MOFyT IIpHHI4MaTb yqacTl4e BO BO3HI,IKHOBeHHI40ILIH6OK n p a  pa3~eYleHHH 
CTaH~apTHO~ qbpaKtI141,I Mertee qeM B ,aBa MrtKpoHa, 3TOT rlOTeHtu4aY~bHO 60nee Ba)KHbl~ 14ETOtlH!4K 
CMelaJ, eH~l,q pe~i<o HpHHI4MaeTca BO BHrtMaHHe. XopomHfi rlOKa3aTe~bHbl~ o6beMHbl~ 06pa3etl 
3acny~tBaeT,  no KpaflHe~ Mepe, CTO~IbKO )Ke BH/,IMa.HI4~I, KaK H No~a3aTeabm,ifl 06pa3etI IIpHFOTOB- 
SIeHHbII~ /MIni peHTreHorpaqbH~ecKoro ~43yqeHria. Ca.MblH TOqHblld H FlpelAH3PlOHHbI~[ pe~TreHorpadpa- 
qeCKH~ aHa~H3 Mo)KeT reoaorHqecKH BBeeTId B 3a6Jly:~eHHe I4.rtl4 He 14MeTb CMblC.rla 14 ocyttteCTBa~aTCn 
TO~IbKO KaK yllpa.:~HeHl,ie pa~r~ rlpeLIH3t,IOHHOCTH. 


