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A B S T R A C T  

THE objective of this paper is to present flow sheets for a system of quantitative minera- 
logical analysis of clays of soils and sediments and to show representative results. Selec- 
tive dissolution analysis by the NasSsOv-HC1-NaOH procedure yields the quartz and 
feldspar contents (0 to 63%) and differentiates feldspar K from mica K. The NaOH- 
thermal system of selective dissolution yields the allophane plus gibbsite, kaolinite plus 
halloysite, and dickite contents (0 to 84~o for the sediments; 1 to 25% for soil clays) 
Mica contents (0 to 92~o for the rock specimens, 7 to 43% for soil clays) are determined 
by nonfeldspathie K (and Na). Vermiculite contents (1 to 97~o of specimens; 3 to 21% 
for soil clays) are measured by blocking of interlayer CEC by drying at ll0~ while K 
saturated and replacing with NH4C1. Montmorfllonite (and palygorskite) contents (0 t o  
85~o of specimens; 3 to 36~o of soil clays) are determined by the CEC not blocked by the 
K and NH4 sequence for vermiculite. Chlorite contents (0 to 85~o for specimens; 0 to 
37% for soil clays) are determined by thermal gravimetric analysis, after allocation of 
OH water lost between 300 and 950~ to other hydrous minerals determined. 

The best evidence of the accuracy of the system of analysis lies in the consistent total 
recovery of 24 standard mineral samples averaging 100.4 4- 1.3 (4- standard error of 
means) and of 22 soft clay samples averaging 99.5 4- 0.8. The different constituents were 
present in widely different proportions in the various samples, and were determined by 
independent methods. The complementary total of near 100~o (maximum range 95 to 
105% for specimens; 95 to 103% for soil clays) for the analyses is a significant measure of 
the specificity of the several determinations. 

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

ALTHOUGH the  most  powerful  means for qua l i t a t ive-semiquant i ta t ive  s tudy  
of crystalline clays is X- r ay  diffractometry,  more accurate  quan t i t a t ive  
analytical  techniques for each mineral  group or species have  gradual ly  emerged, 
Presentat ion of  a system for quan t i t a t ive  clay mineralogical  analysis flow 
sheets (Figs. 1-5) is now opportune,  since quan t i t a t ive  methods  (as cited in 
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the methods section) are now available for determination of total free iron 
oxides, mica, amorphous aluminous and siliceous materials, kaolinite plus 
halloysite, dickite, quartz and feldspars, vermiculite and montmorillonite, 
chlorite and talc, and anatase plus rutile. Chemical analysis for the elements 
present and the proportion of each (Jackson, 1956, 1958; Jackson and 
Mackenzie, 1964) gives an estimate of the mineral species present within each 
of these mineral groups. 

M A T E R I A L S  

Layer silicate samples analyzed in testing the proposed scheme of analysis 
included three chlorites (from Cartersville, Ga., from Md., and from an 
unknown mineral supply house); kaolinite from Dry Branch, Ga. (Georgia 
Kaolin Co.) ; halloysite of North Gardiner Mine from Bedford, Ind. (Ward's 
Scientific Est., Rochester, N.Y,  No. 12); dickite from Rock Springs, Wis. ; 
nontronite from Garfield, Wash. (Ward's, No. 33A); hectorite from Hector, 
Calif. (Ward's, No. 34); bentonite from Cameron, Ariz. (Ward's, No. 31); the 
well known bentonites from Upton, Wyo., and Panther Creek, Monroe Co., 
Miss. (from the American Colloid Co.) ; muscovite from an unknown mineral 
supply house; glauconite from Franconia (Cambrian) sandstone near Cross 
Plains, Wis. ; vermiculites derived from biotite occurring in granite (from S. 
Africa, Colo., and Wis.); vermiculite derived from phlogopite occurring in 
magnesite (from Texas) ; and vermiculite derived from biotite and augite from 
Libby, Mont. (Ward's). 

The soil clays analyzed were from K fixing alluvial soil from the Nether- 
lands (courtesy H. W. van der Marel); a Rendzina soil, Ax~ horizon, derived 
from limestone of Ireland (courtesy P. V. Kiely); a Dubuque silt loam soil, 
11C 1 horizon, residuum from dolomite in Suak County, Wis. ; a clay residuum 
from dolomite north of Spring Green, Wis. (sampled with M. E. Ostrom); a 
concretionary Brown Forest soil, B 2 horizon, from Alberni, Vancouver 
(courtesy J. E. Brydon) ; a Red-yellow Podzolic soil, Tatum, A 2 horizon, from 
mica schist of Va. (courtesy C. I. Rich) ; a Rendzina soil, A horizon, derived 
from soft limestone of Drama, Greece; an alluvial Solometz soil, A horizon, 
and an alluvial Solonchak soil, C horizon, from the Agricultural Experimental 
Station of the University of Thessaloniki, Greece ; a Brown Forest soil, B 2 
horizon, derived from sandstone of the Pertouli forest of the University of 
Thessaloniki, Greece; and a Terra Rossa, A horizon, derived from hard lime- 
stone of Drama, Greece. Previous work on these mineralogical and soil samples 
has been outlined (Alexiades and Jackson, 1965, 1966; Dixon and Jackson, 
1962). 

P R O C E D U R E S  

A general flow-sheet (Fig. 1) outlines the overall quantitative determination 
while the detailed procedures and flow sheets are given in separate sections. 
The mainly wet chemical system of mineralogical analysis to be presented 
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was monitored qualitatively and semiquantitatively by X-ray  diffraction 
analysis and has been tested extensively with reference to vermiculite and 
chlorite constituents (Alexiades and Jackson, 1965, 1966). 
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FIO. 1. General flow sheet for mineralogical analysis of soils and mineral deposits 
by cation exchange capacity (CEC), HF dissolution (for total K), selective 
dissolution analyses (SDA), and thermal gravimetric analysis (TGA). The anatase 
and rutile determinations are based on SDA with HF at room temperature 
(Raman and Jackson, 1965). Heavy boxes indicate systems newly introduced by 

Alexiades and Jackson (1965, 1966). 

Pretreatment of Sample for Removal of Carbonates, Organic Matter, 
and Free Iron Oxides 

For the proposed analytical methods, the mineral size fractions are obtained 
in suspension (Jackson, 1956), free of organic matter ,  carbonates and free iron 
oxides; they are usually cation exchange saturated with Na, and usually with 
Na2CO a solution (pH 9.5) present. An additional dilute acid-H202 pretreat- 
ment of the samples before each of the analytical procedures is given as fol- 
lows: A suitable aliquot of the suspension (Na saturated sample) containing 
about 100 to 200 mg of clay is placed in a 20 ml centrifuge tube. The clay is 
washed 3 times with N NaOAc solution of pH 5, the tube being placed for 5 
rain in a boiling water bath  for each washing, to insure complete dissolution of 
the carbonates. Following this, five drops of N NaOAc solution of pH 5 and 
5 ml of 30% H20 ~ are added. The tube containing the sample is heated on a 
steamplate (70 to 80~ for about 3 hr to complete the destruction of any 
residual organic mat ter  such as organism growth or mineral-organic com- 
plexes. A slightly acid media enhances the oxidizing action by  H202 and 
acetate is little at tacked by H~O 2. 
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Determination of Clay Concentration (aliquot) 
In the determination of the clay concentration in the suspended sample, an 

aliquot is saturated with either K or NH 4 to obtain the weight basis for the 
various quantitative determinations. Saturation with Na, Ca, Mg or H 
(formerly widely used) is avoided. The H saturated clay minerals decompose 
and release A1; also, t I  saturated minerals are dehydroxylated at an ex- 
cessively low temperature, sometimes even lower than 100~ the Na, Ca, or 
Mg saturated clay minerals introduce a high water content into the weight 
basis. Consequently, for the aliquot determination, an NH 4 or K saturated 
sample is obtained as follows: A 600 mg sample, pretreated with N NaOAc 
of pH 5 and 30% H202 to insure complete dissolution of carbonates and 
destruction of any residual organic matter  as described above, is washed once 
with N NaC1 and 5 times with N-KC1 or NHdC1 solution of pH 7. The sample is 
then washed free of excess salts by washing once with a limited volume of 
water and 5 times with 99% methanol; acetone is added in the third and 
subsequent washing if trouble with dispersion is encountered. These washings 
are carefully carried out by means of the centrifugation and decantation 
procedure. The sample is then suspended in a little water and is transferred 
quantitatively to a weighed Pt  crucible and weighed after heating at  110~ 
for 24 hr. The difference in weights gives the aliquot weight. An NH 4 saturated 
sample in a P t  crucible may be used for mica K and Na determination by the 
tIF-HCIO 4 dissolution procedure or the Na2S20 7 selective dissolution analysis 
in which the total K and Na, and often the Ca, are determined as described in 
later sections. 

Vermiculite by Cation Exchange Capacity 
Vermiculite (Table 1) is determined (Fig. 2) on the basis of the part  of the 

cation exchange capacity (CEC) measured by Ca replaced by Mg, designated 
CEC (Ca/Mg), which is blocked by K fixation on oven-drying at l l0~ and 
subsequently not exchanged by NH a. The remaining CEC is expressed as me 
per 100 g of K or NH 4 saturated oven-dried clay and designated CEC K / / N H  4. 
The calculation is by the Alexiades and Jackson (1965) equation: 

% Vermiculite = CEC (Ca/lVlg) -- CEC (K//NHd) 154 • 100 (1) 

Montmorillonite by Cation Exchange Capacity 
The CEC of a sample measured by the nonfixed K replaced in N NHdC1, 

designated CEC (K//NHd) and expressed on the same basis as for vermiculite, 
represents the charge of montmorillonite plus that  of other minerals such as 
mica, kaolinite, halloysite, chlorite, and amorphous materials, as well as of the 
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external surface of vermiculite (Fig. 2). The percentage of montmorillonite is 
obtained by the Alexiades and Jackson (1965) equation: 

Montmorfllonite ~ CEC (K/fNH~) -- (5 -~ 105 Amor) 105 • 100 (2) 

in which 5 represents the external surface CEC of the various minerals and 
Amor is the percentage of amorphous material having an SiO2/A1208 molar 
ratio 3 or above. The latter ratio indicates that  a montmorillonite-like com- 
ponent dissolved in 0.5 N NaOH treatment and is assigned (Alexiades and 
Jackson, 1965) the CEC value (like montmorillonite) of l l 0 m e  per 100g 
(105 -t- 5). For amorphous materials with a ratio lower than 3, this term has 
been omitted, although sesquioxie allophane of SiOz/R20 3 molar ratio less than 
1.5 also may have a high CEC. The CEC of palygorskite (attapulgite) would 
cause it to be included with montmorillonite. Palygorskite can be electrono- 
scopially identified by its fibrous particles; further work is needed on its 
quantitative determination. 

Quartz and Feldspars by Xa~S207 Selective Dissolution Analysis 
Quartz and feldspars are determined in the coarse clay and larger fractions 

of soils and mineral deposits by the pyrosulfate fusion method (Kiely and 
Jackson, 1965). An I~H a sample prepared as described above is ground lightly 
in an agate mortar and a 0.400 g sample is transferred to a vitreous silica 
crucible and used for the determination of quartz and feldspars by the Na~S20~ 
selective dissolution analysis (Fig. 3). Microcline and the high Na plagioclases 
hold most of the K, Na and Ca in the residue. Plagioclases as high as or higher 
in Ca than labradorite are determined by the total Ca ("Ca minerals" in 
Fig. 3), with an X-ray check for the possible contents of tremolite and sphene. 
Quartz was found as a component of many samples studied, in a wide range 
from 0.8 to 63% (Table 1), while feldspars were not found in the clay of the 
samples. The determination of quartz and feldspars has been found to be 
extremely useful for a complete mineralogical analysis of the sand, silt and 
coarse clay fractions of soils (Kiely and Jackson, 1965). 

Mica by HF Dissolution Analysis 
A 0.leo g NH 4 saturated sample (e.g. the sample used for the aliquot weight 

determination) is used for mica determination by HF-HC lOt dissolution 
analysis (Fig. 3). The mica determinations (Table 1) are based on the K 
content of mineral fractions after deduction of feldspar K (Kiely and Jackson, 
1965); the content of feldspars is usually but  not always small in clay fractions. 
Contents of 8.29% K (10% K20 ) in dioctahedral micas and 7.48% K (9% 
K20 ) in trioctahedral and high iron micas (Jackson, 1956, p. 543) were used 
(Table 1). With coarse grained aluminous dioctahedral micas, 10.6% K~O is 
applicable (Raman and Jackson, 1966). Potassium contents of 48 glauconites 
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(ferruginous micas with mixed-layer impurities) ranged (Manghnani and 
Hower, 1964) from 8.3 to 3.4% K~O, and extrapolated to about 9% K20 
when no expansible layer silicates were present. Interestingly, our Franconia 
glauconite (Table 1) contained 15 to 24% chlorite (Alexiades and Jackson, 
1965), a component which was not measured by Manghnani and Howe 
(1964); the presence of chlorite could cause their observed departure from the 

L Sample ~- I00 rag. in ~-ml. centrifuge tube 1 CATION EXCHANGE CAPACITY ANALYSIS ICECl 

Wash 3 times with N NaOAc of pH 5; digest in 30% H202. 
Wash 3 times wifh N NaCI and 5 times with N CaCI Z. 

once with water and 5 times.with 9~ ~ethanoL 

5 times with _N MgCI 2 (10 mL each washing). 

, 
I ca in ~ , ~  so,utio, I 

5 times with N KCI. 
I Wash once with water and 

Read Ca 
by flame emission ~ tmes with 99% methanol (and acetone), at 6500 A. 

at II0OC, overnight. 
5 times with N NH4CI. 

I 
I K-fixed, NH4 clay I I K in NH4Cl solution I I CEC ,CalMgL me.llOOg. I 

1discard) I Read K by flame emission 

CEC (external) I at T740 A, 
Subtract 5 me./lO0g, of I CEC(KflNH4), me./10Og, L 

vermiculite, F CEC (KII NH4). 
kaolinite, I Subtract CEC of other minerals. 
halloysite, l ch,orite mica I cE: o, monfmor,,on,te I I CEC o, vermico,to I 

amo 0Oo.  I I  I O1 SiO2/AI203 > 3 % MONTMORILLONIE % VERMICULIE 

FIa. 2. Flow sheet for vermiculite and montmorillonite determinations by CEC 
analysis (Alexiades and Jackson, 1965) 

linear regression of K~O as a function of increase in mixed-layer components 
that Mehra and Jackson (1959) observed. The Na mica (paragonite), which 
contains 6.02% Na (8.1% Na20), is determined on the basis of a content of 
5.02% Na (6. 77% Na~O) based on a five-sixths retention of the theoretical 
interlayer cation content, a retention found applicable to K micas (Jackson, 
1956; Jackson and MacKenzie, 1964; Alexiades and Jackson, 1965, 1966). 
The occurrence of paragonite in association with muscovite was observed in 
soils and their parent material in the Virginia Piedmont (Cook and Rich, 
1962). 
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Amorphous Material by •aOH Selective Dissolution Analysis 
Amorphous material is determined by the selective dissolution method of 

tIashimoto and Jackson (1960) modified to include K saturation before 
heating (Fig. 4). A 0.100 g sample is boiled for 2.5 rain in 0.5 ~ N a 0 H  to 
dissolve the amorphous A1203 and Si02 {Table 2). A 0.5 ~ KOH solution can 
be used for the determination of amorphous aluminosilicates as well as for 

Sample --500 mg. I Na2S207 SELECTIVE DISSOLUTION ANALYSIS (Na2S201 - SDAI 
I AND HF DISSOLUTION ANALYSIS 

Wash 3 times with N NaOAc of pH 5; digest in 30% H202. 
Wash once with N I~aCl and 5 times with N NH4CI of pH 7. 
Wash once with water and 5 times with 99~, methanol land acetone). 

i 
I Powdered or suspended sample--IO0 rag. I 

in a 20 - ml. Pt crucible 
i 

200-rag. sample in Pt crucible. I I ml. HClO 4. 

! 

I 400-mg. powdered dry sample (~.O.2/J) I 
I 

i 

I 200-rag. sample in a 50-ml. Si crucible I 
i 

I Add 15g. Na2S207, mix, fuse. 

I 

[ Na2S2OTme, [ 
I Dissolve in 3 N HCI. 

Wash 3 times-with 3 N HCL 
Boil in 0.5 N NaOH. - 
Wash 3 time~'with 3 N HCI. 
Wash once with water. 
Wash 5 times with 99% methanol. 

I Quartz plus feldspars ] 

Weigh in Pt crucible. 
Dissolve in HF-HClO 4. 

" ~ - I  K, Na, Ca feldspars l i  

I x (factors). 

J "1 % FELDSPARS 

I 

I Add 5g. Na2CO3, mix, fuse. 

I Na2CO3melt I 

Dissolve in O N HCI. 
Diluteto I00 roT. 
Read Ca by 

flame emission at 5600 A. 

I Total Ca I 

I x (faders). 

I Ca minerals I 

10 ml. HF. 
Fuse. 

HF-HCIO4 fusion I 

Dissolve in 6 _N, HCl. 
Dilute to 100 mL 
Read K and Na by 

flame emission at  
7740 and 5~0 A. 

Total K and Na [ 
I 

Subtract 
feldspar K and Na. 

I Mi~ K and Na I Subtract I I 
% feldspars, x (factors). 

Fzo. 3. Flow sheet for mica, quartz, and feldspars determinations by NazSaO7 
SDA (Kiely and Jackson, 1965) and by H F  dissolution of sample (Jackson, 1950). 

kaolinite plus halloysite instead of NaOH. The KOH treatment on allophane 
and kaolinite samples gave amounts of A1 and Si dissolved similar to those 
dissolved by NaOH treatment in a number of samples including one con- 
taining sesquioxie aUophane. 

The amorphous material {Table 1) is based on the quantity of SiO~ plus 
Al~O 3 dissolved by the above mentioned method divided by 0.9 (10% water, 
Table 2). This method is based on the rapid dissolution rate (high surface) of 
most amorphous aluminosflicates. The later silicate minerals were found to 
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react  only  s l ight ly  wi th  0.5 N NaOH,  as for example  Georgia kaol in i te  
(3.6%), California hector i te  (1.7%), Ar izona  ben ton i te  (4.2%), W y o m i n g  
bentoni te  (4.3%), Georgia chlorite (0.4%), and  Wisconsin  g lauconi te  (1.1%). 
These small  quant i t ies  dissolved from the  mos t  common layer  si l icate 

200 rng., K sat. sample I 
w 

I In a 500 ml. Ni beaker. 
Add 200 ml. of boiling 0.5 N NaOH. boil 2.5 minutes. 
Cool in water bath. centrifuge. 

Supernatanf solution. 

Dissolved AI, Si I 

I Molybdate I Aluminon 
read Si ] read AI 
at 4Q00A.] at S200A. 

I Extracted before ignition. 

NaOH SELECTIVE DISSOLUTION ANALYSIS (NaOH-SDA| 
( Successive treatments I 

I 
I Alkali resistant minerals I 

I a25204. tit rate. NaHCO] ' 
Centrifuge. 

, I  
J Residue I 

Wash with 19 NaOAc, once with pH S, once witl~ pH 7, 
Wash 3 times with N KCI. 
Wash 4 times -- met'hanoi-acetone sequence. 
Dry, weigh, heat to 5250 (or 625 o) C. 
Transfer IOO rng. to Hi beaker. 
Add I00 rnl. of boiling 0.5_N NaOH, boll 2.5 minutes. 
Cool in water bath, centrifuge. 

I a25204. citrate. NaHCO3" 
Centrifuge. 

I 
I Resistantmlnerals I I R,ess. ,e 

(x-ray) 

Supernatant 
solution. 

I 
'k ALLOPHANE; AMORPHOUS SIO2+R203; GIBRSITE I 

I Also fine rnontmorillonite and fine halloysite 

I KCNS 
read Fe 
at 4900 A. 

I Extracted after Ignition. 

KAOLINITE * HALLOYSIIE t*D|CKITE! 

Also nontronite and Fe vermiculite 

FIG. 4. Flow sheet for amorphous material, allophane and gibbsite, and kaolinite 
plus halloysite determinations (Hashimoto and Jackson, 1960). The sample is K 
saturated by KC1 washings and then is washed once with water and 5 times with 
99 % methanol before heating. Dickite requires heating at'625~ for 24 hr as well as 
grinding in an agate mortar, and then it is treated in the same way as kaolinite 
(Alexiades and Jackson, 1966). Use of 0.5 N KOH may be substituted for 0.5 N 

NaOH. 

minerals  present  in soil c lays m a y  represent  amorphous  impur i t ies  or a smal l  
error  arising f rom dissolut ion of  minerals .  To obv ia te  an  error  of  a double  
calculat ion of  a p a r t  of  montmorf l loni te- l ike  dissolved minera ls  (having a high 
CEC) once as  amorphous  mater ia l s  and  once as montmor i l loni te ,  a CEC of  1.1 
me /g  is assigned to  the  amorphous  mate r i a l  which has  a SiO~/Al~O a mola r  
ra t io  3 or  above  (marked  b y  an  aster isk,  Table  2) and  sub t r ac t ed  th rough  
equat ion  2. 
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TABLE 2.--AI~IORPHO~S ~If_ATERIAL DISSOLVED FROm THE STANDARD MII~ERAL AND SOIL 
S~PLES BY 0.5 ~ NaOH TREATMENT (25 ~ OR ll0~ SAMPLES) 

Sample and source 
Size ~o SiO2 ~o 

fraction, �9 ~x ~ A1203 Amorphous 
microns SiO2 A1203 (Molar) material 

Standard mineral sables 
Chlorite (mafic) ~ 20 1.28 2.42 0.89 4.1 
Chlorite, Ga. ~ 2 0  0.28 0.11 4.33* 0.4 
Halloysite, Ind. ~ 2  15.66 17.18 1.55 36.5 
Kaolinite, Ga. -~ 2 1.69 1.55 1.85 3.6 
Nontronite, Wash. ~ 2  7.88 3.53 3.79* 12.7 
Hectorite, Calif. ~ 2 0.90 0.66 2.47 1.7 
Bentonite, Ariz. ~ 2  2.42 1.34 3.08* 4.2 
Glauconite, Wis. 2 -- 0.2 0.59 0.42 2.38 1.1 
Glauconite, Wis. ~ 0.2 0.38 0.33 1.96 0.8 

Soil Clay saznples 
Alluvial soil, Netherlands 2- -0 .2  1.18 1.04 1.93 2.4 

~ 0 . 2  1.37 1.06 2.20 2.7 
Rendzina, Kilcolgan, Ireland 2 - -0 .2  1.72 0.60 4.86* 2.6 

~ 0 . 2  2.88 1.01 4.85* 4.3 
Dubuque silt loam, Wis. 2 - -0 .2  11.35 3.00 6.43* 16.0 

~ 0 . 2  6.68 3.86 2.94 11.6 
Residuum from dolomite, Wis. 2 - -0 .2  11.56 3.87 5.08* 16.7 

~ 9 . 2  7.32 4.17 2.98 12.5 
Concr. Brown Forest, Alberni, Van. ~ 2 7.60 9.87 1.31 19.4 
Red-Yellow Podzolic, Tatum, Va. 2 - -0 .2  4.58 3.06 2.54 8.2 
Rendzina, Drama, Greece 2- -0 .2  5.18 2.14 4.11" 8.1 

~ 0 . 2  9.24 3.59 4.38* 14.3 
Solonetz, Thessaloniki, Greece 2 - -0 .2  5.64 1.49 6.43* 7.9 

~ 0 . 2  5.44 1.48 6.25* 7.7 
Solonchak, Thessaloniki, Greece 2--  O. 2 2.95 2.32 2.16 5.9 

~ 0 . 2  5.05 2.55 3.37* 8.4 
Brown Forest, Pertouli, Greece 2 - -0 .2  1.55 0.57 4.62* 2.3 

0 .2- -0 .08  5.35 1.27 7.33* 7.3 
~ 0 . 0 8  4.50 3.12 2.45 8.5 

Terra Rossa, Drama, Greece 2- -0 .2  3.75 3.30 1.93 7.9 
0 .2- -0 .08  10.70 7 . 0 9  2.56 19.9 

~ 0 . 0 8  11.77 7.84 2.55 22.9 

* In  these amorphous materials with a SiOz/A1203 ratio ~ 3, a CEC of 1.1 me/g was 
given. 

Kaolinite and Halloysite by IYaOH Selective Dissolution Analysis 

T h e  kao l in i t e  p lus  ha l loys i t e  c o n t e n t s  (Table  1) a re  b a s e d  on  t h e  SiO 2 a n d  
Al~03 ( H a s h i m o t o  a n d  J a c k s o n ,  1960) w h i c h  d i s so lved  in  0.5 N N A O H  (2.5 
ra in  boi l ing)  o f  t w o  K s a t u r a t e d  samples ,  one  h e a t e d  a t  525~ for  4 h r  (625~ for  
24 h r  fo l lowed  b y  a g a t e  m o r t a r  g r ind ing ,  fo r  d ick i te ,  A lex i ades  a n d  J a c k s o n ,  
1966) a n d  t h e  o t h e r  a t  l l 0 ~  T h e  a m o u n t s  o f  SiO~ a n d  Al~O 3 w h i c h  d i s so lved  
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at  ll0~ are subtracted from those dissolved at 525~ (625~ to obtain the 
ASi02 and the AAI~O 3 (Fig. 4). In samples containing gibbsite, a pretreatment 
with NaOH to dissolve it was given by Hashimoto and Jackson (1960) before 
heating at  525~ because of the low solubility of AlcOa from such samples 
after heating. Certain kaolinite samples require heating to 575~ to become 
soluble in NaOH (R. W. Andrew and IV[. L. Jackson, in manuscript). 

Certain iron-rich layer silicates such as pedogenic ferruginous chlorite as 
well as nontronitic montmorillonites (having high substitutions of iron in the 
octahedral layers) have heat-instability and thus are partially dehydroxylated, 
together with kaolinite and halloysite. Such samples are partly dissolved in the 
0.5 N NaOH solution. An extraction of iron released, by the dithionite pro- 
cedure (Jackson, 1956), is used to measure the dissolution of minerals having 
high SiO~/R~O a molar ratios. 

The heat-instability of these minerals and the effect of the 2.5-rain boiling 
in 0.5 N NaOH in dissolving some interlayer aluminum (Dixon and Jackson, 
1962) from chloritized vermiculites and montmorillonites, minerals commonly 
present in soil clays, result in a SiOJA120 a molar ratio at variance from 2 for 
the dissolved elements in the kaolinite plus halloysite determination (Table 
3). A study of the ratios obtained with these samples shows that  there is a 
good relationship of the ratio to the mineralogical composition. Thus, ff 
chlorite is more abundant than montmorillonite the SiO~/A]~O 8 molar ratio 
was found to be lower than 2. For example, the residual clay from dolomite 
of Wisconsin, which was found to contain 27~o chlorite and only 13% 
montmorillonite, gave a SiO~/AI~O a molar ratio 1.3 (Table 3). When mont- 
morillonite was more abundant, this ratio was found to be higher than 2. For 
example, fine clay from the alluvial soil of the Netherlands, which was found 
to contain 31% montmorillonite and 28% chlorite, gave a Si02/AI~Oa molar 
ratio 4.3 Consequently, in the calculations: 

(a) When the Si02/Al~O a molar ratio is lower than 2, which indicates the 
existence of free alumina or dissolved interlayer aluminum, the kaolinite plus 
halloysite content is based on the dissolved silica by the equation: 

% Kaolinite plus halloysite = - -  
%ASiO~ 

46.5 
• 100 (3) 

(b) When the SiO,/AI,O 8 molar ratio is higher than 3, which indicates tha t  
some 2:1 layer silicates such as nontronitic montmorillonite were dissolved, the 
kaolinite plus halloysite content is calculated on the basis of the dissolved 
alumina by the equation: 

% Kaolinite plus halloysite ---- %AA12Oa 39.5 • 100 (4) 

(c) When the Si02/A1208 molar ratio is between 2 and 3, the kaolinite plus 
halloysite content is calculated on the basis of the average of the values based 
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o n  % A S i O  2 and %AAI208 as in equations (3) and (4), or by the equation: 

% Kaolinite plus halloysite ----- (A%SiO~/46.5) q- (A %A1208/39.5 ) 2 x 100 (5) 

The SiO2/A1208 ratios of the samples studied as well as the calculated 
kaolinite plus halloysite on the basis of equations (3), (4), and (5) are given in 
Table 3. The minimal values for kaolinite plus halloysite are reported (Table 
1) for samples involving dissolution of interlayer aluminum (equation 3) or 
nontronitic montmorillonite (equation 4). The average values when equation 
(5) was applicable (middle block of Table 3) showed a deviation of only 0.1 to 
2.3~ of kaolinite plus halloysite calculated from the percentages based on 
ASiO~ or AAI~03. 

Chlorite by Thermal Gravimetrir Analysis (TGA) 
Chlorite is determined in the clays of soils and mineral deposits (Table 1) 

by the thermal gravimetric method (Alexiades and Jackson, 1966). The total 
OH water of K saturated samples is measured by ignition loss between 300 
and 950~ (Fig. 5). The water held at 300~ attributable to the other clay 
minerals present, such as mica (4% water for biotite, and 4.5% water for 
dioctahedral micas containing no F), montmorillonite and vermiculite (5% 
water),Ikaolinite (14% water), halloysite (16.3% water), allophane (8% water), 
and tale (4.75% water) is subtracted and a correction is made for the amount of 
Fe0 present and oxidized to F%03 according to the equation: 

A - - B  
% Chlorite -- 0 . 1 ~  q- (% FeO) • 0.79 (6) 

in which A is the ignition loss in per cent (300 to 950~ % FeO is the per- 
centage of ferrous oxide present, determined by HF-H2SO 4 dissolution of the 
sample (Jackson, 1958) and titration with standard 0.1 N K2Cr20 T solution; 
and B is per cent water allocated to the minerals present other than chlorite, 
based on their content of hydroxyl water above 300~ in K saturated samples.* 

An appreciable amount of chlorite is present in a number of standard layer 
silicate minerals, whereas pedogenie chlorite is a common constituent (3 to 
over 30%) of soil clays (Table 1). The Tatum soil clay has 23~o chlorite, based 
on 3.26% OH water loss (between 300 to 950~ after subtraction of 4.16~ 
for the OH water attributable to mica, amorphous material, kaolinite, 
vermiculite, and montmorillonite). The clay was prepared with free iron oxides 
removed but was dispersed in distilled water for separation of the clay. The 
4.5~ vermiculite (Table 1) and 6.6% montmorillonite (a total CEC of 16.45 
me per 100 g, Ca/Mg by the present preparation) concords with 11% ex- 
pansible layer silicates found by specific surface measurement (Table 1 of 
Dixon and Jackson, 1962). The latter authors found a much higher CEC of 
55.1 me per 100 g, after dispersion of this clay by boiling in 2% Na2C03, 
corresponding to 29% vermiculite. Obviously, the use of the 2% Na~COs 
* Antiganite and other serpentine minerals are included with chlorite by this method 
(W. E. Wildman, I~I. T. Jackson and T. D. Whittig, in manuscript). 
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i i  

J Sample -- 100 to 200 mg. in 20-ml. centrifuge tube J THERMAL GRAVIMETR IC ANALYS IS (TGA) 

I Wash 3 times with N__ NaOAc of pH 5; digest in 30% H202. 

L Ha, H saturation; free of carbonates and matter [ organic 
| 

I Wash 3 times with N NaOAc of pH 7 and 3 times with N NaCI. 
Wash once with wat-er and 5 times with N KCI. 
Wash once with water and 5 times with ~% methanol (and acetone). 

I Ksaturation I 

I Suspend in I0 ml. of water; transfer to weighed platinum crucible. 
Heat at IlO~ for 24 hours and at 300~ for 24 hours (covered crucibles). 

I 300~ weight basis I 

I Heat at 950oC. for 6 hours (covered crucibles). 

I I 

I Water lost between 300 and 9fi0oc. I 
s 

Water for other minerals: | l 

5~, for montmorillonite, | 
4 s 4 .~  for mica, t Subtract water of the other minerals. 

5~ for vermiculite, 
8~ for allophane, r . . . . .  t . . . . .  .w 
16. 3,% for halloysite, [ Water for chlorite J: (and talc) 1 
14% for kaolinite, m ~  . . . . . . . . .  "= 
14~ for dickite I x ( I / 0. 14 ). I Use equations if talc 

I m . is identified by X-ray. �9 
| e 

[ ~ CHLORITE J ' j %TALC , ' 
~ l l i O i l i g i l i ~ O ~ l i l i  d 

FzG. 5. Flow sheet for chlorite and tale (Alexiades and Jackson, 1966). An additional 
heating at  540~ for 24 hr reveals octahedral layer composition (e.g. a high Fe 
content gives a large ignition loss at  this temperature, Jackson, 1956). Heating at 
800~ for 24 hr helps in the differentiation of talc from chlorite, since talc loses most 
of its 4.75 % hydroxyl water between 800 and 950~ while chlorite loses most of its 

hydroxyl water below 800~ 

boiling treatment must be avoided because of deprotization (Jackson, 1960, 
1963) of highly chloritized clays such as Tatum and Alberni (Clark et a/., 1963). 
The high net negative charge (CEC) found after alkaline treatments would 
give an excessive vermiculite percentage in the present system of analysis 
without a corresponding reduction in chlorite OH water loss in the range 300 
to 950~ as will be reported in detail later (J. M. deVi]Jiers and M. L. Jackson, 
in manuscript). 

CONSTANCY OF SUM OF MICA AND ITS W E A T H E R I N G  
PRODUCTS 

The total mica plus vermiculite plus montmorillonite is a constant in various 
size fractions of each of  the more micaceous of  the weathered micas (Table 4). 
For example, in the Terra Rossa soil the sum is about 54% of the total fraction 
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in  all the three clay fractions. The coarse clay fraction has the highest mica 
content  and  the least vermiculite and  montmori l loni te .  The la t ter  two 
const i tuents  increase in  the finer fractions, with a corresponding weathering 
of mica. The same constancy holds good for the various clay fractions from 
the other great soil groups studied (Table 4). I n  a discussion of the clay 
t ransformat ions  dur ing the Quaternary,  equations were presented (Jackson, 
1965) for the replacement  of K from mica and  consequent  product ion of 
vermiculi te and  montmori l loni te .  The process of a luminizdt ion (desilication) 
(Jackson, 1965) has produced va ry ing  amounts  of "pedogenic" chlorite in  
these samples (Tables 1 and  4). 

TABLE 4.--CoNsTANCY OF THE SUM OF MIC& AND ITS WEATHERING PRODUCTS 

Size % % 
Sample and source fraction, �9 ~ v = 

microns Mica Mont* Verm Sum Chlo Sum~ 

Clay8 high in mica in the coarse clay 
TerraRossa, Greece 2--0.2 37.2 10.4 6.1 53.7 5.2 58.9 

0.2--0.08 21.5 19.6 14.4 55.5 - -  55.5 
<0.08 16.4 22.6 15.0 54.0 - -  54.0 

Alluvial soil, Netherlands 2-- 0.2 26.2 24.5 9.4 60.1 23.4 83.5 
~ 0 . 2  22.4 30.7 7.1 60.2 27.5 87.7 

Solonotz, Greece 2--0.2 25.4 23.7 11.6 60.7 19.1 79,8 
~0 .2  12.8 36,5 13.1 62.4 20.3 82.7 

Rendzina, Greece 2--0.2 42.8 12.5 9.6 64.9 3.1 68.1 
~0 .2  35.6 10.6 20.0 66.2 7.9 74.1 

Solonchak, Oreece 2--0.2 40.0 17.7 14.5 72.2 11.2 83.4 
<0 .2  20.0 28.5 21.0 69.5 10.5 80.0 

Clays lower in mica 
Vermiculite, Colo. 2--0.2 19.6 10.5 56.4 86.5 11.3 97.8 

~0 .2  16.3 27.7 32.6 76.6 21.3 97.9 
Vermiculite (Sediment), Colo.  2--0.2 16.9 25.6 40.5 83.0 15.1 98.1 

~ 0 . 2  13.7 29.1 35.2 78.0 23.2 101.2 
Residuum from dolomite, Wis. 2--0.2 11.1 13.0 10.8 34.9 26.6 61.5 

~0 .2  9.4 28.2 5.9 43.5 24.8 68.3 
Dubuque silt loam, Wis. 2--0.2 7.3 8.9 16.5 32.7 36.5 69.3 

~0 .2  8.0 21.3 13.0 42.3 26.9 69.2 

*Mont -~ montmorillonite, Verm = vermiculite, Chlo ~ chlorite. 
Sum of mica -t- montmorillonite -~ vermiculite ~- chlorite. 

Mehra and  Jackson (1959) reported t ha t  the tota l  un i t  cell p lanar  specific 
surface and  the mica un i t  cell p lanar  surface (corresponding to the K) is a 
constant  for a n u m b e r  of weathered mica systems, of a specific surface 
averaging to about  773 mZ/g. This un i t  cell p lanar  specific surface constancy 
shows tha t  the mechanism of K release in  the weathering of micas is by  
cleavage of flakes with equivalent  a m o u n t  of adsorption surface formed, and  
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tha t  the expandable components  montmoril lonite and vermiculite are 
produced, causing an increase in the interplanar specific surface. Constancy of  
the sum was also maintained in clays thought  to involve pedogenesis of  mica 
in chernozem A horizons (St. Arnaud and !~Iortland, 1963). 

Weather ing of  micaceous clays can produce a complex mosaic of  mont-  
morillonite, vermiculite and chlorite crystallites mixed with mica cores of  
remnants  (Jackson, 1964). I n  most  of  the clays, the total  including chlorite 
with mica, montmorillonite,  and vermiculite tends also to be a constant  
(Table 4). An  influx or synthesis of  10% of montmorillonite, in the fine clay of 
the residuum from dolomite, independent  of  mica weathering, is indicated by  
the 10~/o excess of  montmoril lonite in the fine clay and 7% excess of  the sum 
for this sample. Wi th  the clays from Dubuque silt loam, the greater quant i ty  
of  montmoril lonite in the fine fraction is balanced by  a lesser quant i ty  of  
chlorite, for a constant  total.  

The constancy principle ult imately simply reflects the soundness of the 
analytical methods for each component,  giving total  recovery of  the com- 
ponents  in the sample. The sum of the determined components of the various 
clays equals essentially 100% (Table 1 ) ; for the standards it averaged 100.4 • 
1.3 and for the soil clays, 99.6 • 0.8. 
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