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ABSTRACT

Sixty-four chemical analyses of sheet structure silicates with a 1:1 type layer lattice
have been evaluated in order to demonstrate certain interrelationships between chemistry,
structure and morphology within and between the following mineral groups: kaolin, ser
pentine and “other 1:1” layer lattice silicates (amesite, cronstedtite and ferrous and ferric
chamosite). The analyses of five synthetic 1:1 compounds and seven representative chlo-
rites are also included and discussed.

The morphological characteristics of the minerals relate directly to the nature and
amount of cation substitution in tetrahedral and octaheral sheets, and to the amount of
HyO+. The former is evaluated in terms of a morphological index, M, which gives a measure
of the amount of misfit of the two sheets within the layer. The effect of the latter is shown in
ternary composition diagrams.

Structural formulas are computed on the basis of a lattice of 18 oxygens but using the
premise that oxygen and (OH) allocation between the two sheets will be proportioned in
accord with the cation distribution. The allocation of cations, in turn, is based on the as-
sumption that substitutions or additions of Fe’’’ and Al in the octahedral sheet will equal
substitutions of these ions for silicon in the tetrahedral sheet.

The kaolin, serpentine and “other 1:1” groups differ from each other chiefly with respect
to the amount of cation substitution and therefore the amount of misfit of the two sheets in
the 1:1 layer. In terms of the morphological index, serpentinesrange from -+73.53 to+ 60.09,
other 1:1 from +35.35 to —60.09 and kaolins from —72.11 to —84.13.

Within the serpentine and kaolin groups cation substitutions play an important role
but the amount of hydrogen provides the most important distinction between platy and
tubular varieties. Analyses of chrysotile and halloysite (2H.0) contain significantly more
Hy0+ than those of their platy counterparts. Although the position of the “excess” hy-
drogen and oxygen ions in or on the lattice is not known, the effect of these elements is ap-
parently to weaken interlayer bonds to the extent that misfit of the sheets produces tubes
or curved laths rather than plates.

The evaluation of the chlorite analyses yields results similar to those obtained for
amesite, chamosite and cronstedtite in that cation substitution provides for much less
misfit than in kaolins or serpentines, and H,O+ is nearly equal to or less than that to be
expected in the O and (OH) of the properly proportioned structural formulas.

INTRODUCTION

Research during the past eight years on morphological details of
kaolin, serpentine and related minerals has led to an evaluation of the
relationship of morphology to chemical composition in those compounds
which combine a “gibbsite” or “brucite” sheet with a Si-O sheet to give
a so-called 1:1 layer structure. Meanwhile studies of others on crystal
structure, density and other characteristics of the minerals have pro-

* Contribution No. 57-81 from the College of Mineral Industries, The Pennsylvania
State University.
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1:1 LAYER LATTICE SILICATES 79

vided additional information as to the relationship of the minerals to
each other and to other members of the sheet structure silicate group.

In the present study the minerals of major interest are those of the
kaolin and serpentine groups but, in order to obtain a more complete
picture of overall chemical-morphological relationships, amesite,
cronstedtite, chamosite and several synthetic compounds having the 1:1
structure are included. In addition, the relationship of the chlorites to
these minerals is considered.

SUMMARY OF MORPHOLOGICAL DaATa

Amesite and cronstedtite both occur in small but megascopic crystals,
amesite in the form of hexagonal plates, cronstedtite in hexagonal pyr-
amids and diverging groups having perfect basal cleavage.

Chamosite normally is massive or oolitic. Deudon (1955) points out
that in electron micrographs platy particles are commonly irregular
but sometimes show hexagonal corners.

In the kaolin group, nacrite, dickite and kaolinite are platy and show
poor to well-developed hexagonal outlines depending on the source and
type of material and the manner of preparation of the material for ob-
servation in the electron microscope. Flat laths of well-crystallized
kaolinite with hexagonal terminations are not uncommon, particularly
from areas where hydrothermal solutions have led to the formation of
clay minerals.

At the other extreme in the kaolin group are the irregular nodules and
spherical particles considered typical of allophane (Davis, et al., 1950,
p. 9; Sudo and Takahashi, 1956). The latter authors have shown that
there may be a morphological and chemical transition between amor-
phous spherules of allophane and the tubes of halloysite (4H.0). Repli-
cas of fractured surfaces of samples of the latter (Bates and Comer,
1955) demonstrate that tubes are the characteristic crystal form of this
clay mineral, and show that the cross sections of the cylinders are cir-
cular or elliptical in outline.

The occurrence of tubes with polygonal outlines (Bates, 1953) plus
evidence of the existence of lath-shaped particles in a mixture of equi-
dimensional kaolinite plates and halloysite tubes (Brindley and Comer,
1956), led to a more critical re-evaluation of hundreds of electron micro-
graphs of halloysite, and to a detailed study of certain clay samples using
replicas of fractured surfaces in order to minimize disturbance of the
particles during sample preparation. The results of this study were
presented at the Sixth National Clay Conference and are published in
the proceedings thereof (Bates and Comer, 1959) but may be briefly
summarized as follows. Replicas of fractured surfaces of halloysite
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(2H,0) clay from the Fox deposit, Utah County, Utah, and of a halloy-
site (2H,O)-kaolinite clay from the Raddatz deposit near Eureka,
Utah, show that most of the halloysite particles are lath-shaped and
possess crystallographic terminations and angles which indicate a higher
degree of crystallinity than that commonly attributed to halloysite
(4H,0) tubes.* Figure 1, an electron micrograph of a fracture surface
of the Fox Clay, illustrates these features. Electron micrographs of dis-
persions of this clay show that the laths have a tendency to bend along
lines approximately parallel to the long axis of the particle thus giving
rise to tubes with the polygonal outlines of the type referred to above.
This evidence indicates that there is a complete morphological transition
in the kaolin group from the well-crystallized hexagonal plates of
kaolinite to elongate plates to laths with crystallographic terminations
to curved laths to tubes of halloysite (4H,O). If the halloysite-allo-
phane transition suggested by Davis, e/ al. and discussed in more detail
by Sudo and Takahashi is correct, the morphological transition may be
said to extend all the way from the amorphous allophane to the well-
ordered kaolinite.

Fic. 1. Halloysite (2H,0), Fox deposit, Utah County, Utah. Replica of fracture surface
showing laths with angular projections along edges. Scale represents one micron.

* This was observed and illustrated by Alexander, Faust, Hendricks, Insley and Mc-
Murdie (1943).
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The analogy between the kaolin and serpentine groups is striking.
Fibrous serpentine, or chrysotile, ranges morphologically from tubes of
remarkable uniformity in inner and outer diameter and very high length
/width ratio to elongate splintery laths many of which are associated with
and genetically related to tubes. These give way to the broader curved
laths and irregular sheets characteristic of antigorite and other structural
varieties of the platy serpentine group. The rectified wave or corrugated
structure postulated by Onsager (1952) and elaborated on by Zussman
(1954) would appear to be morphologically intermediate between the
curved laths of chrysotile and the well-developed plates of irregular
outline but uniform thickness characteristic of the serpentine from Ken-
nack Cove described by Midgely (1951) and later by Zussman, Brindley,
and Comer (1957, p. 142), and referred to as lizardite by Whittaker and
Zussman (1956). This material may represent the closest approach made
by a natural serpentine mineral to the well-formed hexagonal crystals of
synthetic serpentine such as those made by Tu (1950), Yoder (1952), and
Roy and Roy (1954) by introducing Al into the serpentine structure.

Detailed morphological features of chrysotile tubes and halloysite
laths and tubes, and the relationship of morphology to bulk density de-
terminations have been dealt with in the paper referred to previously
(Bates and Comer, 1959).

CHEMICAL DATA
Analyses Employed

Table I lists the analyses evaluated and their sources. In most cases
the analyses used were those from recent literature wherein x-ray and
other data were also reported for the samples. Chrysotile analysis #5
and platy serpentine analysis #5 are exceptions and represent the average
of 29 and 14 analyses, respectively, labeled as chrysotile and antigorite
in earlier literature. Dickite analyses D-1 to D-6, kaolinites K-5 to K-14,
and halloysites H-2 to H-13 inclusive are taken from the reports by
Ross and Kerr (1930, 1934) and the numbers used herein are those as-
signed in these papers.

The following synthetic compositions studied and described by Roy
and Roy (1954) are also discussed and are designated in the figures by
the numbers given below:

1) Si4Mg6010(0H)g

2) SiyNigO1(OH)s

3) Ge4Mg6010(0H)g

4) G€4Ni5010(OH) 8

5)  (SisAl)(MgsAlO1e(OH)s

In addition, characteristic compositions of penninite and corundo-
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phyllite are used to help represent certain limits of chlorite composition.

The formulas and the symbols used to represent them are:

P Penninite

Co

(Slq QAl 5) (AlsMgl eFe”a s)Om(OH)g

Corundophyllite

Calculation of Structural Formulas

(Siz.Alq) (Al; sMgs sFe’’y 5)O10(0H)g

In calculating from the analyses the structural formulas which will be
used as a basis for pointing out some of the chemical-morphological
relationships it is appreciated that experimental evidence is insufficient
to permit a decision as to which of many possible arrangements of ions
is most nearly correct. The procedure followed here was chosen primarily
on the basis of simplicity and consistency with current concepts.

In making the assignments of cations to specific lattice sites the basic
premise is somewhat different from that usually employed. Because of
the layer structure of this particular group of minerals and because of the

TaBLE 1. CHEMICAL ANALYSES

100.14

C-1 C-2 C-3 C-¢ C-5 C-6 C-7 C-8 P-1(M) P-2(M) P-3(M) P-4(M)
Si0g 41.70 42.50 41.80 41.88 41.84 42.02 41.33 41.24 41.52 42.40 41.80 42,02
1:05 .24 .32 J11 .19 .36 52 .80 .06 .57 .74 .19 .49
Fes0s .30 .50 .68 .81 52 190 1,29 2,40 .36 .48 .93 1.50
MgO 42.85 42.50 42,82 41.38 40.83 41.44 41.39 38.43 42,80 42.70 42,67 42,05
FeO .05 .01 .05 .05 2,00 1 .08 216 .06 .043 .06 .057
MnO .02 .02 .04 .05 = .03 .04 .14 .04 .02 .04 .024
Ni0O .00 .00 .00 .00 = — — S .00 .00 .00 .002
HO0+  14.23 13.46 14,04 14.22  14.02 14.04 13.66 13.42 14.36 13.52 13.88 13.74
TiO, .03 .021 .05 .036 = none 02 trace .06 .070 .10 .073
Cry0s .005 .004 003 L0053 — — — = .01 .008 .003 .001
CaO .05 .04 .10 47 - none trace == AL 01 .19 .26
CuO .02 .01 .00 .00 — = — == .05 .05 .00 .00
Nax0 .07 04 03 06— — — — .03 103 .02 02
K0 .01 .02 .01 023 — —= — e 02 .02 01 .014
P05 - — — — — — —  trace — - 2
503 .02 .00 .09 .31 — — — .37 .02 .00 .08 .07
COq .07 L4 .01 .02 — — — .10 .00 31l .04 .06
H0— 83 .65 .28 60— 1.6 1.57 — .60 .26 .24 .32
Total 100.495 100.235 100,113 100.104 99.57 99.99 100.18 98.32 100.61 100.461 100.253 100.701
P-5 P-6 P-7 P8 P-9 P-10 P-11 P-12 P-13 P-14 P-15
Si0: 41.26 40.75 41.30 43.45 43.60 38.40 41.65 44.25 44.50 43.53 44,70
AlOs 2.38 2.51 1.59 .81 1.03 .10 .10 .24 1.41 1.89 .50
Fex0s 2.01 3.47 3.61 .88 .90 3.42 2.88 1.34 none .49 .07
MgO 38.40 36.94 36.30 41.90 41.00 41.91 41.06 39.02 41.56 37.52 42.05
FeO 3.31 3.12 4.51 .69 .81 none .16 .60 435 4,21 29
NTI_IIO = = L1 none .04 .05 05 .02 none .04 =
NiO = — .26 o .16 - — — .095 .20 —
H0+ 12.70 11,74 11.19 12.29 12.18 15.03 13.10 12.54 12,36 11.69 12,43
TiO, —= .06 ~15 .02 .0t none none 07 none none none
Cr204 = = .30 i .02 == — .06 .01 —
CaO — 1.62 43 .04 05 none none = .02 none 12
CuO - — =t — — — = = = — —
Nay,O — — .04 .03 01 — — none none —
K20 == = .02 .02 .03 — — — none none -
S0; e 06 - — = - - — — —
CO: = = .03 — — — — — - —
H0— .31 = .04 .08 1.26 1.12 2.06 none 455 .06
Total 100.06  100.52 99.90  100.19 99.92  100.17  100.12 100.355 100.13  100.22
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Tasre 1. (Continued)

Am Cr Fe’’-Ch Fe'”’-Ch Sh Ri Ap Th Cl Pe
Si02 20.95 16.42 23.81 24.69 27.12 26.50 23.47 24.18 31.18 34.06 22.0
AlOs 35.21 .90 23.12 23.61 27.68 20.85 21.03 18.23 18.28 11.75 27.6
FesOs = 29.72 .23 45.61 .20 1.90 1.86 10.56 2.00 1.92 4.7
MgO 22.88 = 2,42 2.74 30.96 19.85 6.72 5.40 31.11 33.90 4.7
FeO 8.28 41.86 39.45 .47 1.24 18.73 35.14 29.75 4.85 2.78 30.2
MnO trace =3 - = .54 =52 .05 48 .03 = =3
H:0+ 13.02 10.17 10.67 2.88 12.82 11.65 11.23 9.54 12.73 13.08 10.6
TiO; — — — .03 —= — 10 —= e—
Cr:0s = — — — - - — — 4.31 =
CaO .58 1.32 = == — == 40 24 — === —
Na20 — — — = — — — — 2.45 —
K20 — == — — — — — == 39 =
P20 — = — — — == — - — —
H:0— .23 = — - .01 L12 .80 1.07 .10 = 1
Tuotal 101.15 100.39 100.00 100.00 100.57 100.15 100.70 99.45 100.38 104 .64 99.9
D-1 D-2 D-3 D-4 D-5 D-6 D-7 K-5 K-6 K-7 K-8 K-9
Si0: 43,10 44.64 45,04 46.35 46.53 46.55 45.4 45.56 44.81 45.44 44.70 44.74
AlOs 40,10  40.42 40.70 39.59 38.93 38,90 39.2 37.65 37.82 38.52 38.64 37.97
Fe:03 .64 32 trace .11 — = 2 1.35 .92 80 .96 1.44
MnO none = — — = none none none = none none
MgO .20 .05 trace =L B .3 .07 39 .08 .08 .06
Cal 24 34 3 — — — trace .10 .43 .08 .24 .09
TiO: = — trace — o= = none .19 .37 .16 .22 .27
H.0— 1.08 04 none 13.93  14.54 14,04 .4 .76 1.10 60 .64 58
H 0+ 14.82 13.98 14.08 == e == 13.4 13.66  14.27 13.60 13.88 13.98
CO2 = . == = = — trace — — == = =]
P20; — — — — — — none — — — — -
K20 = = = = == — .2 all = 14 .14 .16
Na20 o = = — — — trace 1.16 — .66 .62 .76
Total 100.18  99.79 100.04 99.98 100.00 99,49 100.1* 100.61 100,07 100.08 100.12 100.05
* Includes 1.0 carbonaceous matter.
K-10 K-11 K-12 K-13 K-14 K-13 K-16 H-2 H-3 H-4 H-5 H-6
S102 43.64 44.92 44,06 44.26 43.78 43.1 45.1 44.75 40.26 43.67 44.34 44.08
AbOs 38.33 40.22 39.44 40.22 40.06 34.0 3Tl 36.94 37.95 37.91 37.39 39.20
Fea03 1.43 .54 .80 .30 .64 .67 7 .31 .30 .26 .42 .10
MnO = = trace none == = - = — — == —
MgO 1.02 .14 .26 .18 .16 =] e = = trace .04 .05
%?E; 1.48 .08 06 332 .36 = , .11 .22 — .17 none
9 - — — X — — I = .04
e = = — - - = | e 4 AR
TiO: — — none - 5473 1.4 == — == ==
H0— .60 .08 1.06 .64 1.02 3.00 .9 2.53 4.45 3.79 2.00 1.44
H0+4- 13.64 14.22 14,16 14.16 14,08 12.30 13.9 14.89 15.94 14,50 15.09 14.74
FeO — — — — — — — — — none
P:0;5 = = — === — — — — — 212 = =
Total 100.14 100.20 99.84 100.08 100.10 98.80 99.7 100.13  99.86 100.25 99.66 99.81
H-7 H-8 H-9 H-10 H-11 H-12 H-13 H-21 H-22 H-23 H-24 H-25 H-26
Si0e 44.08 41.62 44.68 44.50 39.84 44.18 43.10 45.20 44.51 44.35 39.22 43.6 44.3
AlO3 38.60 38.66 38.5) 38.68 39.70 39.34 40.10 38.96 39.90 40.35 34.22 40.3  39.1
Ee??s .32 .62 .39 24 64 32 .64 p 2t .21 .21 10 4 4
= i = - - _ i i o = F= ZC i = -
MgO .22 .08 .08 .05 .14 .03 .20 .08 .05 .04 .29
CaO .12 .10 .18 none 40 .30 .24 — — e— .18 — =—
Na20 — = =411 1.19 = = = = == = .10 — —
K20 — = 05 .14 = = == — = — .09 — =—
P20s — — — == = — — = _ = _
H0 — 2.34 4.26 1.55 1.17 1.76 .96 1.08 — — . 13.00 25 4.0
Hx0+ 14.72 14.64 14.90 14.38 17.52 14.96 14.82 15.35 15.44 15.54 13.00 4.7 13.4
MnO _ — s — — — == — — — .01 — —
TiO: = = = — — — — —_ == —= <.0001 odl .1
Total 100.40 99,98 100.53 100.35 100.00 100.0% 99.80 100.11 100.49 100,2! 101.6 101.3

100.18
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SOURCE DATA FOR ANALYSES
Chrysotile:
C-1 Fiber, Quebec, Canada. Kalousek and Muttart (1957).
C-2 Fiber, Delaware County, Pa. Kalousek and Muttart (1957).
C-3 Fiber, Aboutville, N. Y. Kalousek and Muttart (1957).
C4 Fiber, Montville, N. J. Kalousek and Muttart (1957).
C-5 Chrysotile, average of 29 analyses.
C-6 Chrysotile, Gila County, Arizona. J. J. Fahey, analyst. Nagy and Faust (1956).
C-7 Silky Chrysotile, Transvaal. W. A. Deer, analyst. Brindley and Zussman
(1957).
C-8 Chrysotile, Woodsreef, Barraba, New South Wales. W. A. Greig, analyst.
Proud and Osborne (1952).
Platy serpentine:
P-1(M) Matrix, Quebec Canada. Kalousek and Muttart (1957).
P-2(M) Matrix, Delaware County, Pa. Kalousek and Muttart (1957).
P-3(M) Matrix, Aboutville, N. Y. Kalousek and Muttart (1957).
P-4(M) Matrix, Montville, N. J. Kalousek and Muttart (1957).
P-5 Antigorite, average of 14 analyses.
P-6 Antigorite, Val Antigorio, Piedmont, Ttaly. S. Caillere (1936).
P-7 Matrix, Val Antigorio, Italy. Kalousek and Muttart (1957).
P-8 Antigorite, Mikonui, New Zealand. R. A. Howie, analyst. Zussman (1954).
P-9 Antigorite, Caracas, Venezuela. L. C. Peck, analyst. Hess, Smith and Dengo
(1952).
P-10 Antigorite No. 2, Nikka Vord Quarries, Shetland Islands. O. v. Knorring, ana-
lyst. Brindley and v. Knorring (1954).
P-11 Antigorite No. 1, Nikka Vord Quarries, Shetland Islands. O. v. Knorring, ana-
lyst. Brindley and v. Knorring (1954).
P-12 Deweylite, near Murfreesboro, Pike County, Ark. J. J. Fahey, analyst. Nagy
and Faust (1956).
P-13 Williamsite, State Line pits, Cecil County, Md. J. J. Fahey, analyst. Nagy and
Faust (1956).
P-14 Baltimoreite, Baltimore County, Md. J. J. Fahey, analyst. Nagy and Faust
(1956).
P-15 “Yu-Yen Shi Stone,” Liaoning Province, Manchuria. J. J. Fahey, analyst.
Nagy and Faust (1956).
Other 1:1
Am Amesite, Chester, Mass. E. V. Shannon (1921)
Cr Cronstedtite, Kishanya, Hungary. B. Gossner (1935).
Fe”-Ch Ferrous chamosite, Northamptonshire, England. R. F. Youell, analyst. Brind-
ley and Youell (1953).
Fe’”’-Ch Ferric chamosite prepared from Fe’'’-chamosite by heating in air at 400° C. for
two hours. Brindley and Youell (1953).
Chlorites:
Sh Sheridanite, Savoie, France. Orcel (1937).
Ri Ripidolite, Androta, Madagascar. Orcel (1927).
Ap Aphrosiderite, Weilburg, Nassau, Germany. Orcel (1927).
Th Thuringite, Evisa, Corsica. Orcel (1927).
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Dickites:

D-1
D-2
D-3

D-4

D-5
D-6

D-7

Kaolinites:
K-5

K-6
K-7
K-8

K-9

K-10
K-11
K-12
K-13
K-14
K-15
K-16
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Source Darta (continued)

Clinochlore, Besafotre, Madagascar. Orcel (1927).

Pennine, Zermatt, Switzerland. R. Schlaepfer, analyst. Orcel (1927).

Daphnite, Cornwall, England. R. F. Youell, analyst. Brindley and Gillery
(1954).

Dickite, Neurode, Silesia. F. A. Gonyer, analyst. Ross and Kerr (1930).

Dickite, Greenwood, Ark. F. A. Gonyer, analyst. Ross and Kerr (1930).

Dickite, Cusihuiriachic, Chihuahua. J. G. Fairchild, analyst. Ross and Kerr
(1930).

Dickite, National Belle mine, Colo. W. F. Hillebrand, analyst. Ross and Kerr
(1930).

Dickite, Island of Anglesey. Ross and Kerr (1930).

Dickite, Backbone Mountain, Okla. R. K. Bailey, analyst. Ross and Kerr
(1930).

Dickite, Durham, England. C. O. Harvey, analyst. Dunham, Claringbull and
Bannister (1948).

Kaolinite, Sand Hill station, Pontiac, S. C. F. A. Gonyer, analyst. Ross and
Kerr (1930).

Kaolinite, Mexia, Tex. F. A. Gonyer, analyst. Ross and Kerr (1930).

Kaolinite, Roseland, Va. F. A. Gonyer, analyst. Ross and Kerr (1930).

Kaolinite, Tone, Amador County, Calif. F. A. Gonyer, analyst. Ross and Kerr
(1930).

Kaolinite, Tone, Amador County, Calif. F. A. Gonyer, analyst. Ross and Kerr
(1930).

Kaolinite, Abatik River, Alaska. F. A. Gonyer, analyst. Ross and Kerr (1930).

Kaolinite, Jerome, Ariz. F. A. Gonyer, analyst. Ross and Kerr (1930).

Kaolinite, Saline County, Ark. F. A. Gonyer, analyst. Ross and Kerr (1930).

Kaolinite, Franklin, N. C. F. A. Gonyer, analyst. Ross and Kerr (1930).

Kaolinite, Saline County, Ark. F. A. Gonyer, analyst. Ross and Kerr (1930).

Kaolinite, St. Ives, New South Wales. G. T. See, analyst. Loughnan (1957).

Kaolinite, Huber, Georgia. G. T. See, analyst. Loughnan (1957).

Halloysites:

H-2
H-3

H-4

H-5
H-6
H-7
H-8
H9

Halloysite, Liege, Belgium. L. T. Richardson, analyst. Ross and Kerr (1934).

Halloysite, Huron County, Ind. L. T. Richardson, analyst. Ross and Kerr
(1934).

Halloysite, Huron County, Ind. L. T. Richardson, analyst. Ross and Kerr
(1934).

Halloysite, Peppers, N. C. E. T. Erickson, analyst. Ross and Kerr (1934).

Halloysite, Hickory, N. C. J. G. Fairchild, analyst. Ross and Kerr (1934).

Halloysite, Hickory, N. C. F. A. Gonyer, analyst. Ross and Kerr (1934).

Halloysite, Adams County, Ohio. F. A. Gonyer, analyst. Ross and Kerr (1934).

Halloysite, Brandon, Rankin County, Miss. Charles Milton, analyst. Ross and
Kerr (1934).
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Source Dara (continued)

H-10 Halloysite, Leakey, Real County, Tex. R. K. Bailey, analyst. Ross and Kerr
(1934).

H-11 Halloysite, Sneeds Creek, Newton County, Ark. F. A. Gonyer, analyst. Ross
and Kerr (1934).

H-12  Halloysite, Franklin, N. C. F. A. Gonyer, analyst. Ross and Kerr (1934).

H-13 Halloysite, Myeline, Saxony. F. A. Gonyer, analyst. Ross and Kerr (1934).

H-21 Endellite, Djebal Deber, Libya dried at 110° C. L. T. Alexander, analyst. Al-
exander et al. (1943).

H-22 Endellite, Anamosa, Iowa dried at 110° C. L. T. Alexander, analyst. Alexander
et al. (1943).

H-23 Endellite, Eureka, Utah dried at 110° C. L. T. Alexander, analyst. Alexander
et al. (1943).

H-24 Hydrated halloysite, Ness County, Kansas. Swineford et al. (1954).

H-25  Halloysite, Eureka, Utah. G. T. See, analyst. Loughnan (1957).

H-26  Halloysite, Bedford, Indiana. G. T. See, analyst. Loughnan (1957).

fact that misfit of the two sheets that make up the layer can and ap-
parently does occur, the ratio of the number of cation positions in the
tetrahedral versus the octahedral sheet may vary from the commonly
accepted value of 2:3. Any resulting departure from electrostatic bal-
ance may be corrected by appropriate distribution of H* in the layer.
In addition to this underlying premise the following assumptions are
made:

1) of the elements listed in the chemical analyses only Si, Al, Fe, Mg,
Mn, Ni, O, and H are considered for positions in the mineral structures
discussed here;

2) the total cation charge is adjusted to balance a negative charge
resulting from 18 oxygen ions;

3) all silicon is allocated to the tetrahedral sheet (IV) and all divalent
cations are placed in the octahedral sheet (VI);

4) except in the case of kaolin minerals, Al and Fe’”’ are divided
equally between IV and VI independent of the amount of Si and Mg
present (see Zussman, 1954, p. 510; and Roy, 1952); in the kaolin
minerals any Al and Fe””’ in excess of the number of Si ions is divided
equally between IV and VI. Neglecting small amounts of divalent cat-
ions in the kaolin minerals this is the equivalent of assuming that any
excess negative charge resulting from substitution for silicon in the
tetrahedral sheet will be balanced by an equal positive charge due to
substitution in the octahedral sheet.

The resulting procedure yields structural formulas of the usual type
in which all the cations except hydrogen are appropriately allocated. Al-
though much of the following discussion pertains only to the distribution
of cations other than hydrogen, two additional steps have been added to
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the calculations in order to provide information as to a logical distribu-
tion of H, (OH)—, and O= in the lattice. 1) Oxygen and hydroxyl ions
are proportioned Lo correspond with the following ideal structural pro-
portions by simply assigning the proper number to account for the sum
of the cation charges in each sheet:
I O6SLO2 | | O0x(OH):Mgs(or Al)(OH)s |
v VI

2) Since the amount of O and OH required for this procedure is usually
less than and sometimes greater than that available from the analysis,
a final adjustment is required involving either a) the subtraction of H
and consequent adjustment of associated oxygen in the octahedral sheet
or b) the addition of the extra H* and associated oxygen. The latter is
accomplished by adding the H to the tetrahedral sheet as (Hy* simply
because, in the opinion of the author, this is the least in volved procedure
to follow until experimental data reveal the actual proton positions.

The examples in Table IT illustrate the complete procedure. Table
IIT gives the number of each of the various cations in a structure unit
containing 18 oxygens. Table IV gives the structural assignments prior
to readjustments for excess or deficient hydrogen and oxygen. Table V
records the complete structural formula after all adjustments have been
made.

RELATIONSHIPS OF MORPHOLOGY TO CHEMISTRY
General Statement

The factors that determine the degree of curvature and therefore the
shape of the minerals considered here are: 1) the misfit of the tetrahedral
and octahedral sheets which make up the 1:1 layer; and 2) the strength
of the interlayer bonds. These factors, in turn, are affected by: a) the
number of cations (and associated oxygens) in the tetrahedral sheet rela-
tive to those in the octahedral sheet; b) the size and polarizing power of
the cations; and ¢) the distribution of H* ions.

With these factors in mind certain general observations are pertinent.
First, interlayer bonds are stronger in the dioctahedral minerals than in
the trioctahedral varieties because the Al has a greater effect than Mg
on the adjacent OH and therefore on the resulting creation of hydroxyl
bonds.

Second, subsitution of Al or Fe’” for Si tends to make the tetrahedral
sheet larger, whereas substitution of the same ions for Mg will make the
octahedral sheet smaller and at the same time tend to strengthen inter-
layer bonds in accord with the reasoning in the preceding paragraph.
Because cation substitution is more common in the trioctahedral than in
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C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 P-1(M) P-2(M) P-3(M) P-4(M)
Si 3.840 3.936 3.854 3.883 3.905 3.901 3.859 3.924 3.809 3.891 3.860 3.877
Al .026 .035 .011 .020 .037 .058 .088 .006 .062 081 .030 .054
Fe'’’ .020 .035 .048 056 037 .013 .089 A71 026 .033 065 .103
Mg 5.876 5.863 5.881 5.717 5.654 5.733 5.756 5.445 5.849 5.887 5.870 5.778
Fe” .003 = .003 .003 .056 .008 .050 .170 .005 .005 .005 .005
1114/;['“ 001 .003 .003 .003 — .003 .003 .012 .003 .008 .003 .003
i — — — : _ - i - = - == =
H* 8.739 8.312 8.633 8.794 8.734 8.694 8.501 8.514 8.784 8.290 8.547 8.449
P-5 P-6 pP-7 P-8 P9 P-10 P-11 P-12 P-13 P-14 P-15
Si 3.855 3.909 4.019 4.047 4,082 3.574 3.914 4.172 4.094 4.131 4.133
Al .262 .284 .183 .089 L1114 .011 .011 .026 2153 211 .054
Fe’’’ 224 2250 265 062 .064 239 .203 .094 o 340 .006
Mg 5 358, 5.277 5.262 5.811 5.718 5.811 5.743 5.481 5.694 5.303 5.791
Fe’” .252 .250 .368 -053 .064 = 011 048 027 .333 .022
Mn — .008 — .003 .003 .003 .003 = .003 ==
Ni = 021 011 i = > 069 .031 i
H+ 7.906 7.708 7.258 7.630 7.545 9.325 8.199 7.883 7.581 7.398 7.663
Am Cr Fe”’-Ch Fe’”’-Ch Sh Ri Ap Th Cl Pe Da
Si 2,000 2.160 2.656 2,836 2.259 2.703 2.590 2.760 2.958 3.269 2,390
Al 3.960 .129 3.036 3.197 2,717 2.505 2.736 2.453 2.043 1.330 3.532
Fe’”” — 2,941 .020 3.942 1.253 L145 15)5] .908 . 142 .138 385
Mg 3,254 = (452 .569 3.843 3.017 1.104 919 4.394 4.849 760
Fe’’ 662 4.600 3.678 L0458 085 1.595 3.242 2.839 384 .222 2.744
II:I/I'H =—s == = = .037 .046 .003 .048 .003 = =
i = = — = = == 2, — 3 -
H* 8.286 8.917 7.933 2.208 7.121 7.920 8.267 7,263 8.049 8.373 7.680
D-1 D-2 D-3 D-4 D-5 D-6 D-7 K-35 K-6 K-7 K-8 K-9
Si 3.738 3.868 3.880 3.988 3,982 4.015 3.978 4,004 3.923 3.983 3.922 3.930
4.099 4,127 4.132 4.013 3.925 3.955 4,046 3.899 3.902 3.979 3.994 3.930
Fe’”’ 042 .031 — 007 == = .014 .090 061 .053 .063 .095
Mg 026 005 = == — — .039 .008 .044 .010 .010 .008
H* 8.571 8,076 8,086 7.988 8.296 8.077 7.829 8.002 8.329 7.951 8.120 8.188
K-10 K-11 K-12 K-13 K-14 K-15 K-16 H-2 H-3 H-4 H-5 H-6
Si 3.874 3.866 3.844 3.841 3.781 4.125 3.980 3.933 3.603 3.872 3.881 3.838
Al 3.992 4.078 4.054 4.112 4.077 3.835 3.920 3.826 4.004 3.961 3.857 4.021
Fe’?’ .096 034 -052 .019 041 .048 .046 021 .020 018 028 .007
Mg 135 .018 .034 .023 .205 - — == —= = .005 .005
H* 8.038 8.161 8,238 8.193 8.108 7.849 8.178 8.727 9.516 8.575 8,807 8.554
H-7 H-8 H-9 H-10 H-11 H-12 H-13 H-21 H-22 H-23 H-24 H-25 H-26
Si 3.8490 3,724 3.870 3.805 3.427 3.820 3.738 3.859 3.791 3.763 3.802 3.775  3.931
Al 3,971 4.075 3.938 3.990 4,026 4.008 4.099 3.920 4.003 4.035 3.970 4.112 4.088
Fe’’’ .021 041 .026 .016 041 .021 042 .014 .014 014 .008 .026 .027
Mg 029 .010 .010 .005 .018 .002 .026 .010 .005 005 041 = —
H+ 8569 8.733 8.605 8.390 10.051 8.627 8.571 8.740 8.770 8.791 8.534 8.486 7.931

the dioctahedral minerals considered here, the effect of cation substitution
on morphology is more pronounced in the serpentines than in the kao-
linites.
Third, with or without substitution of the type considered above, the
amount of misfit is affected by the number of ions in the tetrahedral sheet
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relative to a given number in the octahedral sheet. Thus, a deficiency or
excess of silicon relative to aluminum or magnesium (electrostatic balance
being achieved by appropriate Ht distribution) may play a very im-
portant role in affecting morphology.

Fourth, the amount and distribution of H* may be very important in
affecting the strength of interlayer bonds.

The fact that the greatest chemical variation accompanying the
morphological change from kaolinite to halloysite (4H:0) to allophane is
that of H* content suggests that factor four plays the predominant role
in determining the morphology of kaolin-group minerals. On the other
hand, factors two and three as well as four are important in the case of
the serpentines. Obviously, interaction of all four factors is involved in
all cases.

Unfortunately, data are not sufficient to permit a detailed evaluation
of these factors and all possible interactions. For this discussion the
chemical-morphological relationships have been evaluated in two ways
which are believed to relate most directly to the concepts expressed above
and which involve the minimum number of assumptions. These two
evaluations are demonstrated 1) by plotting the position of the various
platy and fibrous minerals with respect to the average size of the cations
in the tetrahedral sheet as compared to the average size of those in the
octahedral sheet; and 2) by plotting the position of the kaolin group
minerals on a SiOs-Al:05-H,0O diagram and the serpentine minerals on a
Si0,-R”0-H,0 diagram (where R” =Mg, Fe'/, Mn, and Ni).

Morphology in Relation to Average Radii of Octahedral and Tetrahedral
Cations

Figure 2 illustrates the relationship of morphology to the size of the
cations in the octahedral versus the tetrahedral sheets of the 1:1 layer
structure. The points for chrysotile (C) and kaolinite (K) represent the
ideal serpentine and kaolinite compositions whereas those for platy
serpentine (PS) and halloysite (H) represent average values obtained
from all the analyses of these minerals. Variation within the two groups
will be discussed later. The radii used are those of Goldschmidt. The
symbols denote whether the compound has tubular or platy crystals.

The position of each compound is determined from the structural
assignments in Table IV by plotting the average size of the cations in
the tetrahedral sheet against the average size of those in the octahedral
sheet. It is, of course, appreciated that “‘size’” does not pertain to misfit
of the sheets in the sense of “space occupied by the cation” but is used
as a convenient index of the effect of cations of differing polarizing power
on the anions which make up the lattice framework.
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Fic. 2. 1:1 minerals plotted on the basis of the average radius of tetrahedral versus
average radius of octahedral cations. (Radii of Goldschmidt.)
A: amesite; Co: corundophyllite (characteristic composition); P: penninite (charac-
teristic composition); PS: platy serpentine; S: sheridanite; Ri: ripidolite. Other initials
are the same as those given in the tables.

The figure can be divided into three areas on the basis of the mor-
phology of the compounds. Since there are not enough compounds to
determine the precise boundaries, the light lines are arbitrarily drawn
from points adjacent to the positions of Si vs. Al and Si vs. Mg at an
angle of 45° to the horizontal. It is important to note that the utility of
the graph is not dependent upon the validity of the assumptions as to
the distribution of cations in the two sheets of the layer. For example,
the addition of Al or Fe’” to the ideal serpentine composition will place
the position of the resulting compound in area IT independent of whether
these ions substitute in the tetrahedral sheet, the octahedral sheet, or
both.

Area IT contains those compounds that occur as platy to flaky crystals.
This characteristic morphology is attributed to the fact that in most of
this area the size, charge, and number of the ions in octahedral as op-
posed to tetrahedral coordination is such that misfit between the two
sheets of the 1:1 layer is at a minimum and there is little tendency for
curvature. On approaching the edges of this region, interlayer bond
strength, which is not taken direct account of in this graph, plays an
increasingly dominant role.
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In the region designated as area I, the chemical composition is such
that the “gibbsite” sheet becomes too small for the silicon-oxygen sheet
and therefore when interlayer bonds are sufficiently weak tubes having
a ‘“‘negative”® curvature result (silicon-oxygen sheet outside, gibbsite
sheet inside). Halloysite (4H,0) is the only natural tubular mineral
known from this area and thus far efforts to synthesize this and other
tubes in this composition region have been unsuccessful. Indeed it is un-
likely that other 1:1 minerals exist in this region because 1) aluminum
represents the smallest ion commonly found in the octahedral sheet, and
2) a dioctahedral mineral having appreciable aluminum or ferric iron
substituting for silicon in the tetrahedral sheet would be likely to have a
2:1 structure with interlayer cations to compensate for the excess nega-
tive charge.

In area III, as a result of the increase of size of “‘octahedral” as op-
posed to “tetrahedral” ions, the “brucite” sheet is too large for the sili-
con-oxygen sheet and tubes having a ‘“‘positive” curvature result. Nat-
ural and synthetic chrysotile and nickel chrysotile (Si4NisO10(OH)s)
represent the only compounds definitely known to occur in this area.
(Sufficiently detailed chemical and morphological data on greenalite
(SisFe”'Fe..;010(0OH)s) have not been obtained.) Replacement of part
of the Mg or Ni by Fe”” or Mn would result in a still greater misfit of
tetrahedral and octahedral sheets and therefore finer tubes of smaller
radii of curvature. On the basis of similar reasoning, it is unlikely that
many other 1:1 layer silicates occur in area III for, as the radius of
curvature is decreased, physical and chemical instability of the ex-
tremely thin tubes would result. Previous studies (Nagy and Bates,
1952) have demonstrated that chrysotile itself is very much more sus-
ceptible to chemical attack than platy serpentine.

On the basis of present knowledge the two circled areas on the graph
encompassing the kaolin and serpentine groups are the only locations
where both tubes and plates occur. It seems evident that in both situa-
tions naturally-occurring lath-shaped crystals with varying “tendencies
to curve” and of varying length/width ratio occupy the area between
platy and tubular morphological “‘end-members.” Tt has already been
shown in the case of serpentine (Zussman, 1954; Whittaker and
Zussman, 1956; Zussman, Brindley and Comer, 1957; Zussman and
Brindley, 1957), and to a lesser extent in the kaolinites (Honjo, Kita-
mura and Mihama, 1954), that various “structure states” may exist in
this transition region.

In order to provide a measure of the relative position of the various

* The terms positive and negative have no significance except to designate opposite
directions of curvature.
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compounds on the graph, Table VI lists the calculated perpendicular
distance of each from the dashed line which divides area 1I in half. The
resulting value “M” is referred to as the morphological index of the
compound. Assuming that the line represents the locus of all cation
combinations producing best fit of tetrahedral and octahedral sheets,
the greater the value of M, the greater the misfit and therefore the greater
the tendency of the layer to curve (other factors being equal). A value
of +74.23* for the ideal chrysotile composition represents sufficient mis-
fit to cause formation of tubes with “positive” curvature. Negative
values indicate a tendency for the layers to curve in the opposite direc-
tion, as in the case of halloysite (4H,0).

Analysis of the data reveals some interesting relationships. Cron-
stedtite lies directly on the line while (3) Ge,MgsO1(OH)s, (4) GesNis
010(OH)s, (5) (SisAl)(MgsAl)O,0(OH)s, ferrous chamosite and amesite
all lie within 40 units of it. The position of ferric chamosite (Brindley
and Youell, 1933) was determined on the basis of the assumption that
the oxidation of the ferrous to ferric iron produced no change in the
distribution of the cations in the tetrahedral and octahedral sheets.

Since areas in Fig. 2 encompassing the kaolin and serpentine minerals
fall in borderline situations with respect to fields I, I1I, and III, the
amount of misfit produced by cation substitution leads to a sensitive
situation such that the resultant morphology will be easily affected by
and dependent upon the role of other factors such as interlayer bond
strength, proportion of tetrahedral to octahedral cations and distribu-
tion of H*. Nevertheless, the M values in Table VI reveal interesting
differences between the minerals within each group.

In the serpentines the mean value for chrysotile is +71.94 as com-
pared to +67.96 for all the platy varieties and +62.96 for material
labeled antigorite. The fact that the highest value is given by one of the
best examples of tubular chrysotile, and the lowest value is that of the
megascopically platy, type antigorite, indicates that the method of eval-
uation is meaningful. The analyses of fiber (C-1 to C-4) and adjoining
matrix (P-1(M) to P-4(M)) from the same specimens (Kalousek and
Muttart, 1957) are of particular interest in that the difference in M
values between the two portions of each sample is in the expected direc-
tion but very small. Thus, as might be expected in situations where
matrix and fiber are intimately associated, the formation of one type
rather than the other may hinge on differences in chemistry which are
very slight and related to factors such as temperature, pressure, stress,

* The perpendicular distance to the line is calculated from the formula: M =sin 45°
(X—Y —.285)(1000).
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TaBik VI. Rapir of TETRAHEDRAL AND OCTAHEDRAL CATIONS,
AND MORPHOLOGICAL INDEX: M

Average Cation Average Cation
Sample Radius " Shmpls Radius M
18Y VI v VI

Ideal Serpentine .390 .780 74.23 Ideal Kaolinite .390 .570 —74.23

Chrysotile: Dickite:

C-1 391 L1779 72.82 D-1 .400 .572 —179.89
C-2 .391 .780 73.53 D-2 .396 .570 —78.48
C-3 .392 779 72.11 D-3 .396 .570 —78.48
C-4 .392 L7179 72.11 D-4 .391 .570 —74.94
C-5 .392 779 72.11 D-5 .390 .570 —74.23
C-6 2391 .780 73.53 D-6 .390 .570 —74.23
C-7 .395 L7178 69.29 D-7 .392 52 —74.23
C-8 .396 .780 69.99
Kaolinite:

Platy Serpentine: K-5 .390 .372 —72.82
P-1(M) .393 779 71.40 K-6 .391 .573 —72.82
P-2(M) .393 .778 70.70 K-7 .392 .571 —74.94
P-3(M) .393 779 71.40 K-8 .394 L5711 —76.36
P-4(M) .393 779 71.40 K-9 .393 .571 —75.65
P-5 .403 L1775 61.51 K-10 .396 .578 —72.82
P-6 .404 L7174 60.09 K-11 .396 =SITH —77.77
P-7 .402 77 63.63 K-12 396 .5872 —77.06
P-8 .394 .778 69.99 K-13 .397 $571 —78.48
P-9 -394 .778 69.99 K-14 .397 .580 —72.11
P-10 .399 .778 66.46 K-15 .390 .571 —73.53
P-11 .397 L778 67.87 K-16 .390 .571 —73.53
P-12 .393 779 71.40
P-13 .393 777 69.99 Halloysite:

P-14 .405 776 60.80 H-2 .390 .570 —74.23
P-15 .30 779 72.82 H-3 .400 .570 —81.30
H-4 .393 570 —76.36

Other 1:1 H-5 .390 .571 —73.53
Am .480 L7158 —35.35 H-6 .394 L5711 —76.36
Cr .505 .789 —00.70 H-7 -394 o512 —75.65
Fe'’-Ch 456 .756 10.60 H-8 .399 L5711 —79.89
Fe'"’-Ch 455 .655 —60.09 H-9 .392 L5371 —74.94

H-10 .393 .570 —76.36

Synthetic 1:1 H-11 .405 .571 —84.13
1 .390 .780 74.23 H-12 .395 L570 —71.71
2 .390 .780 74.23 H-13 .400 ST —79.89
3 .440 .780 38.88 H-21 .392 .571 —74.94
4 440 .780 38.88 H-22 .395 .570 —77.77
5 433 L7453 17.67 H-23 2397 571 —78.48

H-24 .393 £ S5N3 —74.23

Chlorite: H-25 .399 L5371 —79.89
Sh .489 .722 —36.76 H-26 .394 .570 —77.06
Ri .451 .749 9.19
Ap .456 S 11.31 Group Averages:

Th .471 eallSgH] — 3.53 Chrysotile .393 .779 71.94
Cl .441 .746 —14.14 Platy serpentine .397 718 67.96
Pe 425 756 32.52 Matrix (M) .393 779 71.23
Da .476 .733 —19.80 Fxcluding (M) .398 777 66.78
P .426 .782 50.20 Other 1:1 LA74 .729 —21.39
Co 453 .746 5.66 Chlorite 454 749 3.85

Dickite 394 571 —76.35

Kaolinite .394 1573 —74.82

Halloysite .395 .51 —77.38
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etc. which influenced crystallization at the time of formation or subse-
quent alteration of the rock.

In considering the significance of the M values, it is important to
appreciate that most of the so-called platy varieties and massive speci-
mens contain varying amounts of fibrous material. This has been dem-
onstrated by Zussman, Brindley and Comer (1957) and by work by the
author and Nagy as reported in the paper by Nagy and Faust (1956).
Therefore, whereas the range in M values for the relatively homogeneous
fibrous specimens is only from +69.29 to +73.53, that for the platy
material is much greater (+60.09 to 472.82) due not only to a greater
compositional range of the platy component but also to the probability
that many of the analyzed specimens contained admixed, submicro-
scopic fibers which may approach the ideal composition. Until precise
evaluations can be made of the chemical composition of individual sub-
microscopic plates, laths and tubes, it cannot be said which of these
two factors plays the more important role.

In the kaolin group the range in M values is not quite as large as in the
serpentines and the averages for kaolinites (—74.82), dickites (—76.35)
and halloysites (—77.38) are not greatly different. Since, with one or
two exceptions, the role of Mg is minor, the variation in M values is a
result of the variation in the amount of Al and Fe’” in excess of Si.

The M values indicate that, although the difference for platy (kao-
linite and dickite) versus lath-shaped and tubular varieties (halloysite)
is in the right direction, variation in misfit due to cation distribution in
octahedral and tetrahedral sheets is probably not the major cause of
variation in morphology within the group.

Morphology in Relation to Proportions of Major Components

In order to show the relationships of bulk composition to morphology
each analysis was recalculated so that the sum of the major components
would be equal to 100. The resulting compositions are plotted on Figs.
3 and 4. It is apparent in the case of both the serpentine and kaolin
groups that the chief difference between platy and tubular varieties lies
in the greater amount of hydrogen and associated oxygen in the latter.

In the serpentines (Fig. 3) the three components evaluated are SiOs,
H-.0+ and R"’O where R” = Mg, Fe’, Mn and Ni. If the assumption is
correct that Al and Fe’”” are divided equally between tetrahedral sites
(substitution for Si) and octahedral sites (substitution for R’’), the effect
of these ions would be to move each point to the left in a direction parallel
to the dotted line which, if extended, would terminate at the H,O
corner of the diagram. Since, as shown in Fig. 2, the platy varieties
contain more Al and Fe’” than chrysotile, the result of including these
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components would be to increase the separation of the two groups.

As in the case of the data recorded in Table VI, the samples of ad-
joining matrix and fiber described by Kalousek and Muttart are very
similar in composition suggesting that 1) the matrix is a mixture con-
taining a large percentage of fiber, 2) the platy component of the matrix
has a composition very similar to the fiber, 3) or both factors are in-
volved.

Of the remaining eleven platy samples, eight differ markedly from the
chrysotiles by having a greater SiO»:R”’O ratio. It is significant in this
respect, that the greatest departure from the ideal serpentine composi-
tion is made by varieties labeled deweylite, williamsite, baltimoreite and
Yu Yen Stone; whereas analyses of material labeled antigorite (Nos. 5,
6,7, 8,9) plot closer to the line which indicates the ideal proportion of the
components in question. The “anomalous” character of sample P-10
(one of two antigorites from Nikka Vord quarry, Shetland Islands) has
been discussed previously by Brindley and von Knorring (1954), McCon-
nell (1954) and Zussman (1956).

The relationships of composition and structure of sample P-9 have
been considered by Hess, et al. (1952) and Brindley (1954); and of sam-
ples P-8 and P-9 by Zussman (1954).

The relationships shown diagrammatically in Fig. 3 indicate that on
the whole, platy crystals are favored over fibrous material if there is 1)

& IDEAL SERPENTINE COMPOSITION

g PLaTy SERFEMTINE

2 CHAYSOTILE

Fic. 3. Si0s-(Mg, Fe'’, Ni, Mn)O-H,O composition of serpentine samples.
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an increase of SiO, with respect to R”0, and 2) a decrease in HyO+.
The role of H* will be considered later. If the assumption is correct
that Al and Fe'” are equally divided between tetrahedral and octahedral
positions, the evidence with respect to SiO,: RO ratio is in line with the
observation made earlier that the amount of misfit is affected by the
number of jons in the tetrahedral sheet relative to a given number in the
octahedral sheet. In this case, the increase in proportion of Si to divalent
lons will improve the fit between the larger “ideal” brucite sheet and
smaller “ideal” Si-O sheet and thereby promote the formation of platy
crystals,

In the kaolin group (Fig. 4) the range in the ratio of Si02: Al,O3 shown
by kaolinites and dickites is similar to that shown by most of the halloy-
site samples. However, as indicated by the work of others, the average
Si02: Al,O; ratio of halloysites is lower than that of kaolinites and
dickites, being in this case 192:100 (excluding samples 3, 11 and 26)
as compared with 196:100. Granting that the difference may be due to
undetectable impurities in the samples analyzed, the fact remains that
the lath-shaped and tubular material has 1) a lower SiO,: Al,O; ratio and
2) a higher HyO+ content than the platy varieties. It is important to
bear in mind that most if not all of the interlayer water found in halloy-
site (4H;0) is presumably not included in the H,O+ value of the anal-
ysis.

® IDEAL KAOLINITE
COMPOSITION

® HALLOYSITE
B KRAOLINITE

A DICKITE

‘;/ WAYA / /\/ VAYAN

Fic. 4. Si0:-Al:O0y-H;0 composition of kaolin samples.

47%
AlLO,
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OTHER PERTINENT RELATIONSHIPS
General Statement

The morphological-chemical relationships discussed thus far are con-
sidered to be particularly significant because they involve a minimum
number of assumptions. Thus, the general relationships graphed in Figs.
2, 3, and 4 pertain regardless of the choice of radii used to represent the
ions, of the means of proportioning of cations between tetrahedral and
octahedral positions, and of the problem as to the exact disposition of
hydrogen. The writer, therefore, wishes to draw a sharp distinction be-
tween the previous discussion and the points made in this section in that
the latter rely more directly upon the assumptions used in making the
structural calculations. Although these points are more subject to ques-
tion, the calculations have resulted in a number of interesting relation-
ships which, in the opinion of the author, should be considered by other
workers in this area. Two things, in particular, deserve attention. These
are: 1) the number of cations (excluding HT) assigned to tetrahedral
as opposed to octahedral positions; and 2) the amount of H:O+ given
in the analysis as compared with that needed to provide the “proper”
proportion of (OH) and oxygen with respect to the postulated cation
distribution in the formulas.

Number of Tetrahedral versus Octahedral Cations

Table VII lists the pertinent cation distribution data for all minerals
except those of the kaolin group. These are not included because the
method of allocating ions to tetrahedral versus octahedral positions in
the formulas for this group results in equal distribution except in those
few cases where appreciable divalent ions are present. Column 1 gives
the number of cations allocated to tetrahedral positions, column 2 those
in octahedral positions, and column 3 the number of tetrahedral ions on
the basis of six in the octahedral sheet.

In the serpentines the distribution corroborates the evidence presented
in Fig. 3 to the effect that, assuming equal amounts of Al and Fe'" in the
two sheets of each layer, there are appreciably more tetrahedral cations
per six octahedral cations in the platy than in the fibrous specimens.
Thus, the average chrysotile has 4.041 tetrahedral ions for every six
octahedral ions whereas in the platy serpentines (omitting the matrix
specimens and the anomalous specimen from Unst, P-10) the ratio is
4.291:6.0. If correct, this would require nearly one extra tetrahedral
position for every three octahedral units of structure® in the layer. Ob-

* Using a formula unit with six octahedral positions.
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TaBLE VII. CaTiON DISTRIBUTION DATA

No. of Cations:  Cat 1y per No. of Cations: Catyv per
Sample _— Cat vy Sample - Cat.yr
v V1 =6 v V1 =6
Chrysotile: Cther1:1:
C-1 3.853 5.903 3.926 Am 3.980 5.896 4,050
C-2 3.955 5.885 4.032 (€ 3.700 6.141 3.615
C-3 3.884 5.916 3.939 Fe’’-Ch 4.184 5.658 4,437
C-1 3.921 5.928 3.969 Fe’’-Ch 4.435 6.154 4.324
C-5 3.942 5.747 4.116
C-6 3.936 5.780 4,086 Chlorite:
C-7 3.947 5.853 4.046 Sh 4.244 5.950 4.280
C-8 4.012 5.715 4.212 Ri 4.028 5.983 4.039
Ap 4.035 5.795 4.178
Platy Serpentine: Th 4.410 5.486 4.823
P-1(M) 3.853 5.901 3.918 Cl 4.051 5.873 4.139
P-2(M) 3.948 5.957 3.976 Pe 4.003 5.805 4.138
P-3(M) 3.907 5.926 3.956 Da 4,348 5.463 4.775
P-4(M) 3.920 5.828 4.036
P-5 4.098 5.850 4,203 Group Averages:
P-6 4.176 5.794 4.324 Chrysotile 3.933 5.841 4.041
P-7 4.243 5.883 4,327 Platy serpentine 4.075 5.868 4.169
P38 4,123 5.039 4,165 Excluding (M)
P-9 4.171 5.885 4,253 and P-10 4.180 5.846 4.291
P-10 3.698 5.940 3.735 Chlorite 4.160 5.765 4.339
P-11 4.021 5.864 4.114
P-12 4.232 5.592 4,541
P-13 4.170 5.857 4,265
P-14 4,406 5.946 4,446
P-15 4.163 5.843 4.275

viously this would be one way in which the misfit between the smaller
Si-O and larger “brucite” sheets might be partially adjusted.

Although the presence of more than four filled tetrahedral positions
for every six in the octahedral sheet involves a departure from the
“classical” picture of the serpentine structure, it is in accord with the
structural data presented by Zussman (1954) as evidence in support of
an alternating or rectified wave structure for some varieties of platy
serpentine. The cation assignments he gives as the result of detailed struc-
tural analysis of antigorites from Venezuela and New Zealand are com-
pared in Table VIII with those calculated by the author from the same
analyses. The ratios obtained for the number of tetrahedral jons per six
octahedral ions are given at the bottom of the table. The close agreement
indicates that the method used herein for calculating the formulas from
the analyses is meaningful.

Amesite and ferrous and ferric chamosite also have ratios greater than
4:6 whereas cronstedtite gives a value of 3.6:6.0.

As in the other evaluations the matrix and fiber pairs give very similar
values.
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TaBLE VIII. STRUCTURAL ASSIGNMENTS FOR NEW ZEALAND AND VENEZUELA
ANTIGORITES (P-§ AnD P-9)

‘ Mikonui, New Zealand Caracas, Venezuela
Toms Ideal ) I
* T
PUEDCLTE | Zugsman calculated Zussman | calculated
0 48.9 51.0 50.2 1.0 50.7
v | Si, ete. 32.6 33.9 33.6 34.1 34.0
o 32.6 34.4 33.0 33.9 33.0
W:.I{OH\ 16.3 15.0 16.2 15.0 16.1
| Mg, etc. 48.9 48.9 48 4 48.2 48.0
| (ol 48.9 47.6 48.7 47.4 48.3
Cat.ry per
Catvi=6 4.00 4.16 4.16 4.24 4.25

({71

* Proportioned to Zussman’s structural unit of 8.15 “cells” along “a’ axis.

Excess or Deficiency of Hydrogen and Oxygen

With respect to item 2 of the preceding “general statement,” it is
of interest that the amount of oxygen and hydrogen provided by each
analysis is not equal to that needed if these elements are proportioned
with respect to the cation distribution in octahedral and tetrahedral
sheets as indicated by the ideal structural formula.

Thus, in the kaolinite example given in Table II, 0.052 more oxygen
ion and 0.105 more H+ is needed for the properly proportioned structural
formula than the H,O+ of the analysis provides. In the serpentine ex-
ample, on the other hand, the analysis provides an excess of 0.483
oxygen and 0.965 H+ over that needed in a “properly proportioned”
structure. Although in writing the structural formulas in Table V it is
convenient to add “excess’” hydrogen to the tetrahedral sheet as Hy or to
account for a deficiency by subtracting the element (with appropriate
oxygen) from the octahedral sheet, the author feels that correct assign-
ments must await procurement of better experimental data. The follow-
ing discussion, therefore, relates only to the amount of these ions present
and not to the possible structural positions. The data are presented in the
last two columns of Table IV. For each analysis the amount of excess or
deficient hydrogen should be twice that of the corresponding oxygen.
The slight discrepancies are due to rounding-off errors in the calculations.

Because of the uncertainty as to the temperature at which H O+ was
measured for many of the analyses, the precision of the values is uncer-
tain. However, an analysis of variance shows that the differences be-
tween chrysotiles as opposed to platy serpentines (including matrix
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samples), and between kaolinites and dickites as opposed to halloysites
are significant at the 19, level. The chrysotiles have a mean value
of +.821 H* as compared to 4.125 for platy serpentines, and halloy-
sites give a mean of +.889 compared to +4.099 for kaolinites and
dickites.

Again it will be noted that the values for the “matrix” analyses from
the matrix and fiber pairs (numbers P-1(M) to P-4(M)) are very different
from those of the platy serpentines and very similar to those of the
adjacent fiber material. The anomalous position of sample P-10 from
Unst is apparent.

Data on CHLORITES

The relationship of serpentine to chlorite has been discussed by many
workers, among the most recent being Nelson and Roy (1954), Brindley
and Gillery (1954 and 1956), Bradley (1935) and Gillery (1958). The
purpose of including the subject in this paper is to point out that morpho-
logical and other relationships between the two groups of minerals can
be satisfactorily explained on the basis of the same parameters as those
used to evaluate the 1:1 layer minerals. The pertinent data are pre-
sented in this section and will be discussed in the next.

A number of chlorite analyses considered by Orcel (1927) to be char-
acteristic of various chlorite sub-groups have been evaluated on the
same basis as the other analyses considered here, and the various com-
positions are represented on the graph in Fig. 2. In addition characteristic
compositions of corundophyllite and penninite are also represented, as is
that of the daphnite specimen discussed by Brindley and Gillery (1954).
It is apparent that the chlorites represented fall well within area II and
do not overlap the serpentine compositions. The relative positions are
brought out by the M values in Table VI. Those for chlorite composi-
tions range from —36.76 for sheridanite to -+50.20 for penninite. The
lowest value for a platy serpentine is +60.09 for the Val Antigorio an-
tigorite.

It is also instructive to consider the amount of hydrogen present in the
H;0+ of the analysis as compared with that “required” to provide the
proper proportion of OH as given by the ideal chlorite formula. The
values are recorded in Table IV (the amounts given are for one half of
the usual formula unit in order that the values may be more easily com-
pared with those of the 1:1 minerals). In marked contrast to the chryso-
tiles and all but one of the platy serpentines, the chlorite analyses have
appreciably less hydrogen than that needed if the proportions are to be
similar to those in the formula.
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Discussion
The Role of Hydrogen

In those minerals, such as amesite, cronstedtite, chamosite, platy
serpentines and chlorites, where the analysis provides less O and O~
than is appropriate to the ideal formula, it is apparent that the lattice
must contain oxygens in place of some of the hydroxyls and either
have an occasional oxygen or hydroxy! position vacant or have a struc-
tural modification, such as the rectified layers postulated by Zuss-
man (1954), which involves fewer oxygen and hydroxyl positions than
the ideal structure.

In the opposite situation, namely in hallosysite and chrysotile, where
the analysis provides an excess of hydrogen and oxygen, either 1) some
interlayer water is so tightly held as to be included in the H;O+ value,
or 2) the ions occupy structural positions in the 1:1 lattice. Independent
of whether the hydrogen ions are present between the layers in H,O or
(H30)* or are in the tetrahedral sheet as OH in place of or in addition to
oxygen, a very probable and important result of their presence is a
weakening of interlayer bonds. This is evidenced by the difference in the
(001) spacings of halloysite (7.3-7.9 A) as compared with kaolinite
(7.15 A) and dickite (7.15 A), and of chrysotile (7.3 A) as compared with
platy serpentine (7.26 A).

Interrelationships of Chemistry, Structure and Morphology

Some of the relationships between the mineral groups with respect to
the parameters discussed herein are shown in Fig. 5. The figures in
parentheses give the (001) and a, values for the various structures. Some
observations of a general nature are as follows:

1) The halloysites, kaolinites and dickites, chrysotiles, and platy serpentines fall in
distinct groups. The matrix specimens closely associated with serpentine fiber fall
within the chrysotile area as in Fig. 3. Platy serpentine P-10 and halloysite H-26
are anomalous.

2) With respect to both “amount of misfit” and “‘excess or deficient hydrogen” the
analogy between platy serpentine and kaolinite and dickite, and between chrysotile
and halloysite is very apparent.

3) The compounds with the greatest amount of misfit have the largest amount of H*
and the smallest amount of substitution of other cations. These compounds crystal-
lize in the form of tubes or curved laths.

4) The gap between kaolins and serpentines is bridged, in the lower half of the diagram
only, by the other 1:1 minerals and the chlorites.

5) On the left and right sides of the diagram, the (001) spacing characteristic of the
minerals of each group increases with increasing Ht content.

6) The a, spacing increases from that of the kaolins to a maximum for cronstedtite
at the center of the diagram and then decreases again to that of chrysotile.
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Fic. 5. Relationship of excess or deficient hydrogen content to the amount of misfit of
tetrahedral and octahedral sheets. The top number is the (001) spacing whereas the bottom
number is a,.

7) Platy crystals are either deficient in H* or have enough to approach the correct
proportions of the structural formula. Theoretically, compounds having the largest
platy crystals have the least amount of misfit and fall nearest the center of the dia-
gram.

These relationships all support the contention that, in this group of
the sheet structure silicates, details of structure and morphology are a
function of the amount of misfit and the strength of interlayer bonds.
These latter factors are interdependent and are a function of chemical
composition. Interlayer bonds are strongest in amesite, cronstedtite,
chamosite and the chlorites where excess H* is not present and where ex-
cess negative charges produced by substitution in the tetrahedral sheet
form bonds not only with positive charges produced by substitution in
the octahedral sheet of the same layer, but also with those produced in
the neighboring octahedral sheet in the adjacent layer.

Toward the left side of the diagram, as the amount of substitution
decreases, the role of hydroxyl bonds becomes more important. In
kaolinite and dickite these bonds are presumably strong enough to
“stretch” the gibbsite sheet of one layer to fit the Si-O sheet of the ad-
jacent layer thereby overcoming the misfit and producing platy crystals
of limited size. Oberlin and Tchoubar (1957) have shown that when
thin enough plates of kaolinite are produced either naturally or syn-
thetically, interlayer bonds are weakened and the plates curl.
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With an increase in excess Ht above that found in kaolinites and dick-
ites, interlayer bonds become too weak to overcome the misfit and
curved laths and tubes are to be expected. Where excess H is sufficient
in amount (= 46.546) to combine with associated oxygen in a continu-
ous sheet of interlayer water, tubes of halloysite (4H,0) are formed. For
the specimens shown in Fig. 5 only H,O+ was considered and conse-
quently only compositions approaching halloysite (2H,0) are repre-
sented. Although it was formerly believed that all 2H,0 halloysite prob-
ably formed by dehydration of the 4H,O material, present evidence
(Bates and Comer, 1959) indicates that 2H,O halloysite such as that
pictured in Tig. 1 may form directly where there is enough excess H*
to cause sufficiently weak interlayer bonds for the production of curved
laths but not enough to make the bonds so weak that tubes result.

Toward the right side of Fig. 5 the situation differs from that just
discussed in that hydroxyl bonds are formed only where Al and Fe’”’
substitute for Mg. In the platy serpentines, as compared with chrysotile,
the decrease in amount of misfit and the OH bond formation produced by
Al and Fe”’ substitution is sufficient to produce crystals which are
characteristically platy but show irregular rather than crystallographic
outlines. However, interlayer bonds are significantly weaker than in
kaolinite and it is not surprising that plates may exist that may be made
up of alternating or rectified waves of varying periodicity giving rise to
varying a, dimensions (Zussman, Brindley and Comer, 1957).

In chrysotile, with practically no Al and Fe’”’ substitution and with a
large amount of excess H*, interlayer bonds are so weak and the misfit
so great that tubes are the logical result.

Finally, the minerals lying between the kaolin and serpentine groups
have the maximum amount of Al and Fe’”’ substitution and therefore 1)
relatively strong interlayer bonds, 2) the least amount of misfit of octa-
hedral and tetrahedral sheets, 3) greater order perpendicular to (001)
and consequently 4) larger platy crystals with crystallographic outlines.

SUMMARY

Because of their 1:1 layer structure the kaolin and serpentine groups,
and certain other structurally associated minerals and synthetic com-
pounds, have morphological and structural characteristics which are
particularly sensitive to slight changes in chemical composition. In
order to demonstrate the nature of the interrelationships of chemistry,
structure and morphology and their bearing on similarities and differ-
ences within and between the mineral groups, 64 analyses have been
evaluated and compared.

The evaluation has been made in terms of four parameters: 1) a
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morphological index, M, which is a measure of the amount of misfit of
tetrahedral and octahedral sheets; (2) the proportions of the major
components, SiOs, Al;0; (or R”0) and H,0, as represented on ternary
diagrams; 3) the number of cations assigned to the tetrahedral sheet in
relation to a standard number in the octahedral sheet; and 4) the amount
of deficient or excess hydrogen and oxygen recorded as HyO+ in the
chemical analysis as related to that required to provide the correct num-
ber of properly proportioned O and OH ions in the structural formulas.

Conclusions resulting from the use of parameters one and two are
considered particularly significant because they do not depend on the
validity of assumptions that must be made in the calculation of struc-
tural formulas. Parameters three and four involve the assumption that
the Al and Fe'” in excess of the amount of silicon in the dioctahedral
minerals and all Al and Fe””’ in the trioctahedral minerals is divided
equally between the tetrahedral and octahedral sheets.

The use of these parameters helps to clarify the differences within
and between mineral groups. With respect to the overall group of 1:1
minerals, the two major chemical differences are: 1) the nature and
number of cations substituting for Si in the tetrahedral sheet and for Al
or Mg in the octahedral sheet; and 2) the amount of HO+-.

Variation in the amount of misfit of octahedral and tetrahedral sheets
brings out not only the expected distinction among the kaolin group,
the serpentine group, and the other 1:1 minerals (amesite, cronstedtite
and chamosite) but also reveals a smaller but distinct difference between
chrysotiles and platy serpentines. It is of interest that the difference be-
tween chrysotile and the type antigorite from Val Antigorio is greater
than that between chrysotile and any other platy serpentine. Of the
other 1:1 minerals cronstedtite has the least amount of misfit and all
three have much less than kaolin minerals or serpentines. The morpho-
logical and misfit relationships of several synthetic silicates and ger-
manates fit nicely in the pattern set by the natural materials.

The amount of H,O+ varies considerably in the analyses studied and
serves particularly well to distinguish platy from lath-shaped and tubu-
lar varieties in the kaolin and serpentine groups since analyses of platy
minerals contain significantly less HoO+ than those of the non-platy
specimens.

Calculation of structural formulas is based on a structural unit of 18
oxygens, but the distribution of the oxygens is determined not in terms
of an ideal structural formula but on the basis of the distribution of cat-
ions in the two sheets of the layer. This approach is used in the belief
that the number of cations (and accompanying oxygens) in the tetra-
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hedral sheet, per standard number in the octahedral sheet, may vary
in order to reduce the amount of misfit between sheets. Thus, whereas
the chrysotiles have, on the average, 4.041 tetrahedral cations for every
six octahedral cations the ratio in the platy serpentines (excluding
anomalous sample P-10 and matrix samples) is 4.291. Obviously, this
excess could increase the size of the tetrahedral sheet and thereby pro-
duce a better fit with the larger “brucite’ sheet.

The method of formula calculation also provides a measure of the
amount of excess or deficient hydrogen and oxygen in the HyO+ value
of the chemical analysis as related to that required by properly pro-
portioning O and OH in accord with the formula distribution of cations
other than hydrogen. The results bear out the bulk-composition evi-
dence to the effect that tubular and lath-shaped varieties in both kaolin
and serpentine groups have a significant excess of hydrogen and oxygen
in the HyO+ value of the analysis as compared to that “required” by
the cations. On the other hand platy varieties of these groups have
either a deficiency or nearly the correct amount of H,O+, and the other
1:1 minerals have a deficiency.

Since H,O+ content, which bears directly on interlayer bond strength,
and cation nature and distribution in the two sheets of each layer are
probably interrelated, both factors must be considered in explaining
structural and morphological details. Figure 5 represents an attempt to
do this and thus place the individual specimens and various groups in
proper perspective relative to one another. When viewed in this way
distinctions between groups become sharply defined and relationships
between morphology and chemistry become more apparent. The picture
also serves to suggest that the transition from kaolinite to halloysite
(2H,0) is simply the first part of the series leading to halloysite (4H,0)
and allophane as H,O content is increased. In the serpentines the dif-
ference between chrysotile and the platy varieties is distinct but the
variation within the platy group is probably due in part to mechanical
mixtures of fiber and platy material in the samples analyzed.

A few typical chlorite analyses have been included to demonstrate the
relationship of these minerals to the 1:1 group. On the basis of the param-
eters used herein, the chlorites characteristically have a deficiency in
the H:O+ content of the analyses and show a much smaller “amount of
misfit” than serpentines or kaolins. In general they have similar char-
acteristics to the 1:1 minerals amestie, chamosite and cronstedtite thus
indicating the very close chemical and structural relationships of the
two mineral groups. The fact that there is no overlap of chlorites and
serpentines is logical in that a chlorite structure would be expected only
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where there is sufficient substitution of trivalent ions for Si and Mg to
keep the amount of misfit small and to promote the formation of rela-
tively strong interlayer bonds.

ACKNOWLEDGMENT

Much of the morphological data collected by the author and used as a
background for this paper was obtained as part of a research program
sponsored by the Office of Naval Research entitled “Investigation of
morphology, structure and origin of fine-grained minerals.” Former
graduate students who contributed much to the aspects of the program
dealt with herein include John F. Mink, Leonard B. Sand, and Bartholo-
mew Nagy. Research on halloysite sponsored by the Filtrol Corporation
and performed by M. A. Rosenfeld, J. C. Griffiths and the author pro-
vided large amounts of data on the morphology of numerous samples of
this mineral.

The excellent electron microscope work of Mr. J. J. Comer has pro-
vided the essential information upon which many of the observations
and concepts recorded herein are based.

REFERENCES

ALEXANDER, L. T., Favust, G. T., HENDRrICKS, S. B., INsLeEY, H. AND McMurbIE, H. F.
(1943), Relationship of the clay minerals halloysite and endellite: Am. Mineral., 28,
1-18.

Bates, Tromas F. (1955), Electron microscopy as a method of identifying clays: in Clays
and Clay Technology, Calif. Div. Mines Bull. 169, 130-150.

——— AND COMER, J. J. (1953), Electron microscopy of clay surfaces: in Clays and Clay
Minerals, Natl. Acad. Sci.—Natl. Res. Council Publ. 395, 1-25.

——— aAND COMER, J. J. (1959), Further observations on the morphology of chrysotile
and halloysite: Proc. Sixth Natl. Clay Conf., in press.

BrapLEy, W. F. (1955), Structural irregularities in hydrous magnesium silicates: Proc.
Third National Clay Conference, Natl. Acad. Sci.—Natl. Res. Council Publ., 395,
94-102.

BrinoLEy, G. W. (1954), The structural formula of an antigorite from Venezuela: Am.
Mineral., 39, 391-393,

——— aND COMER, J. J. (1956), The structure and morphology of a kaolin clay {from Les
Eyzies, France: in Clays and Clay Minerals, Na#l. Acad. Sei.—Nall. Res. Council Publ.
456, 61-66.

——— aND GILiEry, F. H. (1954), A mixed-layer kaolin-chlorite structure: Proc. Second
National Clay Conference, Natl. Acad. Sci—Natl. Res. Council Publ. 327, 349-354.

——— aND GiLiery, F. H. (1956), X -ray identification of chlorite species: Ane. Mineral.,
41, 169-186.

——— anD voN KNORRING, O. (1954), A new variety of antigorite (ortho-antigorite) from
Unst, Shetland Islands: Am. Mineral., 39, 794-804.

-———— aAND YouEkLL, R. F. (1953), Ferrous chamosite and ferric chamosite: Min. Mag.,
30, 57-70.



1:1 LAYER LATTICE SILICATES 113

CaAILLERE, S. (1936), Contribution a ’étude des mineraux de serpentines: Bull. Soc. Fr.
Min., 59, 163-373.

Davrs, D. W., Rocaow, T. G., Rowe, F. G., FULLER, M.. L., KERR, P. F. ANpD HAMILTON,
P. K. (1950), Electron micrographs of reference clay minerals: A.P.I. Proj. 49, Prelim.
Rep’t. #6.

DEUDON, MADELEINE (1955), La chamosite orthorhombique du minerai de Sainte-Barbe,
Couche grise: Bull., Fr. Min. Soc., 78, 475-480.

Dunnay, K. C., CLARINGBULL, G. F. AND BANNISTER, F. A. (1948), Dickite and collophane
in the magnesian limestone of Durham: Min. Mag., 28, 338-342.

GiLieEry, F. H. (1958), X-ray study of synthetic Mg-Al serpentines and chlorites, in press.

HexpRrICKS, S. B. (1939), Random structures of layer minerals as illustrated by cronstedite
(2Fe0 -Fes0; -Si0, -2H:0). Possible iron content of kaolin: Am. Mineral., 24, 529-539.

Hess, H. H., DENGo, G. AND Smrth, R. J. (1952), Antigorite from the vicinity of Caracas,
Venezuela: Am. Mineral., 37, 68-75.

Honjo, G., Kitamura, N. anp Mruama, K. (1954), A study by means of single crystal
electron diffraction diagrams—the structure of tubular kaolin: Clay Minerals Bull.,
2, 133-140.

Kavrousex, G. L. AND MutTarT, L. E. (1957), Studies on the chrysotile and antigorite com-
ponents of serpentine: Am. Mineral., 42, 1-22.

LoucHNaN, F. C. (1957), A technique for theisolation of montmorillonite and halloysite:
Am. Mineral., 42, 393-398.

McConNELL, D. (1954), Ortho-antigorite and the tetrahedral configuration of hydroxyl
ions: Am. Mineral., 39, 830-831.

MipcLEY, H. G. (1951), A serpentine mineral from Kennack Cove, Lizard, Cornwall:
Min. Mag., 29, 526-530.

Nacy, B. anp Bartes, T. F. (1952), Stability of chrysotile asbestos: Am. Mineral., 37, 1055~
1058.

Nacy, B. anp Faust, G. T. (1956), Serpentines: natural mixtures of chrysotile and an-
tigorite: Am. Mineral., 41, 817-837.

NELsoN, B. W. anp Roy, R. (1954), New data on the composition and identification of
chlorites: Proc. Second Clay Conference, Nail. Acad. Sci.—Nail. Res. Council Publ.
327, 335-353.

OBERLIN, A. M. anDp TCHOUBAR, C. (1957), Etude en microscopie électronique de Paltera-
tion des cristaux de kaolinite: Acad. Sci., Compi. rend., 244, 1624-1626.

ONSAGER, L. (1952), in conference report by Robinson, K. and Shaw, E. R. S, Brit. J.
Appl. Phys., 3, 281-282.

OrcEr, J. (1927), Chemical composition of chlorites: Bull. Soc. Fr. Min., 50, 75-454.

Proup, J. S. AND OsBORNE, G. D. (1952), Stress-environment in the genesis of chrysotile,
with special reference to the occurrence at Woodsreef, near Barraba, New South
Wales: Econ. Geol., 47, 13-23.

Ross, C. S. anp Kerr, P. F. (1930), The kaolin minerals: U. S. Geol. Surv. Prof. Paper
165-E, 151-180.

Ross, C. S. ano Kerr, P. F. (1934), Halloysite and allophane: U. S. Geol. Surv. Prof.
Paper 185-G, 135-148.

Roy, D. M. (1952), Phase equilibria in the system MgO-AlOs-H;O and in quaternary
systems derived by the addition of SiOs, COz and N:Os: Ph.D. thesis, The Pennsyl-
vania State University, Jan. 1952.

Roy, D. M. anp Roy, R. (1954), An experimental study of the formation and properties of
synthetic serpentines and related layer silicate minerals: Am. Mineral., 39, 957-975.



114 THOMAS F. BATES

SuanNon, E. V. (1921), Some minerals from the old tungsten mine at Long Hill in Trum-
bull, Conn.: Proc. U. S. Nat. Mus., 58, 469-482.

Supo, T. anp TaxanasHart, H. (1956), Shapes of halloysite partlc]es in Japanese clays: Clays
and Clay Minerals, Nail. Acad. Sci.—Natl. Res. Council Publ. 456, 67-79.

SWINEFORD, A., McNEAL, J. D. aNp CrumpToN, C. F. (1954), Hydrated halloysite in Blue
Hill shale: Na#l. Acad. Sci.—Natl. Res. Council Publ. 3.7, 158-171.

Tu, K. C. (1950), Ph.D. Thesis, Department of Geology, University of Minnesota.

WHITTAKER, E. J. W. AND ZussMAN, J. (1956), The characterization of serpentine minerals
by x-ray diffraction: Min. Mag., (233), 31, 107-127.

YopEr, H. S. (1952), The MgO-Aly0;-SiCs-H,O system and the related metamorphic
facies: Am. J. Sci. (Bowen vol.), 569-627.

ZussMaN, J. (1954), Investigation of the crystal structure of antigorite: Min. Mag., 30,
498-512.

ZussMAN, J. (1956), Antigorite: superlattice and structural formula: Am. Mineral., 41,
148-152.

ZussMAN, J. aND BrRINDLEY, G. W. (1957), Serpentines with 6-layer orthohexagonal cells:
Am. Mineral., 42, 666-670.

ZUssMAN, J., BRINDLEY, G. W. anDp Comzr, J. J. (1957), Electron diffraction studies of
serpentine minerals: Am. Mineral., 42, 133-153.

Manuscript received May 5, 1958



