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VERMICULAR KAOLINITE EPITACTIC ON PRIMARY PHYLLOSILICATES 
IN THE WEATHERING PROFILES OF ANORTHOSITE 

G1 YOUNG JEONG 
Department of Earth and Environmental Sciences, Andong National University, Andong 760-749, Korea 

Abstract--The microtextural changes in the kaolinization of primary phyllosilicates including biotite, 
sericite, clinochlore and muscovite were investigated by scanning electron microscopy (SEM) and micro- 
chemical analysis of thin sections of weathered anorthosite. Kaolinization began at grain edges and 
propagated toward the interior. Grains were highly fanned out from the edges and exfoliated into several 
flakes along the basal cleavages, producing lenticular voids. Finally, long vermicular kaolinite pseudo- 
morphs were formed after primary phyllosilicates. Statistical analysis showed a ninefold increase in 
volume during the kaolinization of biotite, suggesting that most A1 in the kaolinite was imported from 
ambient weathering solution. Weathering primary phyllosilicates supplied templates suitable for the thick 
epitactic overgrowth of kaolinite to form long vermicular pseudomorphs. A1 was sufficiently available 
due to the intense weathering of soluble anorthosite. Although present in small amounts, primary phyl- 
losilicates gave high volumetric and mineralogical contributions to the weathering profiles by facilitating 
kaolinite precipitation. 
Key Words--Epitactic, Kaolinite, Pseudomorph, Scanning Electron Microscopy, Weathering. 

INTRODUCTION 

Phyllosilicates are common constituents of bedrock 
and overlying soils. With progressive weathering, pri- 
mary phyllosilicates alter into secondary minerals, dis- 
playing a sequential change of textures, chemistry and 
mineralogy. Diverse alteration sequences have been 
reported, depending on the local weathering environ- 
ment. Under well-drained weathering conditions, pri- 
mary phyllosilicates ultimately alter into kaolinite with 
or without intermediate phases such as vermiculite, 
smectite or mixed-layered clay minerals (Coffman and 
Fanning 1975; Stoch and Sikora 1976; Eswaran and 
Bin 1978; Gilkes and Suddhiprakarn 1979a, 1979b; 
Harris, Zelazny and Bloss 1985; Harris, Zelazny, Ba- 
ker and Montens 1985; Rebertus et al. 1986; Ahn and 
Peacor 1987; Banfield and Eggleton 1988, 1990; Singh 
and Gilkes 1991; Cho and Mermut 1992). High-reso- 
lution transmission electron microscopic (TEM) stud- 
ies have well elucidated the detailed kaolinization pro- 
cess of primary phyllosilicates such as topotactic (Ahn 
and Peacor 1987; Jiang and Peacor 1991; Singh and 
Gilkes 1991; Robertson and Eggleton 1991) and epi- 
tactic replacement (Banfield and Eggleton 1988, 1990; 
Singh and Gilkes 1991). One of the distinct features 
of the alteration is the formation of pseudomorphs af- 
ter primary phyllosilicates. It is generally reported that 
volume is preserved or reduced during the kaoliniza- 
tion of biotite, supporting Al-conservation (Stoch and 
Sikora 1976; Harris, Zelazny and Bloss 1985; Reber- 
tus et al. 1986; Banfield and Eggleton 1988). However, 
the literature also describes the fanning-out of flakes 
along the basal cleavages (Gilkes and Suddhiprakarn 
1979a; Fordham 1990; Nahon 1991), but little atten- 
tion has been given to the kaolinite pseudomorphs, 

which are increased in size compared to the original 
grain. Large kaolinite pseudomorphs derived from 
small primary phyllosilicates might have implications 
for the behavior of elements and the formation process 
of kaolinite in the weathering profiles. During a study 
of the kaolin formed by the deep residual weathering 
of anorthosite in the Sancheong kaolin deposits, Ko- 
rea, it was found that biotite, sericite, clinochlore and 
muscovite were altered into vermicular kaolinite, typ- 
ically displaying fanning-out textures involving an 
enormous increase in volume. The microtextural and 
mineralogical changes throughout the kaolinization of 
primary phyllosilicates were investigated by SEM and 
microchemical analysis of petrographic thin sections 
prepared from undisturbed weathering products. This 
paper reports the formation process of vermicular ka- 
olinite pseudomorphs after primary phyllosilicates in 
the anorthosite and their implications for the kaolinic 
weathering profiles. 

ANORTHOSITE AND RELATED KAOLIN 
DEPOSITS 

Anorthosite intruded a Precambrian gneiss complex 
in the Sancheong district, Korea, and cropped out as 
a square mass (12 • 14 km). The Sm-Nd isotopic age 
of anorthosite intrusion was 1678 _+ 90 Ma (Kwon and 
Jeong 1990). Microfractures were well developed in 
anorthosite as a result of the cataclastic deformation 
during the regional metamorphism after intrusion. An- 
orthosite is composed almost wholly of medium- to 
coarse-grained labradorite plagioclase (normally above 
95 vol%) with minor hornblende, epidote, zoisite, il- 
menite, titanite and primary phyllosilicates including 
biotite, sericite, clinochlore and muscovite (Jeong 
1992). Relative contents of primary phyllosilicates in 
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Figure 1. A schematic sketch of the anorthosite weathering 
profile. Fresh rock changes into white and reddish brown ka- 
olin through friable rock, preserving the original rock struc- 
tures. Uppermost soils are disturbed by lateral transportation. 
Key: A = block of weathered dike rock; B = block of weath- 
ered kaolin; C = weathered dike rock; D = laminations or 
spots of the aggregates of mafic minerals; E = halloysite 
veinlets. 

the study area were  difficult to est imate due to their 
small absolute contents but extensive thin section ex- 
amination showed that bioti te was most  common  
(about 1 vol%)  whereas  sericite, c l inochlore and mus- 
covi te  were  relat ively rare in decreasing order. Primary 
phyUosilicates occurred as thin fillings in the micro-  
fractures or  as randomly oriented aggregates in the 

mafic spots of  anorthosite together with hornblende, 
zoisite and titanite. Structural formulas of  pr imary 
phyllosil icates determined f rom electron probe micro 
analysis (EPMA) data (Tables 2, 4 and 5) are K1.70 
NaoosCao.02(Fen2.13Mg3.08Ti0.osA10.57Cro.02)s88 
(Sis.70A12.30)80~(on)4 (biotite),  H (m12.57Fe 4.25Mg5.11Mno.04) 11.97 
(Sis.46A12.54)8020(oa)t 6 (clinochlore),  Kk94Nao.09(FelI0.29 
Mg0.25Ti0.03A13.a2)n(Sir.20All.80)8020(OH)4 (muscovite),  re- 
spectively. 

The kaolin deposits were formed by the residual 
saprolitic weathering of  the anorthosite under humid 
temperate c l imate  with mean annual precipitation o f  
1354 mm and mean air temperature o f  12.7 ~ (Korea 
Meteorological  Service  1985). Most  kaolin deposits 
were developed on the mountainsides of  low slope 
(less than 22~ Good  drainage of  the slope indicated 
their formation under oxidizing environment.  The age 
of  the kaolin deposits could not be accurately dated, 
but  their  occur rences  sugges ted  re la t ive ly  young  
weathering products. The kaolin deposits have been an 
important source of  kaolin used for ceramic raw ma- 
terials in Korea. The kaolins consist mostly of  kaolin- 
ite and halloysite in various proportions (Jeong 1992). 
Kaolinites have been formed by direct precipitation 
f rom solution in microfractures of  plagioclase or  re- 
p lacement  for primary phyllosilicates,  which are the 
object of  this study. A schematic sketch of  the anor- 
thosite weathering profiles studied is given in Figure 
1. The fresh rock gradually changed into kaolin 
through thick, partially weathered, friable rocks. High- 
ly weathered anorthosite containing plagioclase below 
20 wt% is provisional ly termed "kao l in "  in this study. 
Good preservat ion of  the original rock fabrics without 
severe disturbance was one of  the remarkable char- 
acteristics o f  the anorthosite weathering profiles, im- 
plying little vo lume change during weathering. Lami-  
nations of  mafic minerals,  dikes, joints  and quartz 
veins in anorthosite mass were  extended throughout 
the weathering profiles without any notable change of  
their orientations and widths (Figure 1). 

M A T E R I A L S  A N D  E X P E R I M E N T A L  M E T H O D S  

Partially weathered anorthosites and mature kaolin 
samples were col lected f rom the weathering profile ex- 
posed at the kaolin mine in the Sancheong district. 
Samples were stored in polyethylene bottles to pre- 
serve the original textures. Mineral  composi t ions of  
bulk samples and weathering products of  pr imary 
phyllosilicates were determined with a Rigaku RAD3-C 
X-ray diffractometer  equipped with Cu tube operating 
at 35 kV/20 mA. Weathered biotite and cl inochlore  
grains were separated by magnet ic  separator and hand- 
p ick ing  under  s t e reomic roscope  and thorough ly  
washed in distilled water with ultrasonic agitation. The 
whole  range of  mineralogical  changes was most  finely 
observed in the grains presently undergoing active al- 
teration rather than in the almost  complete ly  altered 
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Figure 2. Scanning electron micrographs of thin sections showing the kaolinization process of biotite. A) Biotite (Bt) in 
fresh anorthosite showing the interlocking grain fabric. P1 = plagioclase. B) Biotite altering to a biotite-vermiculite mixed- 
layer mineral and vermiculite (BV) in the very slightly weathered friable rock. Ti = titanite. C) Kaolinizing biotite grains 
(arrows) in moderately weathered friable rock (plagioclase 46%). D) Magnified view of kaolinizing biotite grains showing 
the great fanning-out (arrow 1) from edges and exfoliation. Note the large lenticular voids separating flakes (arrow 2) and 
small voids in the fan (arrow 3). E) Aggregates of vermicular kaolinite pseudomorphs (K1) after biotite surrounded with 
small kaolinite grains (K2) in kaolin (plagioclase 11%). Note the skeletal plagioclase (P1). F) Large vermicular kaolinite 
pseudomorph (K1) after biotite. Note the relatively small size of vermicular kaolinite (K2) directly formed from weathering 
solution. Black = voids. Numbers beside open circle in B), D), E) and F) indicate the points analyzed by EPMA in Table 2. 
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Table 1. Bulk chemistry and mineral composition of samples (unit in wt%). 

D e p t h  
Sample No, SJO 2 A1203 Fe203 MgO TiO 2 MnO K:O Na20 CaO Total (m) PI K H V S 

Kaolin J894 46.62 36.49 1.53 0.26 0.15 0.02 0.45 0.50 1.20 87.22 0.3 11 53 27 0 6 
Friable rock J892 48.24 32.05 2.09 0.69 0.17 0.03 0.39 2.01 5.36 91.03 1.8 46 35 3 6 5 
Friable rock J891 51.70 29.70 0.92 0.24 0.20 0.03 0.30 4.15 12.06 99.30 4.2 95 nd nd nd nd 
Fresh rock J890 52.58 28.72 0.76 0.25 0.19 0.02 0.32 4.31 12.04 99.19 5.5 95 nd nd nd nd 

Key: PI = plagioclase; K = kaolinite; H = halloysite; V = vermiculite; S = smectite; nd = not determined. 

grains.  Ser ic i te  was  separa ted  f rom < 0 . 5  Ixm size frac- 
t ion o f  kao l in  by  the se lect ive  d isso lu t ion  o f  kaol in i te  
and  ha l loys i te  us ing  hot  5 N N a O H  solut ion (Konta  
1972). For  a textural  s tudy of  the  wea the r ing  p r imary  
phyl los i l ica tes ,  a i r -dr ied samples  were  impregna ted  
wi th  Ara ld i te  epoxy  res in  unde r  vaccum.  Po l i shed  th in  
sect ions  were  p repared  and  coa ted  wi th  carbon.  The  
micro tex tures  of  th in  sec t ions  were  o b s e r v e d  us ing  a 
Hi tachi  $ 2 5 0 0  scann ing  e lec t ron  mic roscope  in a sec- 
o n d a r y  e lec t ron  image  mode.  To op t imize  the  cont ras t  
of  the  image  of  fiat surface,  a large condense r  lens  
aper ture  was inser ted  and  c o n d e n s e r  lens  cur ren t  was  
r educed  as low as possible .  Qual i ta t ive  chemica l  anal-  
ysis  o f  minera l s  was  car r ied  out  wi th  a Kevex  energy  
d i spers ive  X- ray  spec t romete r  (EDS)  dur ing  the ob-  
servat ion .  Quan t i t a t ive  chemica l  analys is  was  carr ied 
out  wi th  a J E O L  733 e lec t ron  p robe  mic roana lyze r  
( E P M A )  at 15 kV us ing  an  e lec t ron  b e a m  of  5 m A  
(current)  and  1 txm (diameter) .  W h o l e - r o c k  chemis t ry  
o f  the sample  was de t e rmined  wi th  a Phi l ips  P W 1 4 8 0  

X-ray  f luorescence  (XRF)  spec t romete r  at the  Korea  
Bas ic  Sc ience  Insti tute.  Rela t ive  conten ts  of  minera l s  
o f  the samples  were  de t e rmined  by  the  combina t ion  of  
X-ray  di f f ract ion (XRD)  peak  intensi t ies ,  who le - rock  
chemis t ry  and  minera l  chemis t ry .  For  example ,  the  
p lagioc lase  con ten t  cou ld  be  ob ta ined  f rom the  E P M A  
data  of  p lagioc lase  and  the X R F  data  of  the sample  
because  the N a 2 0  con ten t  of  who le - rock  chemis t ry  
was ass igned  to plagioclase .  P lagioc lase  con ten t  o f  the 
samples  represents  the wea the r ing  degree  o f  anor tho-  
site. Samples  s tudied are desc r ibed  in Table  1. 

R E S U L T S  

Biot i te  Kaol in iza t ion  

In fresh rock,  the biot i te  had  a dark  b r o w n  color  and  
shiny appearance .  Biot i te  grains  were  complex ly  in- 
te r locked wi th  each  other, fo rming  an aggrega te  in  the  
grain b o u n d a r y  or microf rac ture  (Figure 2A).  Biot i te  
cons i s ted  of  several  flakes separa ted  by  basa l  c leav-  

~.v v / ~a (A) ',45 j. 9V.a (B) 

- , - - ,  A V.o 

I I I 2 lb 20 3'0 2 2b 3'0 
2e 2e 

Figure 3. X-ray diffraction patterns of kaolinizing biotite in very slightly weathered friable rock (A) and in moderately 
weathered friable rock (plagioclase 46%) (B). Oriented mounts. Key: BV = biotite-vermiculite mixed layer; V = vermiculite; 
K = kaolinite; C = chlorite; Q = quartz; P = plagioclase, A = amphibole. 
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Figure 4. XRD pattern of kaolinized biotite in kaolin. Ran- 
dom mounts. Key: H = halloysite. 

ages. Each flake was straight, without fanning at the 
edges. In very slightly weathered friable rock (plagio- 
clase 95%) where plagioclase remains intact, biotite 
grains were altered to a yellowish brown color. Weath- 
ered biotite grains were still interlocked (Figure 2B) 
but consisted mostly of biotite-vermiculite mixed-lay- 
er mineral (B-V) and vermiculite with minor amounts 
of kaolinite (Figure 3A). The K20 content of the 
weathered grains decreased to 1-2 wt%, whereas 
Fe203 and MgO contents were still high, implying a 
microscale mixture of B-V and vermiculite (analysis 
No. 21, 22 in Table 2). In moderately weathered friable 
rock (plagioclase 46%), weathered biotite grains were 
highly expanded along the c-axis (Figure 2C) and con- 
sisted mostly of vermiculite and kaolinite with minor 
amounts of B-V (Figure 3B). The d-values of (001) 
peak of kaolinite at 7.4 .~ indicated a small layer num- 
ber along the c-axis (about 6 to 7 layers) (Brindley 
1980). The weathered biotite grains were separated 
into several flakes by long lenticular voids (Figure 
2D). Each flake was again cleaved into more thin 
flakes and fanned out toward the edges, producing 
small lenticular voids. EPMA analyses showed that 
fanned edges were essentially kaolinite (analysis No. 
26, 27, 28 in Table 2), whereas unfanned interiors 
were predominantly a mixture of B-V, vermiculite and 
kaolinite (analysis No. 23, 24, 25 in Table 2). In kaolin 
(plagioclase 11%) where plagioclase remains as iso- 
lated skeletal grains, fanning was completed to form 
long vermicular kaolinite pseudomorphs after biotite, 
with disappearance of lenticular voids (Figure 2E and 
2F). They had high Fe203 and MgO contents (Table 
2) and were loosely clustered in the places that were 
originally occupied by tightly interlocked fresh biotite 
(Figure 2E). The XRD pattern showed that the weath- 
ered biotite grains consisted mostly of kaolinite (Fig- 
ure 4). Figure 21= also shows random aggregates of 
relatively small vermicular kaolinites directly formed 
from the solution without regard to biotite. These 
small vermicular kaolinites were characterized by a 
nearly ideal chemical composition (Jeong and Kim 
1992). Aspect ratios of vermicular kaolinite pseudo- 
morphs and fresh biotite were obtained by dividing the 

>4C 
~O 
e- 
@ 
- j  

r  
G) 
~2c 
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Median =0.27 

0.2 0.4 0.6 0.8 
Aspect ratio 
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@ 
-1 ~2o 

1 2 3 4 5 
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Figure 5. Diagrams showing the frequency distribution of 
aspect ratio of fresh biotite A) and vermicular kaolinite pseu- 
domorph after biotite B). 

grain length measured along the c-axis by the grain 
width along the basal plane in SEM photographs. The 
frequency distribution of aspect ratios is given in Fig- 
ure 5. The median for fresh biotite was 0.27 and for 
vermicular kaolinites, 2.50. Since the grain widths 
were not changed during kaolinization, grain volume 
increased about 9 times after completion of kaolini- 
zation. 

Sericite Kaolinization 

Sericites were very finely dispersed in the anortho- 
site, so that they were very difficult to find under the 
optical microscope. But SEM photographs showed that 
thin flakes of sericite about 1-2 ~m thick filled the 
microfractures (Figure 6A). Their basal planes were 
parallel to fracture surfaces. The fresh flakes were too 
thin to be analyzed by EPMA, but EDS analysis sup- 
ported that they were dioctahedral mica consisting 
mostly of A1, Si and K. In slightly weathered friable 
rock (plagioclase 95%), most of the flakes were highly 
expanded into vermicular grains (about 20 tLm) at- 
tached to each other in parallel (Figure 6B). Although 
the original fresh flakes were nearly invisible, the long 
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Table 2. Selected E P M A  data of  fresh and weathered biotite. 

Clays and Clay Minerals 

Fresh rock Friable rock 
Sample no. 11 21 22 23 24 25 26 27 28 

SiO 2 37.17 37.79 40.24 36.65 42.63 40.68 45.74 43.04 44.72 
A1203 15.90 20.14 23.06 22.39 26.19 23.44 33.05 30.73 34.42 
Fe203 18.48 12.47 12.62 15.40 10.50 11.30 3.61 5.35 3.35 
M g O  13.46 5.71 4.49 5.08 4.35 5.37 0.72 2.14 1.50 
TiO2 0.73 1.71 1.25 1.56 1.21 0.81 0.03 1.18 0.22 
M n O  0.02 0.06 0.11 0.07 0.53 0.06 0.00 0.00 0.00 
K20 8.68 2.16 1.30 1.05 1.72 0.92 0.94 0.26 0.31 
Na20 0.17 0.14 0.17 0.13 0.52 0.37 0.20 0.23 0.15 
CaO 0.09 0.85 0.93 0.95 0.46 0.81 0.32 0.20 0.13 

Total 94.70 81.03 84.17 83.28 88.11 83.76 84.61 83.13 84.80 

Figure 6. Scanning electron micrographs showing the kaolinizing sericite. A) Thin flakes of  sericite (Ser) filling the mi- 
crofractures of  plagioclase (P1) in fresh anorthosite. B) The long vermicular  grains of  kaolinizing sericites (K3) in the slightly 
weathered friable rock (plagioclase 95%). C) The vermicular  grains of  kaolinizing sericites (K3) separated f rom dissolving 
plagioctase (PI) in moderately weathered friable rock (plagioclase 46%). D) The vermicular  grains of  kaolinizing sericites 
(K3) in kaolin (plagioclase 11%) forming a part of  the clay wall with halloysite aggregate (H). Black = voids. Numbers  
beside open circle in B), C) and D) indicate the points analyzed by E P M A  in Table 3. 
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Table 2. Extended. 

515 

Kaolin 

31 32 33 34 35 36 37 38 39 

44.65 43.74 44.46 44.13 43.54 44.73 45.75 42.72 44.98 
34.80 34.84 34.58 38.28 38.78 35.78 37.58 35.84 39.24 

3.42 3.24 4.15 1.34 0.52 2.62 2.06 5.90 1.40 
0.84 0.95 0.99 0.28 0.25 0.95 0.36 0.61 0.16 
0.17 0.18 0.01 0.03 0.05 0.05 0.02 0.12 0.02 
0.04 0.06 0.08 0.03 0.03 0.00 0.04 0.00 0.00 
0.10 0.13 0.05 0.07 0.10 0.09 0.10 0.04 0.07 
0.11 0.10 0.10 0.09 0.09 0.08 0.08 0.04 0.12 
0.11 0.10 0.11 0.03 0.05 0.19 0.10 0.10 0.02 

84.24 83.24 84.53 84.28 83.41 84.49 86.09 85.37 86.01 

ve rmicu la r  grains  were  easi ly o b s e r v e d  unde r  the op- 
t ical microscope .  In modera te ly  wea the red  f r iable  rock  
(plagioclase  46%) ,  the ve rmicu la r  grains  were  sepa- 
ra ted f rom d isso lv ing  p lag ioc lase  (Figure 6C), and  in 
h igh ly  wea the red  kaol in  (p lagioclase  11%), they be- 
came  a par t  o f  the c lay wal l  (Figure  6D). E P M A  anal-  
ysis  conf i rmed  that  the ve rmicu la r  grains  were  a mix-  
ture o f  d ioc tahedra l  mica  and  kaol in i te  (Table 3). X R D  
analys is  of  the  < 0 . 5  wm size f rac t ion  of  kaol in  
showed,  a 1Md dioc tahedra l  m i c a - s m e c t i t e  mixed  lay- 
er  mine ra l  wi th  a d iscre te  mica.  C o m p u t e r  s imula t ion  
for  the mixed- l aye r  mine ra l  us ing  the N E W M O D � 9  
p rog ram (Reynolds  1985) s h o w e d  that  84% mica  lay- 
ers were  interstrat i f ied wi th  16% smect i te  layers in a 
l ong- range  R3 order ing  pat tern  (Figure  7). The  struc- 
tural  fo rmula  of  the serici te  concen t ra te  ana lyzed  by  
induc t ive ly  coupled  p l a sma  spec t romet ry  is (KI.38Na0.12 
Cao.08) i .s8(A13.62Fem0.10Mg0.26Ti002)4(Si6.ssA1142)8020(OH)4. 

C l inoch lore  Kaol in iza t ion  

The  green  color  of  c l inoch lore  in f resh anor thos i te  
changed  to ye l lowish  green  in par t ia l ly  wea the red  an- 
or thos i te  (p lagioclase  46%).  C l inoch lore  grains  were  
part ial ly kao l in ized  a long  layers  wi th  s l ight  exfol ia t ion  

(Figure 8A). No tab le  kao l in iza t ion  and  exfo l ia t ion  
were  o b s e r v e d  in the h igh ly  wea the red  kaol in  (plagio-  
clase 11%) (Figure  8B). C l inoch lore  gra ins  were  great-  
ly exfol ia ted  into several  flakes, p roduc ing  a large vol-  
u m e  of  in ternal  voids.  Each  flake was subsequen t ly  
c leaved  into th in  flakes in an anas tomos i s  pat tern,  
wh ich  were  gradual ly  f anned  out  at the  edges.  The  
edges  cons i s ted  mos t ly  of  A1 and  Si, imp ly ing  kao l in  
(No. 28, 29, 30 in Table  4), wh i l e  the in ter iors  con-  
ta ined A1, Si, Fe  and  Mg,  imp ly ing  c l inoch lore  (No. 
21, 22, 23, 24 in Table 4). The  wea the red  gra ins  in  
par t ia l ly  wea the red  anor thos i te  (p lagioclase  4 6 % )  con-  
sisted of  c l inochlore ,  ch lo r i t e -ve rmicu l i t e  mixed- l aye r  
mine ra l  ( C - V )  and  kaol in i te  (Figure 9). In addi t ion,  a 
f o r m a m i d e  in terca la t ion  expe r imen t  ( C h u r c h m a n  et al. 
1984) indica ted  the  p resence  of  ha l loys i te  as a wea th-  
e r ing  product .  

Muscov i t e  Kaol in iza t ion  
Muscov i t e  was  ra ther  res is tant  to wea ther ing ,  so 

s lowly  wea the red  that  i t  was  a l tered on ly  in the  h igh ly  
wea thered  kaol in  (p lagioclase  11%) (Figure  10). The  
m a n n e r  of  f ann ing  was ve ry  s imi lar  to tha t  o f  bioti te.  
Kaol in iza t ion  s tar ted f rom the edges  and  advanced  to- 
ward  the interior. Large  lent icular  voids  were  fo rmed  

Table 3. Selected EPMA data of weathered sericite 

Sam- Friable rock Kaolin 
pie 
no. 21 22 23 24 25 26 27 28 29 31 32 33 34 35 36 

SiO 2 47.61 49.74 46.53 46.37 45.48 45.00 45.77 45.99 46.55 43.49 46.64 45.44 46.62 44.72 43.16 
A1203 37.21 37.67 35.72 38.47 35.94 36.87 37.53 37.94 38.33 37.86 37.18 37.73 38.31 38.84 36.46 
Fe203 0.54 0.49 0.57 0.50 1.11 0.53 0.42 0.52 0.60 1.07 0.60 0.44 0.14 0.03 0.19 
MgO 0.52 0.21 0.31 0.09 0.20 0.07 0.09 0.08 0.23 0.29 0.28 0.04 0.09 0.03 0.04 
TiOz 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.04 0.00 0.00 0.00 0.02 0.00 
MnO 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.86 
K20 7.84 5.81 5.10 3.95 3.53 2.62 1.04 1.60 1.37 1.27 1.28 0.74 0.80 0.49 0.43 
NazO 0.10 0.19 0.42 1.33 0.10 0.14 0.10 0.14 0.06 0.07 0.09 0.15 0.10 0.10 0.07 
CaO 0.16 0.46 0.23 0.18 0.20 0.17 0.11 0.15 0.17 0.06 0.10 0.21 0.08 0.08 0.04 
Total 93.96 94.57 88.94 90.89 86.55 85.40 85.08 86.44 87.31 84.18 86.17 84.75 86.14 83.81 81.25 
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Figure 7. XRD patterns of sericite concentrate in kaolin. A) 
Random mount. The d-values over the peaks indicate diag- 
nostic diffraction lines of 1Md dioctahedral mica. B) Oriented 
mount treated with ethylene glycol at 60 ~ for 48 h. 

between the exfoliated flakes, and the degree of vol- 
ume increase was similar to that of  biotite. The fanned 
edges were kaolin (analysis No. 28, 29 in Table 5), 
whereas the unfanned interiors were muscovite (anal- 
ysis No. 21, 22 in Table 5). XRD analysis of hand- 
picked weathered grains, using a Debye Scherrer cam- 
era, detected muscovite and kaolinite with a small 
amount of vermiculite or smectite. 

DISCUSSION 

Diverse parent minerals were found to have altered 
into long vermicular kaolinite pseudomorphs simulta- 

neously with a large increase in volume. B-V, C-V, 
vermiculite and smectite were formed as intermediate 
phases during kaolinization, but subsequently altered 
into kaolinite. Biotite and sericite were highly vulner- 
able to weathering, whereas clinochlore and muscovite 
were rather resistant. The mechanism and implications 
of  kaolinization of primary phyllosilicates are dis- 
cussed below. 

Formation Mechanism of Vermicular Kaolinite 
Pseudomorphs 

EPITACTIC REPLACEMENT. The destruction and reorga- 
nization of  structure through a solution phase have 
been suggested by previous TEM studies for the ka- 
olinization of biotite (Ahn and Peacor 1987; Banfield 
and Eggleton 1988) and of muscovite (Banfield and 
Eggleton 1990; Jiang and Peacor 1991; Singh and Gil- 
kes 1991). Thus, dissolved elements from ambient 
weathering solutions can freely participate in the for- 
mation of kaolinite. Topotactic replacement only can- 
not give a large volume increase, so the dominance of  
epitactic replacement is implied to explain the intense 
fanning-out and resulting volume increase during al- 
teration. Cell dimensions in the a-b plane of primary 
phyllosilicates match those of  kaolinite to within 4% 
(Bailey 1980), so that the surface of  weathering pri- 
mary phyllosilicates, exposed in the finely cleaved 
spaces, might serve as a good template for the growth 
of kaolinite. The substrates of phyllosilicates facilitate 
the nucleation and growth of  kaolinite by lowering ac- 
tivation energy, and epitactic overgrowth of kaolinite 
on the phyllosilicates has often been reported in the 
literature. Banfield and Eggleton (1988, 1990) sug- 
gested that kaolinite had crystallized epitactically onto 
biotite. Pevear and Nagy (1993) observed that kaolin- 
ite nucleates on the basal surfaces of  muscovite and 

Figure 8. Scanning electron micrographs showing the kaolinizing clinochlore. A) Kaolinizing clinochlore in partially weath- 
ered anorthosite. Key: K = kaolin; C = clinochlore. B) Greatly exfoliated grains of clinochlore. Note the great fanning-out 
(arrows 1) and exfoliation of clinochlore with abundant large (arrows 2) and small (arrow 3) lenticular voids. Black = voids. 
Numbers with open circle in B) indicate the points analyzed by EPMA in Table 4. 
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Table 4. Selected EPMA data of weathered clinochlore in kaolin. 
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Fresh rock Kaolin 
Sample 

no. 11 21 22 23 24 25 26 27 28 29 30 

SiO1 26.31 23.45 25.45 26.58 28.48 39.30 42.87 41.70 43.66 44.08 43.84 
A1203 20.86 22.45 20.93 20.34 22.32 30.55 35.74 33.90 33.78 36.44 34.90 
Fe203 24.50 22.93 21.33 20.41 18.06 6.93 7.58 5.60 3.42 1.62 2.59 
MgO 16.52 14.27 15.96 15.18 13.92 3.79 1.03 2.17 0.77 0.34 0.18 
TiO z 0.01 0.08 0.11 0.08 0.09 0.02 0.03 0.00 0.18 0.27 0.06 
MnO 0.22 0.23 0.29 0.18 0.25 0.00 0.00 0.00 0.01 0.00 0.00 
K20 0.02 0.00 0.00 0.00 0.06 0.05 0.04 0.00 0.61 0.58 0.86 
Na20 0.01 0.00 0.00 0.02 0.03 0.11 0.09 0.06 0.23 0.16 0.15 
CaO 0.00 0.02 0.07 0.29 0.36 0.30 0.04 0.19 0.61 0.14 0.17 
Total 88.50 83.43 84.14 83.08 83.57 81.05 87.42 83.61 83.27 83.63 82.75 

biot i te  in  a d iagenet ic  env i r onm en t ,  and  also s imula ted  
kaol in i te  ove rg rowth  on  muscov i t e  in  the labora tory ;  
they conc luded  that  muscov i t e  and  il l i te act as nucle-  
a t ion sites for  kaol in i te  precipi ta t ion.  Samoto in  and  
Chek in  (1993)  o b s e r v e d  the  spiral  g rowth  of  kaol in i te  
on  mica  and  chlor i te  subs t ra tes  in wea the red  granite.  

A1 IMPORT. A s s u m i n g  AI conserva t ion ,  the  gra in  vol-  
u m e  o f  p r ima ry  phyl los i l ica tes  shou ld  be  reduced  af ter  
kaol in izat ion.  Therefore ,  the  large vo lume  change  dur- 
ing the kao l in iza t ion  o f  p r i m a r y  phyl los i l ica tes  indi-  
ca ted  the  mass  impor t  of  AI and  Si f rom the externa l  
wea the r ing  solut ion into kao l in iz ing  p r i m a r y  phyl losi l -  
icates. So lub le  calcic  p lagioclase ,  abundan t  in  anor tho-  
site, wou ld  supply  suff icient  A1 and  Si to precipi ta te  
th ick  kaol in i te  packe ts  be t w een  the finely c l eaved  
flakes, and  A1 could  also be  t ranspor ted  as a d i sso lved  
species  to g rowing  sites wi th in  the wea the r ing  grains.  
A l t h o u g h  AI is k n o w n  to be  the  least  mobi l e  e l emen t  
in  the genera l  wea the r ing  env i ronmen t ,  the t ransfer  of  
A1 on a mic roscop ic  scale has  b e e n  sugges ted  by  tex- 
tural  s tudies o f  wea the red  rocks  (Velbel  1989; Banf ie ld  
et  al. 1990; N a h o n  1991). 

FANNING-OUT. The  kao l in iza t ion  f ront  p ropaga ted  f rom 
the  edges  toward  the in ter ior  o f  each  grain,  whi le  con-  

t inued  precipi ta t ion  o f  kaol in i te  at the edges  p roduced  
the  character is t ic  f anned -ou t  textures.  Grea t  f ann ing  
f rom the edges  exer ted  a tens ional  force  on  the  interior,  
so it separa ted  a long the  basal  c leavages  into m a n y  
flakes, fo rming  long  lent icular  voids.  C o n t i n u e d  ka-  
o l in iza t ion  toward  the  inter ior  even tua l ly  e x p a n d e d  the  
whole  of  each  flake, so great ly  inc reas ing  the  v o l u m e  
o f  wea ther ing  p r imary  phyl losi l icates .  The  len t icu lar  
voids  are t rans ien t  s t ructures  appear ing  dur ing  the  
wea the r ing  o f  p r imary  phyl los i l ica tes  into  ve rmicu la r  
kaol ini te ,  and  eventua l ly  d i sappear  wi th  comple t i on  of  
kaol in izat ion.  The  schemat ic  d i ag ram in F igure  11 
shows  the genera l  p rocess  of  fo rma t ion  of  long ver- 
micu la r  kaol in i te  p s e u d o m o r p h s  f rom p r imary  phyl-  
losi l icates.  

Volumet r ic  and  Mine ra log ica l  Cont r ibu t ions  

Wea the r ing  o f  p r imary  phyl los i l ica tes ,  even  whe re  
ini t ial  con ten t  is small ,  cont r ibu tes  great ly  to the  for- 
ma t ion  o f  ve rmicu la r  kaol in i te  in  a wea the r ing  envi -  
ronment .  This  can  be  exempl i f ied  by  the  wea the r ing  
of  anor thos i te  con ta in ing  1 vo l% of  biot i te  in  the  stud- 
ied wea the r ing  profile. Poros i ty  of  the  kaol in  was  52 
vol%.  A s s u m i n g  i sovolumet r ic  weather ing ,  the 9-fold 
vo lume  increase  o f  wea the red  biot i te  m e a n s  that  even  

Table 5. Selected EPMA data of weathered muscovite in kaolin. 

Fresh rock Kaolin 
Sample 

no. 11 21 22 23 24 25 26 27 28 29 

SiO2 45.95 44.54 43.45 41.28 44.13 47.78 42.25 46.50 44.77 45.06 
A1203 31.25 31.79 31.71 28.48 34.40 35.12 35.62 35.89 34.63 36.79 
FezO3 3.54 2.81 2.24 2.31 1.61 0.90 1.12 0.88 0.90 1.63 
MgO 1.43 1.21 0.94 1.34 1.29 0.53 0.07 0.43 0.15 0.10 
TiO2 0.04 0.28 0.23 0.41 0.30 0.02 0.02 0.03 0.00 0.03 
MnO 0.00 0.00 0.05 0.00 0.37 0.00 0.00 0.00 0.00 0.00 
K20 9.77 10.93 7.20 4.26 4.61 4.33 3.50 3.09 0.57 0.13 
NazO 0.19 0.33 0.23 0.65 0.17 0.24 0.48 0.18 0.15 0.07 
CaO 0.00 0.00 0.07 0.12 0.16 0.19 0.10 0.11 0.09 0.16 
Total 92.25 91.95 86.07 78.85 87.04 89.11 83.16 87.11 81.26 83.97 
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1 2 3 4 

Figure 10. Scanning electron micrograph showing the ka- 
olinizing muscovite in kaolin. Note the great fanning-out (ar- 
rows 1) and exfoliation of muscovite grains with abundant 
large (arrow 2) and small (arrow 3) lenticular voids. Black = 
voids. Numbers beside open circle indicate the points ana- 
lyzed by EPMA in Table 5. 

1 vo l% of  biotite in anorthosite contributes 17 vo l% 
of  the solid part of  weathered anorthosite as a vermic-  
ular kaolinite. Since the total kaolinite content  of  the 
kaolin was 53 wt% (Table 1), about 31 wt% of  ka- 
olinite content  was est imated to be formed by bioti te 
weathering. Whi le  true vo lume  may be reduced slight- 
ly by the invisible micropores  in vermicular  kaolinite, 
a 9-fold increase in vo lume is highly significant. The  
major  role of  pr imary phyllosi l icates in the weathering 
process was to al low the thick epitactic overgrowth o f  
kaolinite to form expanded vermicular  grains. It is no- 
table that the vo lume  change of  whole  rock was very  
small  despite the large vo lume  increase of  the weath- 
ering pr imary phyllosilicates.  The increased vo lume 
must be compensated  by voids produced by the dis- 
solution of  plagioclase which is the major  mineral  of  
the anorthosite. The significant volumetr ic  and min-  
eralogical  contributions of  pr imary phyllosil icates to 
the kaolinizat ion are supported by the statistical anal- 
ysis of  the chemist ry  of  clays by Weaver  and Pollard 
(1973) in which vermicular  kaolinite books in Georgia  
hard kaolin are posi t ively correlated with mica con- 
tent. Vermicular  grains are the c o m m o n  habit o f  ka- 
olinite in weathering and diagenetic environments ,  but 
their diverse origins have  not been clarified in previous 
studies (Keller  1977; Murray 1988). Many  of  the ver- 
micular  kaolinites described f rom low-temperature  
geological  environments  are probably the expanded 
pseudomorphs  after pr imary phyllosil icates that have 

5 6 

Figure 11. A schematic diagram showing the general pro- 
cess of formation of long vermicular kaolinite pseudomorphs. 
1. Fresh grain, 2. Partial transformation into expandable clays 
without notable volume changes, 3. Beginning of kaoliniza- 
tion from edges, 4. Great fanning-out from the edges resulting 
in lenticular voids, 5. Disappearance of the lenticular voids 
with propagation of fanning-out toward the interior of flakes, 
6. Final formation of long vermicular kaolinites. 

undergone fanning and exfoliation. High activity of  A1 
in the ambient  solution promotes  thick epitactic over- 
growth of  kaolinite on the templates of  pr imary phyl- 
losilicates. Minor  residual e lements  inherited f rom par- 
ent minerals may  indicate the origin o f  vermicular  ka- 
olinites: K f rom sericite and muscovite ,  Fe  and M g  
f rom chlorite and biotite. These e lements  exist as in- 
clusions of  parent minerals be tween kaolinite layers 
(Lee et al. 1975) or in the kaolinite structure (Jepson 
and Rouse  1975). 

C O N C L U S I O N  

Primary phyllosil icates were  altered into kaolinite 
through the short stage of  intermediate phases. Ka- 
olinization began at grain edges and propagated to- 
ward interiors. The large vo lume increase during ka- 
olinization indicated that a large amount  of  A1 was 
transferred f rom dissolving plagioclase into weather- 
ing pr imary phyllosilicates.  Thick epitactic growth o f  
kaolinite on the templates of  pr imary phyUosilicates 
forced the original grains to expand greatly, forming 
long vermiform kaolinite pseudomorphs  via  exfol ia-  
t ion and fanning-out.  The  pr imary phyllosi l icate con- 
tent of  anorthosite was very  low, so their e lemental  
contributions to the kaolinic weathering profiles could 
only be small. But as a template  facilitating the pre- 
cipitation of  kaolinite,  they made significant volumet-  
ric and mineralogical  contributions. 
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