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PERIODIC AND NONPERIODIC STACKING IN BIOTITE FROM THE 
BINGHAM CANYON PORPHYRY COPPER DEPOSIT, UTAH 

HUIFANG Xu* AND DAVID R. VEBLEN 

Department of Earth and Planetary Sciences, The Johns Hopkins University, Baltimore, Maryland 21218 

Abstract--Fine-grained biotite crystals within primary actinolite from a quartz monzonite body of the 
Bingham Canyon porphyry copper deposit, Utah, consist of 1M, 5M~, and 1M d polytype structures. 
HRTEM images directly show the stacking sequences of ordered biotite polytypes, stacking faults in 
ordered polytypes, and stacking sequences in disordered polytypes, if the stacking vectors for the 2:1 
layers involve only 0 ~ and + 120 ~ rotations. The most common type of stacking fault in the 1M biotite 
is a layer with - 120 ~ rotation, followed by a layer with + 120 ~ rotation, which corresponds to one unit 
cell of the 2M1 polytype inserted in the 1M structure. Disordered (or semi-random) biotite is composed 
primarily of thin domains of the 1M and 2M~ polytypes, with stacking faults. The structure of a new 
5-layer (5M~) polytype has been determined from SAED and HRTEM results. The stacking sequence of 
the polytype is [02022]. 

A model of structural oscillation among 1M, 2MI, and 3T structural states is proposed to interpret 
nonperiodic stacking sequences in biotite crystals formed during non-equilibrium crystallization. The 
model also provides qualitative insights into the structure of complex long-period polytypes and may 
help to explain intergrowths of ordered and disordered polytypes that form during crystallization far from 
the equilibrium state. 
Key Words--5-Layer mica polytypes, Biotite, Transmission electron microscopy, Structural oscillation. 

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

Polytypism in the biotite mica is a well-known phe- 
nomenon (e.g., Bailey 1988, Baronnet 1992, Ross et a l  
1966, Smith and Yoder 1956), and multiple-polytype 
assemblages can form in a wide range of geological 
settings. Because the pseudohexagonal 2:1 layers in 
Mg-Fe trioctahedral micas are ditrigonally distorted, 
virtually all observed stacking sequences involve layer 
rotations of 0* and + 120* (Ross et al 1966). Therefore, 
it is possible to determine the stacking sequences di- 
rectly from high-resolution transmission electron mi- 
croscopy (HRTEM) images (Iijima and Buseck 1978) 
and to derive the polytype structures for biotite with 
an ordered stacking sequence. Assuming that the mica 
polytypes involve only 0* and + 120 ~ rotations, poly- 
type-sensitive diffraction information appears in h k l  
(k ~ 3n) diffraction rows (Ross et a l  1966). 

It is also common to find biotite crystals with syn- 
tactic coalescence of several ordered polytypes and dis- 
ordered polytypes. Different polytypes (ordered and 
disordered) in a single crystal with syntactic texture 
may show compositional differences (Baronnet and 
Kang 1989), or they may show no compositional dif- 
ference (Takeda and Ross 1975). The detailed X-ray 
diffraction study of Takeda and Ross (1975) further 
shows that coexisting 1M and 2M1 biotite crystals 
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formed under the same conditions and with the same 
composition can exhibit subtle differences in the struc- 
tures of their 2:1 layers. 

Although both equilibrium and kinetic theories (most 
related to screw dislocations and spiral growth) can be 
used to interpret ordered polytypes with both short and 
long periods (Baronnet 1992), as well as the intergrowth 
of different polytypes (Vand and Hanoka 1967), there 
is no quantitative theory to explain the details of dis- 
ordered (or nonperiodic) stacking sequences and some 
types ofintergrowth that are observed between ordered 
and disordered polytype domains that formed in micas 
during crystal growth. In this paper, we apply HRTEM 
and selected-area electron diffraction (SAED) to iden- 
tify ordered polytypes (e.g., a 5-layer polytype), stack- 
ing faults within ordered polytypes, and the stacking 
sequences and intergrowth of different polytype do- 
mains in semi-random polytypes. A crystallization 
mechanism is also proposed for disordered polytypes 
and the intergrowth of different polytype domains 
formed during crystallization far from equilibrium state. 
This mechanism may provide a heuristic basis for un- 
derstanding the formation of some disordered mica 
polytypes and intergrowths. 

HRTEM SIMULATIONS 

Simulated HRTEM images and electron diffraction 
patterns were calculated using a demonstration version 
of the MACTEMPAS computer program kindly pro- 
vicled by Dr. M. A. O'Keefe. The input structure was 
based on the 1M phlogopite structure refinement from 
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Figure 1. Electron potential of 1M biotite projected onto the 
[110]*-c* plane. The white dots correspond to K, O, (A1,Si), 
and (Mg, Fe) atoms, respectively. 

Hazen and Burnham (1973), and the biotite structural 
formula for the simulations was based on analytical 
electron microscopy (AEM) analyses of 1M biotite from 
our specimen (Table 1). The interlayer position was 
assumed to be filled by K atoms. A1 was assumed to 
be randomly distributed in the tetrahedral sites, and 
Fe and Mg was assumed to be randomly in the octa- 
hedral sites (Mr and M2), in ratio of 1:2. 

Optical parameters for a Philips 420ST transmission 
electron microscope were used (spherical aberration 
coefficient C, = 1.2 mm; accelerating voltage = 120 
keV, etc.). Different specimen thicknesses (ranging from 
4 to 20 unit  cells parallel to the I l l0 ]  direction, i.e., 
from approximately 20/~ to 100 ,~) and defocus values 
(ranging from - 2 5 0 / ~  to - 1500/~) were used. Figure 
1 shows electron potential of the model biotite pro- 

jected onto the [110]*-c* plane. The white spots cor- 
respond to the projected atomic positions of the struc- 
ture. 

Figure 2 illustrates calculated HRTEM images of the 
1M biotite at different thicknesses and defocus con- 
ditions. It can be seen that the calculated HRTEM 
images are sensitive to defocus, but not so sensitive to 
the calculated range of specimen thickness. This result 

Figure 2. Calculated HRTEM images of 1M biotite with 
different thicknesses and at different defocus conditions. 

is in agreement with those for a 1M phlogopite struc- 
ture calculated by Amouric et al (1981). The calculated 
HRTEM images at defocus values of - 7 5 0  /~ and 
- 1500 A are very similar. Bright areas in the calculated 
HRTEM images at these defocus values correspond to 
areas of low electron density, especially for the inter- 
layer regions. Because the 2:1 layer (i.e., the funda- 
mental TOT layer unit  that is stacked to form poly- 
types) for polytypes are almost identical in structure 
and chemical composition (Verma and Krishna 1966, 
Bailey et a! 1977), and due to the pseudohexagonal 
symmetry of mica layers, stacking faults in ordered 
mica polytypes can be identified easily based on rela- 
tive shifts of the neighboring unit  layers on HRTEM 
images. It is also possible to identify complex multiple- 
layer mica polytypes involving 0 ~ and + 120 ~ rotations 
from images obtained in certain orientations, based on 
the relative shifts of neighboring 2:1 layers with respect 
to a reference layer (Iijima and Buseck 1978, Baronnet 
and Kang 1989, Baronnet 1992). 

Figure 3 illustrates a calculated electron diffraction 
pattern from a perfectly oriented biotite crystal with 
uniform 100/~ thickness. It can be seen that the in- 
tensities of some hkl diffractions are not equal to the 
corresponding intensities of hkl diffractions, for ex- 

Table 1. Structural formulae of IM, l id,  5Ml biotite crystals. 

structural formula 

1M biotite 
1M biotite 
1M biotite 
1M biotite 
5Mr biotite 
5Mr biotite 
5M~ biotite 
1Md biotite 
1Md biotite 

(K0.79 ,Nao.02,Cao.os)o.sg(Mgl.63 ,Fe Lo2,Alo.os ,Mno.o, ,Tio.,4)2.as [(Si2.92,AlLog)4Olo](OH)2 
(Ko.,, ,Nao.,6,Cao.o,)Los(MgL73,Fe Loo,Mno.o, ,Tio.,o)2.s4[(Si2.s4,A! L,2,Tio.04)aO,o](OH)2 
(K0.85 ,Nao.20,Cao.o,), .09(Mg, .s2,Feo.9, ,Mno.o, ,TioA l )2.89[(Si2.ss ,AI,.H ,Ti0.04)40 ,o](OH)2 
(Ko.,, ,Nao.16,Cao.02)o.99(MgLTa,Feo.99,Mno.o,,Tio.16)2.89 [(Si2.**,Al H a,Tio.03)40,o](OH)2 
(Ko.ao,Cao.02)o.a2(MgLa6,Feo.9,,Tio., s)2.9~ [(Si ..... Al L 12,Tio.04)aO,o](OH)2 
(Ko.72,Cao.02)o.72(MgLso,Feo.92,Tio.22)2.94[(Si2.88, Al ..... Tio.o,)40,o](OH)2 
(Ko.Tt ,Nao.o,)Cao.ot)o.va(Mgt.s, ,Feo.s9,Tio.21)2.9,[(Si ..... All A 2,Tio.o,)40,o](OH)2 
(Ko.69,Nao.2a,Cao.ov)o.99(Mg ..... Feo.Ta,Tio.oa,Alo.02,Mno.o,)2.s5 [(Si3.0, ,A10.99)40 ,o](OH)2 
(Ko.69,Nao., s,Cao.oa)o.90(Mg2.30,Feo.76,Mno.o 02.9*[(Sia.oa)Alo.93)3.960,o](OH)2 
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ample, 002 and 002; 115 and 1--15; and 2271 and 224. 
Thus, Friedel 's  law is violated, due to complex dynam- 
ical interactions between the crystal and the electron 
beam. This underscores the fact that  it  is dangerous to 
infer the presence or  absence of  a center of  symmetry,  
or to derive atomic coordinates, based on electron- 
diffraction intensity information (Gjonnes and Moodie  
1965, Veblen 1985). For  instance, the space group Cm 
might be wrongly assumed for a mica, based simply 
on unequal intensities of  hkl and hkl diffraction spots. 
The present example shows that unequal intensities 
can alternatively arise for the centrosymmetric  C2/m 
structure from dynamical  diffraction effects. Sugges- 
tions that dioctahedral  mica and mica-like minerals  
(sericite, illite, and smectite) are noncentrosymmetric  
based on electron diffraction intensities probably are 
not warranted due to the inherent poor quality o f  elec- 
tron diffraction intensity data and the effects of  dy- 
namical diffraction illustrated by these calculations 
(Veblen 1981). 

P E T R O G R A P H Y  O F  THE SPECIMEN A N D  
EXPERIMENTAL METHODS 

The green biotite used in this study occurs as very 
fine platelets within actinolite crystals in a quartz mon-  
zonite specimen from the Bingham Canyon porphyry 
copper deposit, Utah  (sample 659-3 of  Bowman et al 
1987). The actinolite crystals are weakly altered and 
occur either as r ims around augite crystals or as isolated 
crystals, which were considered as a pr imary phase 
crystallized from magma (Bowman et al 1987). The 
quartz monzonite  is genetically related to the Bingham 
Canyon porphyry ore deposit  and shows hydrothermal  
alteration zones (potassic, propylitic, and argillic al- 
terations) (Bowman et al 1987). The specimen is from 
the propylit ic zone not  far from the potassic alteration 
zone. Biotite and K-feldspar also occur as phenocrysts 
in the monzonite.  The main alteration minerals are 
uralitic actinolite (i.e., replacing pyroxene), chlorite that 
commonly  replaces the uralitic actinolite, epidote, 
quartz, calcite, and smectite that mainly replaces pri- 
mary  augite. Very weak argillic alteration also occurs 
in feldspars, and the smectite in augite also formed 
during late-stage argillic alteration. Isolated actinolite 
crystal was relatively stable during the propylit ic and 
argillic stages of  alteration, although there was minor  
alteration to smectite. Argillic alterations from feldspar 
to ill i te/smectite assemblage, and from augite and 
actinolite to smectite will be discussed in a separate 
paper. The fine bioti te crystals have (001) almost  par- 
allel to (100) of  the actinolite. 

Actinolite crystals with bioti te inclusions were se- 
lected for TEM investigation from petrographic thin 
sections so that their c-axes were nearly normal  to the 
specimen surface. They were thinned by ion milling 
and coated with C. Because of  the topotaxic relation- 

t .ti >, ~l i 
. l l t ~  l i  ! i I :t ~ 

/ t * ' i  l l " i  i l )  0 i l i  

I I i  I t  i ill I I i  * 

, [t~0] -- Ti~ss = 100A 

Figure 3. A calculated [1 |0] zone-axis electron diffraction 
pattern of IM biotite in perfect orientation and with uniform 
100-/~ thickness. Intensities of the reflection pairs 002 and 
002; 113 and l--T5; and 22Zl and 2--24 are not equal, due to 
complex dynamical interactions between the crystal and elec- 
tron beam. 

ship between the phyllosilicates and actinolite, these 
sections are also approximately normal  to (001) of  the 
included fine bioti te and smectite. All  t ransmission 
electron microscopy (TEM) and analytical electron mi-  
croscopy (AEM) investigations were carded  out with 
a Philips 420ST electron microscope equipped with an 
energy-dispersive X-ray detector and a Princeton 
Gamma-Tech analyzer as described by Veblen and Bish 
(1988) and Livi  and Veblen (1987). Fe was assumed 
to be ferrous in reduction of  all AEM analyses. 

TEM RESULTS 

1M biotite 

Figure 4 shows [010] and [ 1 TO] zone-axis SAED pat- 
terns o fa  1M biotite crystal within a pr imary actinolite. 
The SAED patterns were obtained from same area with 
different orientations. Structural formulae of  the 1M 
biotite are listed in Table 1. Dynamical  interaction 
between the crystal and the electron beam is quite ob- 
vious. For  instance, the intensities of  001 and 002 re- 
flections are similar (Figure 4) because o f  dynamical  
diffraction, even though structural factor of  002 re- 
flection is much weaker than that of  001 reflection 
(Hazen and Burnham 1973). All  diffraction spots are 
sharp, but there is very weak streaking in the 11 l and 
22/diffraction rows along the c* direction (Figure 4b), 
probably caused by (001) stacking faults in the crystal. 
A HRTEM image corresponding to the [ l i0 ] -zone  
SAED pattern shows two areas with stacking faults 
(Figure 5). The image corresponds to the calculated 
HRTEM image at a defocus value of  -750/I~.  Under  
these conditions, the brightest white dots correspond 
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Figure 5. HRTEM image of 1M biotite showing two stacking 
faults. Each fault corresponds to insertion of one unit cell of 
the 2M~ polytype into the 1M structure. Some connected 
bright spots outlined by small blocks are probably caused by 
K-atom vacancies. 

Figure 4. (a) A [010] zone-axis SAED pattern from 1M bio- 
tite. (b) A [ 1 i0] zone-axis SAED pattern of the biotite showing 
very weak streaking in hkl (k § 3n) diffraction rows caused 
by stacking faults. 

to the interlayer tunnels separated by K atoms, based 
on the HRTEM simulation (Figures 1 and 2) Some 
connected bright spots in the interlayer positions may 
be caused by K-atom vacancies (Figure 5). There is 

not much difference in the image from thin (upper- 
fight corner) and relatively thick (lower-left corner) 
areas of the specimen. The 1M biotite domains that 
are separated by stacking faults keep the same orien- 
tation across the faults. The HRTEM image shows that 
each stacking fault corresponds to one unit  cell of  the 
2M~ polytype, i.e., a layer with - 120 ~ rotation followed 
by a layer with + 120* rotation. The image shifts be- 
tween neighboring layers are the same as those in stack- 
ing-vector diagrams for the 1M and 2M1 polytypes 
(Figure 6). The " R TW "  notation of Ross, Takeda, and 
Wones (1966) for mica polytypes and layer rotations 
is used to describe the rotations associated with the 
image shifts (Figure 5). 

5M1 biotite 

A 5-layer biotite structure also was observed within 
the primary actinolite. The spots characterizing the 
5-layer polytype in the 111 and 221 diffraction rows 
show a pronounced systematic variation of diffracted 
intensities: weak~trongostrongostrongostrong~eak. . .  
(Figure 7a). Indexing of the diffraction patterns in Fig- 
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a\ 
b \ 

hkO Okl hhl  hhl hOI 

A 

2M~ [22] 

hkO Okl hhl  h-hi hOI 

B 

Figure 6. Diagrams showing stacking vectors in the IM (A) 
and 2M~ (B) polytypes in different real-space sections. 

ure 7 is based on the 1M mica axial setting�9 There are 
no additional diffraction spots characteristic of the 
5-layer polytype in [010]-zone SEAD pattern (Figure 
7b). Strong intensity of 002 reflection is caused by dy- 
namical diffraction as that in 1M biotite. The intensity 
distribution in the 02 / and  04/diffraction rows is sim- 
ilar to that in the 11l and 22/rows, and the intensities 
in the 13l rows is similar to that in the 00/, 20l, 40/, 
and 06/ rows. Based on the observation that SAED 
patterns show additional diffraction spots only in hkl 
(k § 3n) rows, it can be inferred that this 5-layer biotite 
polytype involves only 0* and/or + 120" rotations of 
the 2:1 layers (Ross et al 1966). 

A dark-field image formed from the 110 diffraction 
spot and its nearby superstructure spots shows 50-/~ 
periodicity along the c* direction (Figure 8). An 
HRTEM image corresponding to calculated HRTEM 
images at a defocus value of - 7 5 0  A reveals the pro- 
jected relative shifts of neighboring unit  layers (Figure 
9a). The image shows the shift sequence . . .  
[ 0 , 0 , + , + , -  [ 0 , 0 , + , + , -  [ . . . .  which is periodic and 
repeats every five layers. Based on the relative shifts, 
the relative rotations of the biotite layers with respect 
to reference layer at 0 ~ are as follows: [0 ~ 0 ~ + 120", 
+ 120", - 120* (or + 240*) [. The rotation angles relative 
to the neighboring layers are 120", 0 ~ 120 ~ 00, 120 ~ 
� 9  and the corresponding stacking sequences repre- 
sented in RTW notation are [20202] or [02022]. Figure 
9b is a HRTEM image recorded at a defocus value of 
approximately - 1 2 5 0  A (Figure 2), showing the same 

Figure 7. (a) A [1 i0] zone-axis SAED pattern from the 5-layer 
biotite polytype, showing additional diffraction spots char- 
acteristic of the 5-layer periodicity in the 11l and 22l dif- 
fraction rows. (b) A [010] zone-axis SAED pattern of the 
5-layer biotite showing no additional diffraction spots. 

stacking sequence in the 5-layer biotite polytype, but  
with a stacking fault that results in one "uni t  cell" with 
only four unit  layers (labeled "4"). The stacking se- 
quences of the four layers are [0222], which is equiv- 
alent to a single unit  cell of 4M2 mica (Ross et al 1966) 
and corresponds to the stacking of one 1M unit  cell 
followed by one 3T unit  cell along the c-axis. Stacking 
vectors for the 5M1 and 3T mica polytypes are illus- 
trated in Figures 10a and 10b in several different ori- 
entations. Relative layer shift of the 5-layer biotite in 
the HRTEM images (Figure 9) is same as stacking vec- 
tors of the 5-layer mica projected on real section cor- 
responding to the plane containing hhl reciprocal spots 
(Figure 10). 

Possible unit-cell settings for the 5-layer biotite are 
illustrated in Figure 11, projected onto the a-c plane 
of 1M mica. A supercell based on the 1M mica axial 
setting, with ~ = 100" as measured from the SAED 
pattern in Figure 7a, is outlined with heavy lines. Al- 
ternatively, a supercell with/5 = 92* may be chosen so 
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TaMe 2. Periodic intensity distribution of 5 Mr (02022) mica. 

1 021 11l -111 20l 

0 1.00 1.00 1.00 1.00 
l 2.45 2.45 2.45 0.00 
2 2.45 2.45 2.45 0.00 
3 2.45 2.45 2.45 0.00 
4 2.45 2.45 2.45 0.00 
5 1.00 1.00 1.00 1.00 

Note: IM type axial setting with B = 100 ~ 

Figure 8. A dark-field image of the 5-layer biotite polytype, 
showing 5-nm periodicity along the c* direction. An SAED 
pattern of the 5-layer biotite is also inserted. 

that/3 is near 90*. A possible space group for the 5-layer 
biotite polytype with the stacking sequence [02022] is 
C2 (Takeda 1968, Ross, unpublished data). 

There are 83 possible 5-layer polytypes involving all 
possible rotations (i.e., n x 60"), but  only eight of  these 
involve only 0* and _ 120* rotations (Ross et al 1966). 
The stacking sequences of  the other seven possible 
5-layer micas are illustrated in Appendix 1. The 5-layer 
bioti te we have observed, with the stacking sequence 
[02022], has been called the 5M~ polytype. Other re- 
ported 5-layer mica polytypes have the stacking se- 
quences [22222], [00022], and [222-20] (summarized 
by Baronnet 1992) and may be called the 5M4, 5Tc~, 
and 5Tc4 polytypes respectively (Appendices 1 and 2). 

To confirm the structure o f  our observed 5-layer 
polytype, we used the computer  program PTST of  Tak- 
eda (1968) to calculate the periodic relative intensity 
distr ibutions of  diffraction spots characterizing the 
5-layer mica polytypes, and the intensities for 5ML 
biotite are given in Table 2. The intensity distr ibution 

in 11/, and 22l (1 = 0, 1, 2, 3 . . . )  is 1, 2.45, 2.45, 2.45, 
2.45, 1 . . . .  which corresponds to the weakostrongo 
s trongostrongostrongoweak. . ,  pattern observed in the 
SAED pattern (Figure 7a). The calculations also in- 
dicate no addit ional  diffraction intensity in the 20/, 40/, 
and 131 diffraction rows, as observed (Figure 7b). The 
5M~ polytype is the only one that fits the observed 
intensity relationships. For  comparison,  the relative 
diffraction intensities for the other seven 5-layer micas 
involving 0* and _ 120* rotations are listed in Appen-  
dix 2. 

TEM results also show that the 5 M~ bioti te has (001) 
nearly parallel to (100) of  the host actinolite crystal, as 
confirmed by an overlapped SAED pattern showing c* 
of  the biotite almost  parallel to a* of  the actinolite 
(Figure 12a). A corresponding image (Figure 12b) shows 
5M~ biotite intergrown with the actinolite. The bound-  
aries between the two minerals exhibit more rapid beam 
damage than other areas because of  relatively high en- 
ergy along the boundaries (Figure 12b). 

1Ma biotite (00 and + 120 ~ disordered rotations) 

Some fine biotite grains within the pr imary actinolite 
possess disordered stacking sequences. A SAED pat- 
tern (Figure 13a) shows intense streaks in the 111, and 
221 diffraction rows, with intensity maxima  at the 1M 
mica diffraction positions. A dark-field image formed 
from the 110 diffraction spot shows a high density of  
stacking faults in the crystal, which may be described 
as highly faulted 1M biotite. A H R T E M  image o f  the 
disordered biotite shows the relative layer shifts and 
indicates that the crystal is composed pr imari ly  of  1M 
and 2M~ biotite domains  with stacking faults (Figure 
13c). The area indicated by a large arrow shows un- 
usually rapid radiation damage, which possibly was 
induced by relatively lower K occupancies in the in- 
terlayer sites. Diffraction patterns show streaking only 
in hkl (k § 3n) diffraction rows, indicating that the 
stacking disorder in the biotite involves only 0 ~ and 
_ 120" rotations (Ross et al 1966). This stacking-dis- 
ordered biotite has (001) parallel to (100) of  the actin- 
olite (Figure 14). The (010) boundary between actin- 
olite and 1Ma bioti te in this figure appears to be co- 
herent. 
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Figure 9. (A) HRTEM image of  the 5-layer biotite polytype at a defocus value of about -750/~, ,  showing a periodic shift 
after every five layers. The stacking sequence indicated by the layer shift is [02022]. (B) HRTEM image of the 5-layer biotite 
polytype at a defocus value of about - 1 2 5 0  ~, showing a periodic shift after every five layers (labeled 5) with the stacking 
sequence [02022]. An area with a 4-layer sequence (labeled 4) shows the stacking sequence [0222], corresponding to the 
stacking of one unit cell of the IM polytype and one unit of cell of  the 3T polytype. 

https://doi.org/10.1346/CCMN.1995.0430203 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1995.0430203


166 Xu and Veblen Clays and Clay Minerals 

5M1 [02022] 

b hkO Okl 

3T [222] 

hkO 

I 
Okl 

Figure 10. Diagrams showing stacking vectors for the 5-layer 
biotite (A), and 3T biotite (B) polytypes in different real-space 
sections. 

CSM 

/ /' J / 

I II III I I // 
hh l  hh l  hOI 

B Figure 11. Diagram showing relationships between the IM 
polytype orientation (.8 = 100") and a 5M~ polytype orienta- 
tion on the a-c plane (bold lines). An alternative supercell 
with/3 = 92* for the 5M1 polytype is outlined. 

I M  d biotite (+n x 60~ rotations) 

As noted before, the most common stacking faults 
in disordered biotite involve 0* and _ 120* rotations. 
However, some areas of the biotite also show streaking 
in hkl (h ~ 3n) diffraction rows (Figure 15b), indicating 
that the stacking faults in this area involve rotations 
of the type _ n  x 60* (Ross et al 1966). A one-dimen- 
sional HRTEM image (Figure 15a) shows domains from 
such an area with periodicities of I nm, 2 nm, 3 nm, 
and 4 nm. Interpretation of stacking sequences in such 
areas is complex, due to ambiguity in projected stack- 
ing vectors in HRTEM images. Domains with 2-rim 
periodicity on this orientation could be either the 2M2 
or 2Or polytype, and those with 1-nm periodicity could 
be either the 1M or 2M1 structure. Interpretation for 
domains with 3-nm and 4-nm periodicities is even 
more complex. Such _ n  x 60* stacking disorder is not 
common in trioctahedral micas (Ross et al 1966). 

A E M  results f rom the biotite polytypes 

Structural formulae of biotite were calculated based 
on 11 oxygenes. Fe was assumed to be ferrous and in 
octehedral sites together with Mg. Structural formulae 
of IM, 5M~, and stacking-disordered (liVid) biotite from 
AEM analyses are listed in Table 1. The 1M~ biotite 
is lower in Ti and K than the other polytypes (Table 
1, Figure 16). The bonding force between neighboring 

2:1 layers of the 1Md biotite may be relatively weak 
because of low occupancies of K in the interlayer po- 
sitions. It can be inferred that stacking disordering in 
the low-K biotite will be more easily induced by ex- 
ternal factors such as fluctuation of fluid composition. 
There also appears to be a small difference in Ti be- 
tween the 1M and 5M1 biotite (Figure 16). The biotite 
compositions from AEM are similar to those previ- 
ously reported for biotite formed during propylitic al- 
teration (see Table 1 of Bowman et al 1987). Thus, it 
is likely that all of the biotite crystals within primary 
actinolite formed during propylitic alteration of the 
monzonite. 

DISCUSSION 

Reaction from actinolite to biotite 

The temperature for the alteration reactions in this 
specimen was estimated at about 450"C (Bowman et 
al 1987). Based on orientation relationship between 
actinolite and biotite, the reaction from actinolite to 
biotite may involve dissolution of the actinolite and 
crystallization of biotite on the amphibole matrix. Pre- 
sumably, the nucleation of biotite is heterogeneous, 
and compositional change was achieved by transport 
via hydrothermal solution. Potassium and a luminum 
for the biotite formation could be from dissolution of 
K-feldspars during the alteration. The reaction from 
actinolite to biotite may be approximated as 
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Ca2(Mg, Fe)5[SisO22](OH)2 + 2KAISi3Os + Mg 2+ 
Aetinolite K-feldspar 

+ 2H + 

2K(Mg,Fe)3[SiaA10~o](OH)2 + 2Ca 2+ 
Biotite 

+ 8SIO2. 
Quartz 

It  can be known from the above reaction that fluid 
properties (e.g., activities of  Mg 2+, Ca 2+ and H + ) also 
affect the reaction from actinolite to biotite. Hydro-  
thermal fluid with high Mg 2+ activity favors the biotite 
formation. Fluctuation o f  the fluid composi t ion may  
affect the reaction rate and stacking structure o f  bioti te 
layers during crystallization. 

The genesis of nonperiodic stacking in biotite 
Nonperiodic  (or disordered) layer stacking in bioti te 

can be induced by deformation of  an ordered crystal 
because the bonding between neighboring layers is rel- 
atively weak. For  instance, stacking faults in some 
phyllosilicate minerals can be introduced by grinding. 
In the present occurrence, however, the disordered 
stacking of  1Md bioti te crystals coexisting with ordered 
1M and 5M~ bioti te crystals apparently was not  in- 
duced by external stress because there is no obvious 
deformation of  the host actinolite or ordered bioti te 
crystals. Thus, the disordered 1Md biotite is probably 
formed during crystallization from the hydrothermal  
fluid. 

There are several models  or theories proposed for 
the growth of  ordered mica polytypes (see review by 
Baronnet 1992). However,  only one model  has been 
proposed for the growth of  nonperiodic polytypes and 
the intergrowth of  different ordered polytypes and dis- 
ordered structure far from the equil ibrium state (Vig- 
noles 1992). The model  proposed by Vignoles (1992) 
for SiC crystallization is based on the fine structure (or 
local structural deformation) of  unit layers in different 
ordered polytypes and possible structural deformation 
during deposit ion of  a new SiC layer at two possible 
positions. Vignoles (1992) proposed a qualitative lo- 
gistic map (actually a circle map: Hao 1984, Baker and 
Gollub 1990) for SiC crystals to account for long-pe- 
riod SiC polytypes, nonperiodic (chaotic) stacking, and 
intergrowth of  different polytypes. Here we propose an 
alternative dynamical  model  for the formation of  non- 

Figure 12. (a) SAED pattern from overlapping 5-layer bio- 
tite and its neighboring actinolite, showing that the a* direc- 
tion of actinolite is close to c* of the biotite. Co) A corre- 
sponding HRTEM image showing boundaries (large arrows) 
between the 5-layer biotite polytype and actinolite. 
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Figure 13. (a) SEAD pattern from disordered biotite showing strong streaking in the 1 ll  and 22l diffraction rows. (b) A 
dark-field image showing a high density of stacking faults within the biotite. (c) HRTEM image of the 1Mo biotite, showing 
stacking faults and thin domains with IM and 2M~ structure. 

periodic stacking sequences formed under non-equi- 
l ibrium state which could be caused by compositional 
fluctuation of fluid during crystallization. No attempt 
will be made to discuss the energetics of ordered po- 
lytypes. 

Although the structural difference between 1M and 
2M1 muscovite polytypes is very obvious (Bailey 1984), 
structural information on different biotite polytypes 
with the same composition is very limited. The only 
clear data are from coexisting 1M and 2M1 biotite 
polytypes with identical composition and unit-cell pa- 
rameters (Takeda and Ross 1975). The largest struc- 
tural difference between them is displacement of the 
0 3  and 0 4  oxygen atoms along the _+b directions in 
the 2M, polytype. This displacement reduces the sym- 
metry of the 2M~ unit  layer to C], rather than C2/m 
as in the IM polytype (Takeda and Ross 1975). It is 
possible that the structure of unit  layers in the 3T po- 
lytype is different from those of the 1M and 2M~ po- 
1ytypes, but there are no similar data for this case. Here 
we assume that 2:1 layers of the 1M, 2M~, and 3T 

Figure 14. HRTEM image (A) and SAED pattern (B), show- 
ing the orientation relationship and an overlapped boundary 
between 1M~ biotite (Bi) and actinolite (Act). Triple chains 
are labeled "3." 
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Figure 16. A diagram showing the relationship between K 
and Ti contents of 1M, 1Md, and 5M~ biotite crystals. 

Figure 15. (a) HRTEM image from an area with n x 60* 
rotational disorder, showing layer dominans with 1-nm, 2-nm, 
3-nm, and 4-nm periodicities. (b) SAED pattern from this 
area showing streaking of the 131 (i.e., hkl, h ~ 3n) diffraction 
row caused by n x 60* rotational disorder. 

biotite polytypes are all structurally distinct in some 
way. 

In nature, the most  common polytype for biotite is 
1M, and 2Mr and 3T being less common.  Assuming 
that  1M is the most  stable structure for biotite and that 

2M~ and 3T are less stable, the chemical potential  re- 
lating these structures may be like the one schemati- 
cally illustrated in Figure 17. The potential  is periodic 
with respect to atomic displacements and symmetry  o f  
the 2:1 layers along a coordinate of  structural states. 
The relative energies o f  the potential  wells for the IM, 
2MI, and 3T structures may change as functions of  
temperature,  pressure, and crystal composit ion.  For  
instance, the most stable structure for muscovite under 
many geological condit ions is probably 2ML, since 2M~ 
muscovite is the most  abundant  polytype in nature. 
Chemical potentials for the different structures also 
influence the formation probabil i t ies for their  nuclei. 

During the crystallization of  biotite from either a 
magma or hydrothermal  solution, the ideally crystal- 
lized structure at equil ibrium will be the 1M polytype 
because of  its low energy minimum,  according to Fig- 
ure 17. The 2M1 and 3T polytypes, with higher poten- 
tial minima,  can also crystallize metastably. I f  an ex- 
ternal force arising from composi t ional  fluctuation of  
fluid affects the crystallization of  biotite, the complex 
(dynamical) interaction between the growing crystal 
and the external force may induce complex (nonpe- 
roidic or chaotic) structural oscillations among the three 
structural states (i.e., 1M, 2M~, and 3T). According to 
the schematic potential  of  Figure 17, structural oscil- 
lation between 1M and 2M1 structures is relatively easy 
because of  relatively low energy barrier  between them. 
Nonperiodic  oscillation corresponds to the intergrowth 
of  1M, and 2M~ polytype domains  such as in observed 
1Md bioti te (Figure 13), as well as intergrowth of  or- 
dered (periodic) and disordered (nonperiodic) poly- 
types. 

Under  some special conditions, periodic oscillations 
may occur, corresponding to periodic intergrowth of  
IM, 2M~, and/or  3T structural layers (or domains).  
Some reported long-period biotite polytypes could re- 
sult from such periodic oscillation, although spiral 
growth resulting from screw dislocations probably is 
responsible for many such structures. For  periodic os- 
cillations between the 1M and 2M1 structures, the 1M 
and 3T structures, or  the 2M~ and 3T structures, it  is 
possible to form long-period polytypes with the stack- 
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Figure 17. Schematic diagram of chemical potential versus 
a coordinate of structural state for a system with 1M, 2M~, 
and 3T polytype structures. The potential is assumed to be 
periodic with respect to a structural parameter, e.g., atomic 
displacement within the unit layers, so that structural oscil- 
lation between structural states can occur. 

ing sequences [(0)m(22),], [(0)m(222)p], or [(22),(222)p] 
respectively, where m, n, and p are non-negative in- 
tegers. If  periodic oscillation occurs among the 1M, 
2M~, and 3T structural states, complex long-period 
polytypes with stacking sequences of [(0)m(22)n(222)p)] 
or even more complicated sequences may occur. 

In principle, the proposed dynamical model could 
account for any ordered mica polytype, any disordered 
stacking sequence in a mica, or any intergrowth in- 
volving different polytypes. Similarly, previous models 
based on either equilibrium or kinetic theories (e.g., 
spiral growth) can also be used to explain such phe- 
nomena involving complex mica polytypes and poly- 
type intergrowths (Baronnet 1992). The proposed model 
involving structural oscillation may be applicable to 
some occurrences of micas forming during crystalli- 
zation under non-equil ibrium state due to composi- 
tional fluctuation of fluids. It is easier to induce stack- 
ing disorder in low-K mica because of relatively weak 
force between neighboring 2:1 layers with respect to 
external force arising from compositional fluctuation 
of fluid. Nonperiodic oscillations (or stacking) in bio- 
tite formed via this process will be chaotic (that is, a 
deterministic structure), rather than random. Using 
nonlinear dynamics, it would be possible to obtain 
numerical solutions for non-equil ibrium biotite growth 
ifa reasonable chemical potential relating the structural 
difference among the 1 M, 2M1, and 3T polytypes could 
be developed. 

CONCLUSIONS 

Primary actinolite in quartz monzonite from the 
Bingham Canyon, Utah, porphyry copper deposit con- 
tains small inclusions of biotite and smectite which 
apparently formed during propylitic and argillic alter- 
ation respectively. The layer silicates probably grew by 
a dissolution/crystallization mechanism with hetero- 
geneous nucleation occurring on the actinolite struc- 
ture. 

The most abundant  polytype in the biotite is 1M, 
and the most common type of stacking fault is a layer 
with -120* rotation followed by a layer with + 120 ~ 
rotation which corresponds to one unit  cell of 2M~ 
polytype inserted into the 1M structure. Stacking-dis- 
ordered (1Ma) biotite also occurs, and it may be con- 
sidered as a nonperiodic intergrowth of 1M and 2M~ 
polytype domains with stacking faults along the c-axis. 
A new 5-layer polytype was observed, and its structure 
was determined by SAED and HRTEM methods to be 
the 5M~ structure with the stacking sequence [02022]. 

A qualitative model of structural oscillation among 
the 1M, 2M~, and 3T structural states is proposed as 
one possible mechanism for forming nonperiodic 
stacking sequences during biotite crystallization. Non- 
periodic stacking in biotite formed in this way should 
consist of nonperiodic intergrowths of different struc- 
tural layers or intergrowths of larger domains with the 
IM, 2M~, and 3T structures. The model also explains 
complex, long-period polytypes and the intergrowth of 
ordered and disordered polytypes formed during non-  
equilibrium crystallization. 
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A P P E N D I X  
Appendix 1. Stacking vectors in other 5-layer mica poly- 5Tc, 10002;~] 
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Appendix 2. Periodic intensity distributions in other 
5 -layer mica polytypes involving only 0* and + 120 ~ 

5Tel (00022) mica 

l 02l I I I  - l l l  20l 

0 1.00 1.00 1.00 5.00 
1 2.13 0.87 0.87 0.00 
2 4.17 1 . 1 7  1 . 1 7  0.00 
3 1.17 4.17 4.17 0.00 
4 0.87 2.13 2.13 0.00 
5 1.00 1 . 0 0  1 . 0 0  5.00 

5M2 (02222) mica 

l 021 I l l  - i l l  20l 

0 2.65 2.65 2.65 5.00 
1 2.80 2.80 2.80 0.00 
2 1.07 1 . 0 7  1 . 0 7  0.00 
3 1.07 1 . 0 7  1 . 0 7  0.00 
4 2.80 2.80 2.80 0.00 
5 2.65 2.65 2.65 5.00 

5Tc2 (00202) mica 

l 021 11l - l l l  20l 

0 2.00 2.00 2.00 5.00 
1 1.41 3.45 3.45 0.00 
2 0.72 2.57 2.57 0.00 
3 2.57 0.72 0.72 0.00 
4 3.45 1 . 4 1  1 . 4 1  0.00 
5 2.00 2.00 2.00 5.00 

5M3 (00222) mica 

l 021 l l l  - l l l  20l 

0 3.61 3 . 6 1  3 . 6 1  5.00 
1 1.73 1.73 1.73 0.00 
2 1.73 1 . 7 3  1 . 7 3  0.00 
3 1.73 1 . 7 3  1 . 7 3  0.00 
4 1.73 1 . 7 3  1 . 7 3  0.00 
5 3.61 3.61 3 . 6 1  5.00 

5Tc3 (02222) mica 

l 02l I l l  - I l l  20l 

0 1.00 1.00 1.00 5.00 
1 1.17 4.17 4.17 0.00 
2 2.13 0.87 0.87 0.00 
3 0.87 2.13 2.13 0.00 
4 4.17 1 . 1 7  1 . 1 7  0.00 
5 1.00 1 . 0 0  1 . 0 0  5.00 

5M4 (22222) mica 

l 02l 11l -11l 201 

0 2.65 2.65 2.65 5.00 
1 1.07 1.07 1.07 0.00 
2 2.80 2.80 2.80 0.00 
3 2.80 2.80 2.80 0.00 
4 1.07 1 . 0 7  1 . 0 7  0.00 
5 2.65 2.65 2.65 5.00 

5Tc4 (02222) mica 

l 021 l l l  - l l l  20l 

0 2.00 2.00 2.00 5.00 
1 0.72 2.57 2.57 0.00 
2 3.45 1 . 4 1  1 . 4 1  0.00 
3 1.41 3.45 3.45 0.00 
4 2.57 0.72 0.72 0.00 
5 2.00 2.00 2.00 5.00 

Note: 1M type axial setting with fl=lO0 ~ 
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