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Abstract. Electron microbeam techniques have been used 
to examine submicroscopically intergrown paragonite, 
phengite and chlorite from the South Fork Mountain 
Schist of the Franciscan Terrane of northern California, 
which was subjected to blueschist facies metamorphism. 
The sample also contains quartz, albite, lawsonite, and 
rutile. The subassemblage albite-lawsonite-rutile re- 
quires metamorphic conditions on the low-temperature 
side of the equilibrium albite + lawsonite + futile = para- 
gon i te+sphene+quar tz+H20 (T<200 ~ and P <  
7.4 kbars based on thermodynamic data of Holland and 
Powell 1990). The white micas appear to be optically 
homogeneous, but back-scattered electron images can 
distinguish two different micas by their slight difference 
in contrast. Electron microprobe analyses (EMPA) of 
micas show Na/ (Na+K)  ranging from 0.2 to 0.8. The 
two micas are resolved by transmission electron micros- 
copy (TEM) as packets of phengite and paragonite that 
range from 20 to several hundred nm in thickness. The 
compositions, determined by analytical electron micros- 
copy (AEM), constrain the limbs of the phengite-para- 
gonite solvus to values of N a / ( N a + K ) =  <0.02 and 
0.97, representing tess mutual solid solution than ever 
reported by EMPA. The textural relations imply that 
the sheet silicates were derived from reactions between 
fluids and detrital clays and that they are in an interme- 
diate stage of textural development. We caution that mi- 
croprobe analyses of apparently homogeneous sheet sili- 
cates may yield erroneous data and lead to faulty conclu- 
sions using phengite barometry and paragonite-musco- 
vite thermometry, especially in fine-grained rocks that 
formed at relatively low temperatures. 
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Introduction 

Coexisting paragonite and muscovite (or phengite) have 
been analyzed in prograde metamorphic assemblages in 
the anchizone to epizone (Frey 1970, 1978; Livi et al. 
1988), in the pnmpellyite facies (including prehnite-pum- 
pellyite and pumpellyite-actinolite facies, term from Es- 
sene 1989; occurrences from Kramm 1980; Merriman 
and Roberts 1985; Pc-Piper 1985), the albite-epidote 
hornfels facies (Okuyama-Kusunose 1985), the green- 
schist facies (H6ck 1974; Katagas and Baltatzis 1980; 
Ashworth and Evirgen 1984; Baltatzis and Sideris 1985), 
the amphibolite facies (Burnham and Radoslovich 1964; 
Zen and Albee 1964; Henley 1970; Baltatzis and Wood 
1977; Nakamura and Kihara 1977; Thompson etal. 
1977; Hoffer 1978; Laird and Albee 1981; Enami 1983; 
Frank 1983; Grambling 1984; Droop 1985; Guitard 
1987), the blueschist facies (Banno 1964; Makanjuola 
and Howie 1972; Black 1975; Okrusch etal. 1978; 
Mposkos and Perdikatzis 1981 ; Munha et al. 1984; Rid- 
ley 1984; Ghent et al. 1987), and in eclogite facies (Ahn 
et al. 1985 and references therein; Gil Ibarguchi and Or- 
tega Girones 1985; Menot and Seddoh 1985; Brown 
and Forbes 1986; Sandrone et al. 1986; Godard 1988; 
Schliestedt and Okrusch 1988; Mposkos 1989; Droop 
et al. 1990; Mottana et al. 1990). The phengitic substitu- 
tion in muscovite has been used as a barometer (Velde 
1965; Massonne and Schreyer 1987) and the miscibility 
of paragonite in muscovite as a thermometer (Henley 
1970; Eugster et al. 1972; Baltatzis and Wood 1977; Bal- 
tatzis and Sideris 1985; Chatterjee and Flux 1986). The 
width of the muscovite-paragonite solvus varies with 
temperature, but its exact T-X position remains uncer- 
tain (Essene 1989) despite much experimental data and 
thermodynamic modeling (Eugster et al. 1972; Blencoe 
1974; Chatterjee and Froese 1975; Pascal and Roux 
1985; Chatterjee and Flux 1986; Flux and Chatterjee 
1986; Green and Usdansky 1986). In order to define 
the solvus width for different metamorphic conditions, 
the compositions of the minerals must be accurately de- 
termined, but sheet silicates may be intergrown on such 
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a fine scale that chemical analyses using the electron 
microprobe may include more than one phase (Albee 
and Chodos 1965; H6ck 1974; Cruickshank and Ghent 
1978 ; Mohr and Newton 1983 ; Franceschelli et al. 1986; 
Shau et al. 1990). X-ray diffraction studies (Frey 1969; 
Mohr and Newton 1983; Merriman and Roberts 1985) 
imply that paragonite and phengite are submicroscopi- 
cally intergrown, and such intergrowths have been di- 
rectly imaged using transmission electron microscopy 
(Ahn et al. 1985; Livi et al. 1988). 

In this study intergrowths of phengite, paragonite 
and chlorite in a blueschist facies rock have been exam- 
ined in order to deterlrfine the scale of the intergrowths 
and the miscibility of paragonite in phengite for compar- 
ison with previous work on coexisting paragonite and 
phengite from a Franciscan gneissic eclogite (Ahn et al. 
1985). The sample used for this study is a quartz-albite- 
chlorite-mica schist (metagreywacke) from the South 
Fork Mountain Schist, part of the Pickett Peak Terrane 
of the eastern Franciscan Belt of northern California, 
which was metamorphosed in the blueschist facies. 
Brown and Ghent (1983) found lawsonite, aragonite, 
crossitic amphiboles and minor sodic pyroxenes with 10- 
30 mol% jadeite in the Ball Rock and Black Butte areas 
of the South Fork Mountain Schist, and they estimated 
peak metamorphic pressures and temperatures to be in 
the vicinity of 6-8 kb and 270-310 ~ C. Jayko et al. (1986) 
reported aragonite, crossite, and some coexisting para- 
gonite and phengite in the South Fork Mountain Schist, 
and they provided the paragonite-bearing samples for 
this study. They concluded that the area has undergone 
three periods of deformation, with blueschist facies con- 
ditions occurring during the first two. Jayko et al. (1986) 
estimated that these rocks were subjected to a maximum 
temperature of 330-350~ and pressures of 7-9 kb, 
based on oxygen isotope ratios and mineral phase equi- 
libria. 

Fig. 1. SEM back-scattered electron (BSE) image showing the gen- 
eral textural relations of the sample. Ab, Albite; Ch, chlorite; Lw, 
lawsonite; M, micas; Qz, quartz; Ru, rutile 

Methods and results 

Petrography 

Thin sections of the sample 82-RRJ-39a (chosen as it contains 
significant amounts of paragonite coexisting with phengite based 
on the XRD analyses) show thicker quartz-rich bands alternating 
with thinner micaceous strips of white micas and chlorite (cf. BSE 
images in Figs. 1 and 2). The sample consists of very fine-grained 
(10-20~tm in diameter) granular quartz and albite (Ab97.6 
Ano.2Or2.2), larger detrital grains of quartz and albite (up to several 
hundred gm in diameter), tablets of chlorite and white micas, and 
accessory euhedral lawsonite (Cao.gA12.oFe<o.lSi2.oOT(OH)2" 
H20), futile, zircon, tourmaline, apatite, pyrite, ill-defined iron 
oxide minerals, and graphitic materials. 

Petrographically, the white micas appear to consist of a single 
phase. Two kinds of chlorite can be distinguished by their textures: 
one occurring as thin laths oriented in the plane of foliation, and 
the other forming porphyroblasts with cleavages at a large angle 
to foliation (Fig. 2). Both kinds of chlorite are pale yellowish-green 
and show weak birefringence under plane-polarized light. They 
are length-slow, have a negative optic sign, and display grey or 
abnormal blue interference colors. Some grains of mica contain 
thin layers of chlorite that may be identified by their low birefrin- 
gence. Some intimate intergrowths of chlorite-micas are yellowish 

Fig. 2. SEM BSE image showing chlorite porphyroblasts and laths 
intercalated with micas. Fe, Iron oxides', Zr, zircon; other abbrevia- 
tions are the same as in Fig. 1 



brown, similar to the submicroscopically intercalated chlorite and 
muscovite described by Franceschelli et al. (1986). 

Scanning electron microscopy ( SEM) 

A Hitachi S-570 SEM with a back-scattered electron detector was 
utilized to examine the textural relationships on a finer scale than 
that  attainable optically. Back-scattered electron (BSE) images of 
the mica-rich areas showed two shades of grey, suggesting the pres- 
ence of two phases rather than a single phase (Fig. 3). Some of 
these mica grains had either high K/Na  or high Na/K ratios when 
qualitatively analyzed by energy dispersive spectrometry (EDS) on 
the SEM. Although domains of each of the two micas appear 
to be up to a few I-tm in size (Fig. 3), the vast majority of EDS 
analyses of the micas showed high concentrations of both K and 
Na, indicating the presence either of very fine-grained intcrgrowths 
of the two nficas, or of  one micaceous phase with an intermediate 
composition_ Chlorite grains were usually large enough to bc ana- 
lyzed without beam overlap onto other phases, but there were 
sevcral instances when EDS spectra and BSE images suggested 
the presence of chlorite intimately intergrown with the micas 
(Figs. 1-3). 

X-ray diffraction (XRD) 

Paragonite and phengite were observed in sample 82-RRJ-39a by 
Jayko et al. (5986) using XRD. We also obtained powder diffrac- 
tion patterns from the same sample using an automated Philips 
X-ray diffractometer with CuK radiation and a graphite mono- 
chrometer. Quartz was used as~an internal standard. The X-ray 
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powder patterns indicated the presence of  both  paragonite and 
phengite with the former similar to a 2Ml-polytype paragonite 
(Chatterjee 1970). Diffraction peaks were observed at 0.965 and 
0.998 nm for d(oo2), 0.481 and 0.497 nm for d(oo4), and 0.321 and 
0.334 nm for d(0o6 ) (for 2 M  micas). There are no reflections be- 
tween 0.481 and 0.497 nm or between 0.321 and 0.334 nm. Such 
reflections would indicate the presence of a mixed-layer paragonite/  
phcngite (Frey 1969). In addition, diffraction peaks for quartz, 
albite and chlorite were present. 

Electron microprobe analysis ( EMPA ) 

Polished thin sections of the sample were studied using wavelength 
and energy dispersive spectrometry (WDS and EDS) on a fully 
automated C A M E C A  Camebax electron microprobe. Various op- 
erating conditions were investigated, including reducing the acceler- 
ating voltage to 6 kV and scanning over a one to five ~tm square 
area, to reduce diffusion of  the alkali elements K and Na. Rapid 
local loss of these elements at 6 kV occurred after as little as five 
seconds when using a focused electron beam. With a 5 I.un square- 
area beam and counting times of 50 sec at 6 kV, there was no 
loss of alkalis owing to diffusion, but  the microprobe beam over- 
lapped onto minerals other than those to be analyzed, resulting 
in heterogenous compositions from portions of paragonite, phen- 
gite and chlorite (Tables 1, 2). The analyses, when compared with 
the analyses obtained by analytical electron microscopy (AEM) 
as shown later, indicate that  phengite and paragonite arc inter- 
layered on a scale so small (less than 1 pm diameter) that  EMPA 
averages the two phases and gives rise to intermediate composi- 
tions. Chlorite and Fe of micas were analyzed separately at 12 kV. 

Table 1. Selected electron microprobe analyses of white micas ~ 

Oxides 1 2 3 4 5 6 7 8 
(wt%) 

S i t2  50.4 49.8 49.8 47.3 49.5 46.2 48.0 54.9 
A1203 29.6 29.2 31.4 30.6 33.0 30.7 34.2 24.9 
FeO ~ 2.9 3.1 2.7 2.6 1.4 3.2 1.3 1.2 
MgO 2.4 2.5 2.0 3.1 1.4 2.3 1.2 1.3 
C a t  0.0 0.0 0.0 0.1 0.1 0.0 0.2 0.1 
Na~O 1.3 1.6 2.3 2.6 4.3 3.8 4.4 6.2 
K20  7.6 7.1 6.0 4.5 4.5 3.2 2.7 2.5 
H20  ~ 4.5 4.5 4.6 4.6 4.6 4.5 4.6 4.5 

Stun 98.7 97.8 98.8 95.4 98.8 93.9 96.6 95.6 

No. of atoms on the basis of 6 (IV + VI) cations 

Pig. 3. SEM BSE image showing an area of two intergrown micas 
and chlorite parallel to the rock foliation. Paragonite (Pa) is darker 
grey, phengite (Ph) is lighter grey, and chlorite (Ch) is white 

Si 3.31 3.30 3.25 3.15 3.24 3.13 3.16 3.78 
AI w 0.69 0.70 0.75 0.85 0.76 0.87 0.84 0.22 
A1 vI 1.60 1.58 1.66 1.55 1.79 1.57 1.81 1.80 
Fe 2+ 0.16 0.17 0.15 0.14 0.08 0.18 0.07 0.07 
Mg 0.24 0.25 0.19 0.31 0.14 0.23 0.12 0.13 
Ca . . . . . .  0.01 - 
Na 0.17 0.21 0.29 0.34 0.55 0.50 0.56 0.83 
K 0.64 0.60 0.50 0.38 0.38 0.28 0.23 0.22 
OH ~ 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
O 9.87 9.84 9.84 9.68 9.94 9.66 9.86 9.73 

N a / ( N a + K )  0.20 0.26 0.37 0.47 0.59 0.64 0.71 0.79 

2 a  (from counting statistics) for A1 and Si: 0.02; Fe: 0.054).07; 
Mg: 0.04-0.06; Na:  0 .05~.09;  K:  0.0%0.15 

All Fe calculated as FeO 
c OH and equivalent wt% H 2 0  assumed to be stoichiometric 
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Table 2. Selected electron microprobe analyses of chlorite" 

Oxides 1 2 3 a 4 5 6 d 
(wt%) 

SiO2 26.2 26.3 28.3 24.9 25.7 28.5 
A1203 20.6 21.4 22.6 20.8 20.8 23.5 
FeO b 29.1 28.8 28.7 28.8 28.2 25.7 
MnO 0.56 0.57 0.51 0.51 0.52 0.43 
MgO 12.4 12.5 12.0 11.3 12.2 11.7 
CaO < 0.03 0.03 0.03 0.07 0.08 0.06 
Na20 <0.03 0.04 0.08 <0.03 <0.03 0.22 
K20 <0.03 <0.03 0.16 <0.03 0.07 0.35 
H20 ~ 11.2 11.4 11.7 10.9 11.2 11.5 

Sum 100.1 1 0 1 . 0  104.1 97.3 98.8 102.0 

No. of atoms on the basis of 10 total cations 

Si 2.79 2.78 2.90 2.74 2.77 2.96 
A1TM 1.21 1.22 1.10 1.26 1.23 1.04 
AI vT 1.38 1.44 1.63 1.43 1.42 1.83 
Fe z+ 2.60 2.54 2.46 2.66 2.54 2.23 
Mn 0.050 0.044 0.044 0.047 0.047 0.035 
Mg 1.97 1.96 1.83 1.85 1.98 1.8] 
Ca 0.004 0.003 0.008 0.010 0.006 
Na - 0.007 0.0] 6 0.044 
K - - 0.020 - 0.009 0.046 
OH ~ 8.00 8.00 8.00 8.00 8.00 8.00 
O 10.09 10 .11  10 .25  10.09 10 .09  10.35 
Fe/(Fe§ 0.57 0.56 0.57 0.59 0.56 0.55 
AlVa-A1 ~v 0.17 0.22 0.53 0.17 0.19 0.79 

Analyses 1-3 : porphyroblastic chlorite with basal planes at a large 
angle to foliation; analyses 4-6: chlorite with basal planes parallel 
to foliation 

20- (from counting statistics) for Si: 0.04; AI: 0.02; Fe: 0.08; 
Mn: 0.007; Mg: 0.03; Ca: 0.001 ; Na and K: 0.001-0.004 
b All Fe calculated as FeO 

OH and equivalent wt% H20 assumed to be stoichiometric 
d High total and high alkali contents are due to submicroscopic 
intergrowths or mixed-layering of micas 

The electron mic rop robe  analyses o f  micas show a 
wide scatter in N a / ( N a +  K) and  low totals even when 
corrected for  s toichiometric  H z O  (Table 1). The rat io 
N a / ( N a  + K) is p robab ly  still reliable, because the only 
Na-  and  K-bear ing  in tergrown phases are pa ragon i te  
and  phengite,  and the rat io reflects their relative p ropor -  
t ions in the areas analyzed.  The  ratio is c o m m o n l y  ca. 
0.5, t h o u g h  it varies f rom 0.2q3.8 and extends across 
the phengi te -paragoni te  solvus wi thou t  any  apparen t  
discont inui ty  (Fig. 4). 

Mic rop robe  analyses show no obvious  differences 
between the two texturally distinct chlorites (Table 2). 
Most  chlorite analyses do no t  have significant concent ra-  
t ions o f  Na,  K or  Ca (<0 .1  wt%) ,  and  the differences 
between octahedra l ly  coord ina ted  A1 and  te t rahedral ly  
coord ina ted  A1 are small when structural  formulae  are 
normal ized  to 10 cat ions (AlW-A1TM averages 0.15). Thir-  
teen analyses o f  chlorite grains tha t  appeared  to be with- 
out  submicroscopical ly  in tergrown micas  have formulae  
with Si=2.77_+0.05 (2G), S i / (S i+A1)=0 .51  4-0.01, and  
Fe/(Fe + Mg)  = 0.57 + 0.03. Chlori te analyses with signif- 
icant  Na,  K and high totals (Table 2, analyses 3 and  

t, 

:3 
z 2  

8 _  

6-  

SZSS ;iiii 
iiiiiii!iiiiiii iiiiiiii iiii 0 

0 0.2 

il ~:~ ~ ~i~ ~:: ;ii : :J:: i i ;i !!iiii iiiiiiiiiiiiiiii i!iiiii 

0.4 0.6 0.8 1.0 
Na/(Not.K) 

Fig. 4. Plot of Na/(Na + K) for mica analyses of the blueschist 
sample. Lightly shaded areas correspond to EMPA and dark shaded 
areas to AEM analyses. The microprobe beam has integrated vari- 
able amounts of submicroscopically intergrown paragonite and 
phengite 

6) are inferred to include submicroscopic  intergrowths 
or  mixed-layering o f  micas. 

Transmission electron microscopy ( TEM) 

The TEM samples were prepared from sticky-wax-mounted thin 
sections by gluing aluminum washers of 3 mm diameter onto the 
micaceous areas. The specimens attached with washers were re- 
moved from the thin sections and further thinned with an ion 
mill until electron transparent edges were produced, and a light 
carbon coating was then applied. The rock sample that was used 
to prepare the thin sections for TEM specimens was cut perpendic- 
ular to foliation. Basal planes of sheet sihcates could therefore 
be easily oriented parallel to the electron beam of the TEM with 
only minor tilting. The JEOL JEM-100CX and 2000FX, and Phi- 
lips CM12 scanning transmission electron microscopes (STEMs) 
were used for this study. 

Sheet silicates were identified t h rough  their charac-  
teristic 00l diffract ion pat terns,  00l lattice fringe images, 
and  A E M  analyses. Packets  o f  layers for  different phyl-  
losilicates m a y  also display differences in contras t  and 
texture in T E M  images. Figure 5 shows tha t  phengite 
and paragoni te  occur  as subparallel packets  o f  layers. 
The packets  vary  f rom approximate ly  20 nm to several 
hundred  n m  in thickness. Paragoni te  and phengite  can 
be differentiated by their different values o f  d(oo2) (ca. 
0.96 and  1.00 nm, respectively; Fig. 5) in selected area 
electron diffract ion (SAED)  patterns.  Both  paragoni te  
and phengite  display a characterist ic '" m o t t l e d "  texture 
(Figs. 5, 6). Such a " m o t t l e d "  texture was not  observed 
in no rma l  chlorite (Fig. 7). A h n  et al. (1986) showed that  
the " m o t t l e d "  texture is due to beam damage,  and that  
the degree o f  damage  is different in Na,  K,  and Ca micas 
due to different rates o f  diffusion o f  cations. The para-  
gonite also shows characterist ic  lenticular voids (or split- 
t ing o f  layers, see Figs. 5 and  6) as caused by beam dam-  
age, which are m u c h  more  p r o n o u n c e d  than  those in 
phengite  (cf. A h n  et al. 1986). These features were used 
as a first, tentative means  o f  differentiating phengite and 
paragoni te  in T E M  images. 

Figure 6 displays a h igh-magnif ica t ion image o f  in- 
te rgrown paragoni te  and phengite packets in which 00l 
lattice fringes having spacings o f  ca. 1.0 nm and  2.0 nm 
can be observed. The A E M  analyses f r o m  cor responding  



371 

Fig. 5. TEM image showing 
subparallel intergrowth of paragonite 
(Pa) and phengite (Ph) packets. The 
"'mottled" texture and split layers 
are more evident in paragonite than 
in phengite. Inserted SAED pattern 
shows two sets of 00I reflections 
from paragonite and phengite, 
respectively. The non-00/reflection 
parallel to c* of paragonitc, 
indicating a two-layer polyt52oe 

Fig. 6. TEM lattice fringe image 
showing parallel intergrowth of 
paragonite (Pa), phengite (Ph) and a 
thin (~ 5.0 nm) packet of chlorite 
(Ch). 2-layer polytypism with 2.0 nm 
periodicity and abundant lenticular 
voids (V) or layer splitting can be 
seen in the paragonite packet 

packets indicate the presence of  both paragonite and 
phengite and not of  one phase of  an intermdiate compo- 
sition. The separate paragonite and phengite packets are 
generally parallel or sub-parallel with contacts resem- 
bling small-angle grain boundaries (Fig. 5). Within indi- 
vidual packets the layer structure is relatively defect-free 
at the level of  lattice fringe images, with layer termina- 
tions only rarely observed. Where polytypes could be 
identified, 2-layer and 3-layer polytypes were observed 
in both the paragonite and phengite (Figs. 5, 6). Ahn 
et al. (/985) found only the 2-layer polytype in phengite 
but  2- and 3-layer polytypes in paragonite in a blueschist 
eclogite. 

Lattice fringe images of chlorite show that packets 
of  layers range from less than one hundred to hundreds 
of  nm thick and that some are intercalated with mica 
packets (Fig. 7). Most chlorite packets consists of well- 
defined 1.4 nm fringes that give normal chlorite compo- 
sitions by AEM analyses. However, some packets are 
anomalous in that the lattice fringes display differences 
in contrast in alternate layers generally giving rise to 
a 2.8 nm periodicity (Fig. 8). Some of  the lattice fringes 
in these anomalous packets exhibit periodicity ranging 
from 2.4 to 2.8 nm. The contrast differences resemble 
those of  two-layer polytypes but occur in images where 
the corresponding SAED patterns have only 00l reflec- 
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Fig. 7. TEM lattice fringe image 
showing a packet of phengite (Ph), 
packets of normal chlorite (Ch) with 
well-defined 1.4 nm periodicity, and 
packets of anomalous chlorite (Mc) 
which show a "mottled" texture and 
2-layer (~2.8 nm) periodicity. 
Inserted SAED pattern shows 
reflections from chlorite (d~ool)= 
1.4 rim) and phengite (d(oo2)  = 1.0 rim) 

t ions  (wi thou t  non -00 / r e f l ec t i ons  t ha t  give rise to defini-  
t ion o f  po ly types) .  The  c o n t r a s t  differences m u s t  there-  
fore be due  to dif ferences  in c o m p o s i t i o n  a n d / o r  s truc-  
ture be tween  layers.  Packe t s  o f  such layers  d i sp lay  a 
" m o t t l e d "  tex ture  typ ica l  o f  micas  tha t  have  u n d e r g o n e  
b e a m  damage .  These  a n o m a l o u s  layers  usua l ly  t e rmina t e  
and  change  to n o r m a l  ch lor i te  layers  wi th  1.4 n m  pe r iod -  
ic i ty  (Figs.  7, 8). The  A E M  ana lyses  show K con ten t s  
i n t e rmed ia t e  be tween  those  o f  mica  and  chlor i te .  These  
d a t a  imp ly  the  presence o f  a mixed- l aye r  ch lor i t e /mica ,  
bu t  such a phase  has  been obse rved  m a n y  t imes by  T E M  
and  a lways  shows 2.4 ( 1 . 4 + l . 0 ) n m  per iod ic i ty  (Lee 
et al. 1984; A h n  et al. 1988), in con t r a s t  to the  p resen t  
observa t ions .  This  ma te r i a l  is t en ta t ive ly  ident i f ied  as 
be ing  t r ans i t i ona l  f rom a p r ecu r so r  o f  mixed- l aye r  chlo-  
r i t e /mica  ( p r o b a b l y  1 : 1 o rde red )  to chlor i te ,  bu t  its exac t  
na tu r e  r ema ins  to be de te rmined .  

Fig. 8. An enlarged image from the central part of Fig. 7 showing 
1.4 nm periodicity in chlorite (Ch) packets and 2.8 nm periodicity 
in anomalous chlorite (Mc) packcts. Inserted SAED pattern show- 
ing 00l reflections (numbers represent l) from chlorite, phengite 
(Ph), and anomalous chlorite which has d(o01)=2.8 nm (at the 
nodes indicated by white arrows). The streaking of reflections indi- 
cates stacking disorder in the anomalous chlorite 

Analytical electron microscopy (AEM) 

Quantitative EDS analyses were obtained with a Philips CM12 
STEM and Kevex Quantum detector using the thin foil approxima- 
tion and experimental k values (Cliff and Lorimer 1975). The k 
values were derived from standards of albite for Na and AI, chlorite 
for A1, Mg and Fe,/hyalite for Fe, muscovite for K and A1, sphene 
for Ca, and rhodonite for Mn, with all intensities being ratioed 
to that of Si. Relative concentrations of elements in a mineral, 
as derived from the analyses, were then used to calculate mineral 
formulae by normalization on the basis of cation numbers. Weight 
percents of oxides were calculated by normalization on the basis 
of anhydrous totals that were assumed to be 95.0% and 88.0% 
for micas and chlorite, respectively (Tables 3, 4). The deposit of 
metal onto TEM specimens from specimen washers (A1 in the pres- 
ent study) and specimen holders (made of Mo or Ta) during ion 
milling is a common source of contamination in AEM analysis. 
However, no detectable Mo or Ta for the studied specimens and 
no A1 for the fayalite standard were observed when a Gatan 600 
ion mill was used under the operating conditions of 6 kV gun 



Table 3. Selected A E M  analyses  o f  white  micas  ~ 

Oxides  Phengi te  Pa ragon i t e  
( w t % )  

1 2 3 4 5 6 7 8 

SiOz 51.2 50.8 52.0 52.9 47.4 47.2 47.3 47.1 
AlaOa 26.8 27.0 27.3 27.0 39.1 39.4 39.4 39.0 
FeO ~ 3.7 3.6 3.1 3.1 0.42 0.31 0.31 0.49 
M g O  3.4 3.8 3.8 3.8 0.62 0.70 0.61 0.40 
Na~O <0.1  <0.1  0.5 0.5 6.3 6.9 6.8 7.7 
K z O  9.9 9.8 8.4 7.7 1.14 0.59 0.58 0.33 

S u m  r 95.0 95.0 95.0 95.0 95.0 95,0 95.0 95.0 

No.  o f  a t o m s  on  the  basis  o f  6 (IV + VI) ca t ions  

Si 3.38 3.34 3.38 3.41 3.00 2.98 2.99 3.00 
A1 Iv 0.62 0.66 0.62 0.59 1.00 1.02 1.01 1.00 
A1 vI 1.46 1.43 1.37 1.46 1.92 1.91 1.93 1.93 
Fe 2+ 0.21 0.20 0.17 0.17 0.022 0.016 0.016 0.026 
M g  0.33 0.37 0.37 0.37 0.059 0.066 0.057 0.038 
N a  - - 0.06 0.07 0.77 0.84 0.83 0.96 
K 0.84 0.82 0.69 0.64 0.092 0.048 0.047 0.027 

Na / (Na  + K ) <  0 .02< 0.02 0.08 0 . I0  0.89 0.95 0.95 0.97 

a 2 a  ( f rom coun t ing  statistics) for  Si: 0 .03-0.05;  AI: 0.01 0.02; 
Fe:  0 .002-0.01;  M g :  0 .006-0.02;  Na :  0 .01-0.03;  K :  0.003-0.02 

All Fe ca lcula ted  as FeO 
Oxides  normal ized  to total  95.0 w t %  

Table 4, Selected A E M  analyses  o f  chlori te"  

Oxides  1 2 3 4 5 6 ~ 
(wt%)  
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S i t =  26.3 25.5 25.6 24.9 26.1 29.3 
A12Oa 19.5 20.3 20.9 20.3 18.7 20.1 
FeO u 29.7 30.6 29.3 30.3 31.8 25.9 
M n O  0.46 0.67 0.45 0.61 0.51 0.45 
M g O  12.0 10.9 11.8 11.9 10.9 10.1 
K=O . . . .  2.2 

Sum ~ 88.0 88,0 88.0 88.0 88.0 88.0 

No.  o f  a t o m s  on  the  basis  o f  10 total  ca t ions  

Si 2.85 2.78 2.76 2.70 2.85 3.16 
A1 ~v 1.15 1.22 ~.24 1.30 1.15 0.84 
A1 w 1.33 1.39 1.41 1.29 1.26 1.71 
Fe ~+ 2.68 2.79 2.64 2.74 2.91 2.33 
M n  0.042 0.062 0.041 0.056 0.047 0.041 
M g  1.94 1.77 1.90 1.92 1.78 1.62 
K . . . . . .  0.30 

F e / ( F e + M g )  0.58 0.61 0.58 0.59 0.62 0.59 
AlW-A1TM 0.18 0.17 0.17 --0.01 0AI  0.87 

2 a  ( f rom coun t ing  statistics) for  Si: 0 .03-0.04;  AI: 0.01 0.03; 
Fe: 0 .03-0.04;  M n :  0 .004-0.006;  M g :  0.03 0.05; K :  0.01 

All Fe calculated as FeO 
Oxides  normal ized  to to ta l  88.0 w t %  
A n o m a l o u s  chlori te  consis ts  o f  mixed- layered  chlori te  an d  mica-  

like layers wi thin  an  analyzed area  tha t  is only  20 n m  wide across 
layers 
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. . .  
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Fig. 9. A E M  X-ray  scann ing  images  
o f  an  area  with in te rg rown 
paragon i te  and  phengi te  showing  
intensi ty  con t ra s t  for  K= rad ia t ions  
o f  K,  Mg,  Na,  and  Fe. The  black 
dots cor respond ing  to signals o f  
character is t ic  X-ray  lines. Pa ragon i te  
packets  can  be seen m o s t  clearly as 
white subparallel laths in the  K map .  
The  scale ba r  is 1 Ixm 
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voltage, 0.7-1.0 mA gun current, and 15-20 ~ tilt angles. Contami- 
nation is therefore negligible. In order to account for diffusion 
of K and Na, the analytical method of van der Pluijm et al. (1988) 
was used, wherein analytical conditions for standard and unknown 
are duplicated as closely as possible, especially with regard to count 
rate (or specimen thickness). Analyses were obtained by rastering 
the beam over areas ranging from 20 x 20 nm 2 to 1 x I gm 2. Most 
analyses were obtained from areas for which electron diffraction 
appeared to imply the presence of a single phase. 

Based on A E M  analyses, the N a / ( N a +  K) ratios of  
micas are generally either close to 0 or larger than 0.95 
as shown in Table 3. The single-phase packets (either 
paragonite  or phengite) are up to several hundred nm 
thick (Fig. 5). However,  intergrown paragonite  or phen- 
gite packets of  less than 20 nm in thickness must  occur 
because many  analyses over areas 20 nm wide across 
layers displayed variable, intermediate Na / (Na  + K) ra- 
tios between 0.1 and 0.9 (Fig. 4). Paragonite-illite inter- 
growths on a _< 50 nm scale were also observed by Livi 
et al. (1988). Figure 9 is an X-ray map  of  intergrown 
paragonite and phengite. The contrast  indicating relative 
concentrations of  K, Mg, Na,  and Fe, defines the texture 
of  intergrown paragonite  and phengite. The areas occu- 
pied by phengite clearly display uniformly high values 
of  Fe and Mg in compar ison to paragonite.  

The A E M  analyses of  chlorite (Table 4) are in excel- 
lent agreement with the microprobe  analyses of  pure 
chlorite (Table 2), consistent with the relatively large 
sizes of  some chlorite packets. On the other hand, even 
with a rastering area of  20 x 20 nm z, A E M  analyses of  
anomalous  chlorite that  exhibits the " m o t t l e d "  texture 
(Figs. 7, 8) have abnormally  high K and/or  Na  contents 
and a significant excess of  A1 w over A1 iv when normal-  
ized to the chlorite formula  (Table 4, analysis 6). This 
verifies that  the electron microprobe analyses of  chlorite 
that  showed high K and Na  contents, and that were 
apparent ly homogeneous at the optical scale, were ob- 
tained f rom areas that  contain intergrown mica packets 
or mixed-layered mica-like layers. 

Discussion 

Phase equilibria 

The sample contains no univariant  assemblages that  fix 
pressure and/or  temperature,  but several limiting assem- 
blages constrain the conditions of  formation.  The pres- 
ence of  albitc rather  than jadeite + quartz indicates pres- 
sures less than 10 to 15 kb depending on temperature  
(Holland 1980). The equilibrium 

albite + lawsonite = 
clinozoisite + paragonite + quartz + H20 (1), 

NaA1Si308 + 4 CaA12Si207 (OH)2 - H20 = 
2 Ca2AI3Si3012(OH) + NaA12(Si3A1)O lo(OH)2 + 2 SiOz + 6 H20, 

(Holland 1979, 1988), limits temperature to less than 
300 to 400~ depending on P(H20)  (Fig. 10). In addi- 
tion, a newly recognized equilibrium, 

albite + lawsonite + rutile = 
paragonite + sphene + quartz + H20 (2), 

NaA1SiaO8 + CaA12Si207(OH)/- H20 + TiO2 = 
NaA12(SiaA1)Olo(OH)z + CaTiSiOs + SiO2 + H20, 

P kb 

15 

10 

5 

100 200 300 400 500 

T~ 
Fig. 10. Calculations of phase equilibria in the system Na20-CaO- 
A12Oa-TiO2-SiO2-H20 (CO2) for the phases albite (Ab), jadeite 
(Jd), lawsonite (Lw), paragonite (Pg), zoisite (Zo), clinozoisite (Cz), 
rutile (Ru), sphene (Sph), quartz (Q), aragonite (Arag), calcite (Cc) 
and H20 (V) using the Thermocalc program of Holland and Powell 
(1990). Low albite was used in the calculations. The diagonally 
lined area is the range of P-T consistent with the assemblage in 
sample 82-RRJ-39a. The P-T conditions for the South Fork Moun- 
tain schist estimated by Brown and Ghent (1983) are shown in 
the box labeled BG and those of Jayko et al. (1986) are labeled 
JBB. Reactions involving analcite, stilbite and laumontite have 
been ignored on this diagram 

will further constrain the upper  temperature  limit of  for- 
mat ion of  this rock, which includes the assemblage al- 
bite-lawsonite-rutile-paragonite-quartz without sphene. 
The locations of  reaction (2), and its jadeite-bearing 
equivalent, 

jadeite + lawsonite + rutile = paragonite + sphene+ H20 (3), 

NaA1Si206 + CaA12Si2OT(OH)2 �9 H20 + TiO2 = 
NaAI2(SiaA1)Olo(OH)2 + CaTiSiOs + H20 

have been calculated with a self-consistent data  base of  
Holland and Powell (1990) (Fig. 10). 

In addition, two other reactions: 

lawsonite + sphene = clinozoisite + rutile + quartz + H20 (4), 

3 CaA12Si2Ov(OH)2 - H20 + CaTiSiOs = 
2 Ca2A13 Si301 z(OH) + TiO2 + SiOz + 5 HzO, 

and 

paragonite +sphene + quartz = 
albite + clinozoisite + rutile + H20 (5), 

3 NaA12(Si3A1)O 1 o(OH)2 + 4 CaTiSiO5 + 2 SiO2 = 
3 NaA1Si3Os + 2Ca2AI3SiaO12(OH) + 4TIO2 +2H20 

have also been located (Fig. 10) and should be useful 
in higher temperature  blueschist and greenschist facies 
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rocks. For comparison, the equilibria jadeite + quartz = 
albite, and aragonite = calcite have also been calculated. 
The resultant constraints on P-T for rock 82-RRJ-39a 
appear to be < 7.4 kb and <200~ (diagonally lined 
area in Fig. 10). These temperatures are 100-150~ 
lower than estimates of Brown and Ghent (1983) and 
Jayko et al. (1986), which are based primarily on oxygen 
isotope thermometry. Either reaction (2) is mislocated, 
the rutile may not have equilibrated with lawsonite and 
albite in the rocks, or the quartz-magnetite pairs used 
in the isotope thermometry may not have equilibrated. 
Brown and Ghent (1983) reported sphene but no rutile 
in their lawsonite-bearing samples of South Fork Moun- 
tain Schist at Black Butte and Ball Rock areas, but we 
have identified no sphene in the paragonite-bearing sam- 
ples provided by Jayko et al. (1986). The preservation 
of aragonite in the South Fork Mountain Schists implies 
that the rocks cooled to <180~ before the cooling 
path dropped into the calcite field (Carlson and Rosen- 
feld 1981). This path is consistent with that suggested 
by the phase equilibria in Fig. 10 but is more difficult 
to reconcile with the peak P-T conditions of Brown and 
Ghent (1983) and of Jayko et al. (1986). Further thermo- 
metry is clearly needed to define formation conditions 
of these blueschists. 

Genes& of paragonite, phengite, and chlorite 

The results of this study show that packets of paragonite, 
phengite and chlorite layers are intergrown, with packets 
of each phase ranging from a few layers to several 
hundred nm in thickness. With the exception of some 
very fine-scale paragonite-phengite intergrowths and 
some anomalous chlorite, all three phases generally oc- 
cur as well defined, discrete packets of layers having 
near end-member compositions. A few packets of single 
phases up to 2 gm thick were observed. The heterogene- 
ity in packet sizes and abundance of very small discrete 
packets imply that equilibrium of texture was not at- 
tained. However, the general textural relations provide 
insight into the formation conditions of paragonite and 
phengite in a prograde sequence. 

Frey (1970, 1978) observed the following sequence 
from unmetamorphosed sediments through the anchi- 
zone: irregular mixed-layer illite/montmorillonite ~ reg- 
ular mixed-layer mica/montmorillonite-~ mixed-layer 
paragonite/phengite ~ discrete paragonite and phengite, 
as consistent with increasing modal abundance of para- 
gonite with metamorphic grade. Chatterjee (1973) pro- 
posed the reaction Na-montmorillonite + albite = para- 
gonite + quartz+ HzO at temperatures and pressures 
similar to those of the South Fork Mountain Schist. 
Jayko et al. (1986) suggested that paragonite may have 
been produced by a reaction of albite and mixed-layered 
micas and clays in their rocks. Merriman and Roberts 
(1985) invoked several stages that yielded the association 
muscovite (phengite)-paragonite in metapelites: (1) 
domination of the 1 Md polytype in K- and Na-micas 
at the lowest temperatures; (2) interstratification of the 
1 Ma and 2M1 polytypes of K- and Na-micas; (3) domi- 

nance of the 2M1 polytype in muscovite and paragonite 
at the highest temperatures. Jiang et al. (1990) observed 
similar features in slates from eastern Pennsylvania, 
where textural relations imply that the white micas re- 
place detrital smectite-rich clays. 

Lee et al. (1984) documented a trend in the textures 
of intergrown illite and chlorite with increasing meta- 
morphic grade. In shales, illite and chlorite can be inter- 
grown at the scale of individual layers. As the degree 
of metamorphism increases, the thickness of interlayered 
packets becomes greater, with individual homogeneous 
crystals forming with the development of slaty cleavage. 
Schists that have formed at the lower-temperature limits 
of the greenschist facies consist of large, homogeneous 
phases consistent with an approach to equilibrium. 
Coarser metamorphic micas must have formed by transi- 
tion from small scale intergrowths at lower grades fol- 
lowed by dissolution and recrystallization to larger sepa- 
rate grains at higher grades. The TEM observations of 
R.J. Merriman and B. Roberts (personal communica- 
tion, 1988) confirm that packets of paragonite and phen- 
gite similarly coarsen with increase in grade of metamor- 
phism. 

The phengite, paragonite and chlorite of this study 
occur as parallel to subparallel packets of layers that 
vary in thickness from approximately 20 nm up to 1 lam. 
Given the relations as described above for sequences 
which cover large ranges of metamorphic grade, it is 
reasonable to conclude that the sheet silicates of this 
study have formed through the reaction of original detri- 
tal clays that were most probably smectite-rich. Such 
clays are well known to give rise to white micas as direct 
replacement products. Ahn and Peacor (1985) found 
that the trioctahedral component of the detrital clays 
may yield chlorite intergrown with illite. Ahn et al. 
(1988) showed that chlorite and illite may form inter- 
growths of thin packets when initially crystallized during 
diagenesis of volcanogenic sediments. 

Livi et al. (1988) observed intergrowths of paragonite 
and illite that are either inclined or parallel to the basal 
planes of micas in anchizone to epizone Alpine black 
shales. Livi et al. referred to the inclined composition 
boundaries as being exsolution-like, in part because in 
the one case of well-documented exsolution in sheet sili- 
cates, exsolution lamellae of the sodium biotite and talc 
are inclined to {001} layers (Veblen 1983). All composi- 
tional boundaries in the present study are either parallel 
to {001} layers or appear to be inclined only because 
packets of layers of one composition terminate against 
those of the other at grain boundaries where {001} layers 
are inclined to one another (Fig. 9). There is therefore 
no indication of exsolution-derived relations in the ob- 
servations of this study, and all textures are consistent 
with an origin through grain growth by dissolution and 
crystallization. 

The fine size of the sheet silicate packets observed 
in the present study implies that they are in an intermedi- 
ate stage of development of crystal size, although the 
phase relations imply that chemical equilibrium has been 
attained. The question as to why the white micas devel- 
oped with major Na or K components, rather than just 
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as phengite, as is more common, is unresolved. The alka- 
li ions may have any of several sources: interlayer ca- 
tions in smectite (derived in part by exchange with pore 
fluids during diagenesis), detrital feldspars, or external 
metamorphic fluids. Because evidence for one or the 
other of these sources has been destroyed by recrystalli- 
zation, it is not possible to identify a specific source 
or to write a specific equation for the reaction. 

The chlorite in the present study has Fe/(Fe+ Mg) 
ratios ranging from 0.55 to 0.62 and a negative optic 
sign. These optical properties and Fe / (Fe+Mg)  ratios 
are consistent with the plot of refractive indices vs Fe/ 
(Fe+ Mg) of  Albee (1962) for pure chlorites that do not 
contain interlayers of  phases such as corrensite, smectites 
or micas (cf. Shau et al. 1990). Their compositions are 
also similar to those of  chlorites occurring in other 
blueschist facies rocks (e.g., Moore and Liou 1979; Okay 
1980; Cotkin 1987). Based on the TEM images, SAED 
patterns, and chemical compositions which have only 
small excesses of AI w over A1 w, most chlorite in the 
blueschist is homogeneous and well crystallized. 

The anomalous chlorite observed in the present study 
is chemically similar to some chlorites in sub-greenschist 
facies rocks which commonly have a large excess of A1 w 
over A1TM compared to normal chlorite, and contain 
some Na, K, and/or Ca (Boles and Coombs 1977; Evarts 
and Schiffman 1983; Aguirre and Atherton 1987; Laird 
1988; Shau et al. 1990). Such compositional anomalies 
of "chlor i te"  may be caused by submicroscopic inter- 
growths or mixed-layering of  corrensite, smectites, ver- 
miculite, illite and/or micas (e.g., Shau et al. 1990). The 
packets of  anomalous chlorite observed in this study 
have compositions that imply the presence of mixed- 
layering with mica-like layers. They are tentatively inter- 
preted to represent a texture that is a relict of an earlier 
transition stage, consistent with the overall conclusion 
concerning lack of textural equilibrium. The chlorite for 
which no mixed-layering of other phases and no K or 
Na were observed in TEM/AEM analyses also shows 
a slight excess of A1 w that may be due to the presence 
of vacancies in the octahedral sites (Foster 1962) or the 
replacement of hydroxyl by oxygen (Albee 1962). 

Solvus relationship of  paragonite and phengite 

The compositions of  coexisting phengite and paragonite 
in the South Fork Mountain Schist may be used to con- 
strain the phengite-paragonite solvus. Although the elec- 
tron microprobe analyses of micas in this study were 
obtained carefully by selecting single-phase areas in BSE 
images, the limbs of the phengite-paragonite solvus indi- 
cated by values of  N a / ( N a + K ) = 0 . 2  and 0.8 based on 
the microprobe analyses, are significantly different from 
those defined by the AEM analyses (Fig. 4). From the 
compositions of discrete phases as obtained by the AEM 
analyses, the phengite-paragonite solvus is constrained 
to values of N a / ( N a + K ) =  <0.02 and 0.97 at T =  
<200~ and P<7 .4  kb for this rock. This represents 
less mutual solid solution between muscovite (or phen- 
gite) and paragonite from low-grade metamorphic rocks 

than was reported previously on the basis of EMPA 
(e.g., Makanjuola and Howie 1972; HSck 1974; Guidot- 
ti 1984; Ahn et al. 1985). The extent of mutual solution 
between muscovite and paragonite was shown to de- 
crease with increasing phengitic substitution in musco- 
vite (Grambling 1984; Guidotti 1984). Chatteljee and 
Flux (1986) indicated that the compositions of natural 
muscovite with little phengitic substitution (Si _ 3.05 per 
formula unit) are in reasonable agreement with their cal- 
culated muscovite-paragonite solvus whereas those with 
high phengitic substitution had less paragonite solid so- 
lution. The very small extent of mutual solid solution 
between phengite and paragonite in the South Fork 
Mountain Schist is thus expected, in terms of the high 
phengitic substitution of muscovite (Si = ~ 3.4 per for- 
mula unit, Table 3), and the low temperature (<  200 ~ C) 
environment as inferred from the phase equilibria. 

Cautions on compositions of.fine-grained sheet silicates 

There is a significant difference between average compo- 
sitions and near end-member compositions of the two 
micas from EMPA and AEM analyses, respectively. The 
AEM analyses of submicroscopically intergrown para- 
gonite, phengite, and chlorite suggest that electron mi- 
croprobe analyses may be averages of the compositions 
of several intergrown submicron-sized sheet silicates. 
Therefore, appropriate representative compositions of 
coexisting paragonite and phengite may be difficult, if 
not impossible, to obtain with conventional EMPA in 
low-grade metamorphic rocks, and care should be taken 
when these compositions are used as indicators of meta- 
morphic grade. 
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