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Abstract. Eocene shales metamorphosed by a naturally 
ignited coal seam in the Powder River Basin, Wyoming 
record a continuum of mineralogic and textural changes 
from relatively unaltered shale to melt developed during 
pyrometamorphism. Samples collected along a section 
2 m in length, corresponding to a temperature range of 
approximately 1300 ~ C, were examined optically and by 
XRD, SEM, and STEM. The low temperature samples 
are comprised primarily of silt-sized quartz, K-feldspar, 
and minor amounts of other detrital minerals in a con- 
tinuous matrix of illite/smectite (I/S). Delamination of 
phyllosilicates due to dehydroxylation occurs early in 
the sequence with curling of individual layers from rim 
to core. Within one-half meter of melted areas, phyllosi- 
licates have undergone an essentially isochemical reeon- 
stitution with nucleation and growth of mullite crystals 
with maximum diameters of 50 nm, randomly distrib- 
uted within a non-crystalline phase that replaces I/S. 
Large detrital grains remain for the most part unaffected 
except for the inversion of quartz to tridymite/cristoba- 
lite. Within i mm of the solid/melt interface, the mullite- 
bearing clay mineral matrix is essentially homogeneous 
in composition with obscure grain boundaries, caused 
by apparent homogenization of poorly crystalline mate- 
rial. This material is similar in composition to parent 
clays and acts as a matrix to angular, remnant tridymite/ 
cristobalite grains. Rounded, smaller silica grains have 
reaction rims with the non-crystalline matrix; K-feldspar 
is no longer present (apparently reacted with the matrix) 
and the matrix contains abundant pore space due to 
shrinkage upon dehydroxylation. As isolated pods of 
paralava (glass) or fractures are approached, F e - - T i -  
A1 oxides become abundant. Vesicular glass is separated 
from clinker by a well-defined interface and contains 
numerous phenocrysts. XRF analyses and reduced area 
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rastering using EDS imply enrichment of the melt phase 
in Fe, Ca, Mg and Mn, apparently due to vapor trans- 
port from other layers lower in the sedimentary se- 
quence. 

Introduction 

Combustion metamorphism is a special case of pyrome- 
tamorphism in which thermal energy is provided 
through the burning of a buried coal seam. Examples 
have been reported from Australia, Israel, and over a 
broad range of the western United States from Montana 
south through Texas (Allen 1874; Bastin 1905; Baker 
1953; Whitworth 1958; Matthews and Gross 1980; Her- 
ring 1980; Bentor et al. 1981 ; Hooper/982;  Cosca et al. 
1989). Baking of associated sediments results in a strik- 
ing change in color from tan to orange or red accompa- 
nied by an increase in fissility. Extensive cracking may 
also tecta" due to a loss of volatiles, principally HeO. 
Such rocks are known as "burnt rocks" or "clinker" 
(Cosca et al. 1989). Temperatures may be high enough 
locally to promote melting of material directly in contact 
with the burning coal. Melting may also occur in the 
overlying sediments that are associated generally with 
"chimneys" through which heated gases rose. In this 
case, the melt may take the form of rounded pods that 
appear to be surrounded entirely by clinker. The solidi- 
fied melt resembles igneous rocks in most respects and 
is known as "paralava." 

Although clinker and paralava have been extensively 
documented since the first scientific descriptions by Al- 
len (1874) and Rogers (1918), those descriptions primari- 
ly emphasized field relations. As the paralava may con- 
tain phenocrysts large enough for conventional observa- 
tions, there have been numerous studies of the melt 
products of burnt rocks (e.g., Hooper 1982; Cosca and 
Essene 1985; Cosca et al. 1989). The associated pelitic 
sediments and equivalent clinker largely have been un- 
studied due in part to their small grain size. Scanning 
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Fig. 1. Map of the Powder River Basin area after Cosca et al. 
(1989). Sample locality is marked as shown 

e lec t ron  m i c r o s c o p y  (SEM)  and  scanning  t ransmiss ion  
e lec t ron  mic ro scopy  ( S T E M )  resolve the textures  o f  
these rocks  and  have  been  used to examine  reac t ions  
in peli t ic  xenol i ths  (Grapes  1986; Brear ley  1986, 1987) 
and  a l t e ra t ion  o f  phyl los i l ica tes  in con tac t  aureoles  
(Smith  1969; W i r t h  1985; W o r d e n  et al. 1987). However ,  
those  s tudies  involved  mine ra log ica l  changes  tha t  oc- 
cu r red  a t  d e p t h  at  lower  t empera tu res ,  h igher  fluid pres-  
sures, and  over  a longer  t ime per iod .  C o m b u s t i o n  meta -  
m o r p h i s m  is a rap id ,  nea r - sur face  process  tha t  involves  
h igher  t empe ra tu r e s  and  n e a r - a n h y d r o u s  cond i t ions  
(Cosca  et al. 1989). This  s tudy  was unde r t aken  in o rde r  
to deta i l  the  changes  in m ine ra logy  and  tex ture  o f  py ro -  
m e t a m o r p h o s e d  pel i t ic  sed iments  wi th  special  emphas i s  
on reac t ions  involv ing  the f ine-gra ined  ma t r i x  minera ls .  
I t  was p r o m p t e d  in pa r t  by  the ava i lab i l i ty  o f  a un ique  
set o f  samples  p r o v i d e d  by  M . A .  Cosca  and  E.J. Esscne. 

Sample description and preparation 

Samples collected for this study are from the Eocene Wasatch For- 
mation of the Powder River Basin, Wyoming, (Fig. 1) which con- 
sists predominantly of quartz-rich siltstones and shales interlayered 
with coal seams and some horizons rich in ferruginous nodules. 
It many areas, the sediments have been baked by burning coal, 
resulting in chnkcr/paralava associations. The flat-lying beds are 
pierced by vertical chimney structures which served as vents for 
escaping gases and heat. Surrounding these chimneys are contact 
aureoles around which rocks change continuously from apparently 
unaltered shale through various stages of alteration up to clinker 
and finally melt. At least three rock types are distinguishable on 
the basis of color: shale (representing the lowest temperature) is 
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tan, clinker is red and paralava (representing the highest tempera- 
ture) is dark red to black. 

The five samples used in this study were collected in the contact 
metamorphic zone around a chimney along a horizontal traverse 
of two meters within the same bed. The samples are labeled KM1 
through KM5 corresponding to the lowest and highest temperature 
samples, respectively, and represent an approximatc temperature 
difference of 1300~ (Cosca et al. 1989). Samples KM1, KM2 
and KM3 are tan in contrast to the red KM4 and KM5 clinker 
samples. Sample KM5 was nearest the chimney and contains cracks 
and pods of paralava completely enclosed by clinker. 

Sample analysis 

X-ray fluorescence (XRF)  

Portions of samples KM1-5 and pods of paralava from within 
KM5 were ground separately in a tungsten carbide shatterbox. 
A large specimen of KM5 was sectioned into one inch thick slabs, 
and pods of paralava were carefully hand-picked from the clinker 
slabs to ensure that they were completely isolated and in no appar- 
ent way connected to other areas of paralava. A flux of lithium 
tetraborate was added to aliquots of the powdered samples, which 
were then fused into disks for major element analysis as specified 
by Norrish and Hutton (1969). Separate powder aliquots were 
pressed into pellets for trace element analysis. The XRF spectrome- 
ter used in this study was a Philips PW 1400 with a 3-kV rhodium 
tube equipped with PET, TLAP, LIF 200, and LIF 220 crystals. 
A set of U.S. Geological Survey, C.R.P.G. (France), Japan Geolog- 
ical Survey and N.I.M. (South Africa) standard rocks were used 
in the calibration of XRF intensities. A modified A_-coefficient 
procedure of Norrish and Hutton (1969) was used to calculate 
matrix effects for major elements, and the major element composi- 
tions were used to calculate matrix effects for trace elements. 

Results of the analyses (Table 1) indicate that despite their color 
differences, samples KM1 5 are approximately isochemical with 
respect to major and trace elements. The only exceptions appear 
to be Pb (progressive loss upon heating) and Ni (higher concentra- 
tion in KMI than KM~5).  The loss on ignition (LOI) values 
show that volatiles, presumably largely H20, decrease markedly 
from sample KM3 to KM4. The SEM and TEM observations 
described below show that significant changes had occurred in 
phyllosilicates in sample KM3, assumedly (scc below) accompanied 
by at least partial dehydroxylation. The small LOI values for KM4, 
KM5, and the paralava thus apparently represent loss even of 
pore water in response to increasing temperature at low pressure. 
The low LOI values correspond to change in color from tan to 
red, indicating more oxidizing conditions that may correspond with 
dissociation of H20 (Cosca et al. 1989). 

The composition of paralava pods, however, is markedly differ- 
ent from the clinker in which they are enclosed. Large increases 
in concentrations of FezOa (1800%), CaO (450%), MgO (100%) 
and MnO (2500%) arc coupled with smaller decreases in SiO2 
(50%), TiO2 (50%), A1203 (50%) and K20 (70%). Significant 
differences in the trace elements are also evident: increases in Y, 
Zn, U, Ni, Sc and Ba; decreases in Nb, Th, Rb and Nd. 

X-ray diJ]mction ( X R D )  

Samples were ground using an agate mortar and pestle and applied 
as a slurry to glass slides for XRD analysis. Samples were scanned 
from 3 60 ~ 20 with a step size of 0.01 ~ and counting time of 1 s, 
using a Philips 3100 powder X-ray diffractometer system with 
graphite monochromator and Cu tube operated at 35 kV and 
15 mA. Results are summarized in Table 2. Silica polymorphs are 
ubiquitous in all five samples. The only SiO2 polymorph present 
in KM1 3 is quartz, but tridymite/cristobalite appear in KM4 and 
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Table 1. XRF analyses of clinker and paralava 

KM1 KM2 KM3 KM4 KM5 Paralava 

SiOz 74.88 75.03 74.89 72.99 73.97 35.71 
TiO2 0.86 0.88 0.87 0.87 0.85 0.46 
A12Oa 18.64 1 8 . 8 9  1 8 . 5 5  19.64 18.16 9.58 
Fe203" 1.93 1.75 2.16 3.71 2.90 45.70 
MnO 0.04 0.04 0.03 0.04 0.03 1.04 
MgO 0.85 0.86 0.81 0.93 0.77 1.77 
CaO 0.48 0.48 0.45 0.24 0.50 2.58 
Na~O 0.00 0.07 0.00 0.00 0.02 0.00 
K20 2.12 2.13 2A6 1.90 2.08 0.64 
P2Os 0.12 0.08 0.07 0.10 0.10 0.24 

Total 99.92 100.21 99.99 100.46 99.39 97.72 

LOI b 7.62 7.95 7.51 1.39 0.96 0.79 

Nb 16.7 16.0 16.9 17.6 16.0 9.2 
Zr 198.0 192.6 200.3 2 0 6 . 1  210.5 162.1 
Y 28.6 23.5 26.0 27.9 28.1 53.8 
Sr 136.6 113.7 118.6 95.1 1 2 3 . 3  116.3 
Th 15.8 15.7 14.0 16.1 14.1 9.8 
Pb 17.2 10.1 14.8 4.2 0.0 6.4 
Ga 19.9 17.9 17.3 19.5 17A 16.8 
Zn 57.1 53.1 56.7 58.9 70.6 211.3 
Cu 9.7 14.1 12.6 14.7 21.1 0.0 
Ni 84.1 15.6 12.1 21.6 16.5 85.2 
U 8.5 8.4 4.9 7.9 6.3 13.1 
Rb 122.2 117.4 1 1 0 . 8  1 1 5 . 8  119.5 39.4 
Cr 93.8 95.0 97.3 101.5 92.9 60.6 
Ce 74.4 71.7 80.1 83.2 75.8 74.6 
Sc 10.6 10.6 15.0 12.2 7.7 31.7 
Nd 26.7 31.6 27.7 30.2 34.1 9.9 
Ba 618.3 599.8 583.0 508.9 549 .1  983.8 
V 171.6 160.6 1 4 0 . 0  183 .1  1 4 0 . 5  172.4 
La 39.4 48.7 47.7 48.1 38.9 38.8 

Oxides are given in wt% and elements in ppm 

a Total Fe reported as Fe203 
b LOI, total loss of weight after drying the powder at 1100~ 
f o r 8 h  

Table 2. Phases identified by XRD analyses of clinker" 

KM1 KM2 KM3 KM4 KM5 

Quartz XX XX X x 
Smectite/illite XX XX x 
Tridymite/cristobalite X XX 
Mullite X 

a XX, major phase; X, minor phase 

are the dominant polymorphs in KM5. A distinction between cr- 
istobalite and tridymite was not possible as peaks were broad and 
only peaks common to both phases were observed. The presence 
of such phases implies that samples KM4 and KM5 must have 
been heated (at least locally) to approximately 870 ~ C (Deer et al. 
1966). Clay minerals such as illite and smectite were detected only 
in KM1, KM2, and KM3, with smectite peaks becoming weaker 
and more diffuse in KM2 and especially in KM3. Mullite was 
detected only in KM5 by XRD. Least-squares refinement ofmullite 
lattice parameters gave a=0.7540(8), b=0.7689(7), and c= 
0.2890(2) nm. Comparison with the data of Cameron (1977) shows 
that it is the 3:2 variety (3A1203:2SIO2). 

Fig. 2. BSE image of a low temperature sample. Angular detrital 
grains, primarily quartz, Q, but also potassium feldspar, Ksp, and 
kaolinite, Kaol, are surrounded by a continuous matrix of illite/ 
smectite 

Microscopy 

Standard polished thin sections were prepared for all optical and 
scanning electron microscope (SEM) observations. For selected ar- 
eas where there was a high likelihood of grains being plucked dur- 
ing polishing of thin sections, impregnated, polished chips were 
used. The STEM observations were made using ion-milled samples 
obtained from "sticky-wax"-backed thin sections. 

Back-scattered electron (BSE) images obtained with the SEM, 
coupled with energy dispersive X-ray (EDX) analyses, provided 
medium-scale resolution and textural and chemical imaging, pri- 
marily of the non-clay minerals. Transmission electron microscopy 
coupled with analytical electron microscopy (AEM) was used to 
characterize the fine-grained material, especially the smaller clay- 
mineral domains. Detrital muscovite was identified as occurring 
in large, defect-free grains as a well-ordered two-layer polytype 
with nearly ideal K/Si and A1/Si ratios, whereas authigenic illite/ 
smectite (I/S) occurs in small, defect-rich grains as a 1Md polytype 
having smaller K/Si and A1/Si ratios. 

Low temperature samples 

Figure  2 is r epresen ta t ive  o f  the lowest  t e m p e r a t u r e  sam- 
ple. Rela t ive ly  large  si l t -sized gra ins  are  s u r r o u n d e d  by  
a ma t r i x  o f  minera l s  t ha t  are  t oo  fine to be resolved  
by  BSE imag ing  bu t  t ha t  are  shown by  T E M  to consis t  
la rge ly  o f  c lay  minera ls .  The  la rger  gra ins  a re  p r i m a r i l y  
quar tz .  K - f e l d s p a r  is also p rominen t ,  b o t h  as sepa ra te  
gra ins  and  wi th  qua r t z  in l i thic  f ragments .  S u b - a n g u l a r  
de t r i t a l  gra ins  o f  muscovi te ,  b io t i te ,  chlor i te ,  kaol in i te  
and  p y r o p h y l l i t e  occur  in gra ins  up  to 20 lain in length.  

F igure  3 is a low re so lu t ion  T E M  image  o f  spec imen 
K M 1 ;  I /S forms  a con t i nuous  ma t r i x  a r o u n d  the la rger  
de t r i t a l  grains,  p r i m a r i l y  quar tz .  The  anas tomoz ing ,  
wavy  layers  change  o r i en t a t i on  con t i nuous ly  across  the 
area.  Such tex tures  a re  charac te r i s t i c  o f  an  in t e rmed ia t e  
range  o f  bur ia l  d iagenes is  (e.g. Lee et al. 1985). The  
X R D  d a t a  show tha t  the I /S has  a s ignif icant  smect i te  
c o m p o n e n t  which  implies,  by  a n a l o g y  wi th  bur ia l  d ia-  
genet ic  sequences f rom the G u l f  Coas t  (e.g. H o w e r  et al. 



Fig. 3. TEM image of partially dehydroxylated illite/smectite form- 
ing a continuous matrix to detrital quartz grains 
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1976), that the sediment has not been affected by burial 
temperatures much in excess of 100 ~ C. The retention 
of the original I/S over much of sample KM1 shows 
that it has not been significantly affected by the thermal 
metamorphism. 

However, as shown in the TEM image, the I/S is 
locally changed as manifested in splitting along (001), 
with layers adjacent to the resulting void space rolled 
up or having a "crinkled" appearance. Some of the void 
space created by splitting of layers may be due to loss 
of interlayer H20 from smectite caused by the vacuum 
of the TEM. However, the damage in 001 layers is un- 
ique to these specimens relative to our experience with 
observations of hundreds of I/S samples from a variety 
of environments, and largely must be a result of local 
H20 loss caused by heating of the original sample, and 
not an artifact of specimen preparation or observation. 
The I/S that displayed curling and "crinkling" of the 
layers gave no diffraction pattern using SAED, implying 
complete breakdown of structure. 

Figures 4a, b are high resolution images of an illite 
grain at an intermediate stage of alteration, as indicated 
by partial delamination. Figure 4a shows a greater de- 
gree of delamination when compared to that shown in 
Fig. 3. In some areas, the layers are rolled into scroll-like 
features bounded on one side by apparently coherent 
illite, and on the other side by newly created void space. 
Figure4b is an enlargement of the area shown in 
Fig. 4a, revealing the presence of lattice fringes. This 
indicates that some areas within this grain are still crys- 
talline as opposed to the curled layers which do not 
produce observable peaks by electron diffraction. Roll- 
ing of layers is inferred to have resulted from stress 
caused by shrinkage concomitant with dehydroxylation. 
The dehydroxylation appears to advance layer-by-layer, 
leaving behind the melange of crinkled parts of layers 
in enlarged void space. 

Fig. 4 a, b. TEM images of partially dehydroxylated illite from sam- 
ple KM2: a low resolution TEM image, layers have rolled in re- 
sponse to heating and H20 loss, creating additional pore space 
at an advancing front of alteration; b high resolution TEM image 
showing packets of illite layers, enlarged from a 

Intermediate samples 

Figure 5 is a BSE image of specimen KM3. it retains 
the dominant textural features of the original sediment 
with detrital grains having outlines that appear to be 
unchanged. However, the silt-sized grains contain abun- 
dant and prominent cracks, presumably caused by stress 
induced by thermal expansion. The cracks are especially 
prominent in quartz. The fine-grained clay matrix ap- 
pears to be more homogeneous, with unresolvable 
boundaries between small grains that were resolvable 
in specimens heated to lower temperatures. Delamina- 
tion of large detrital phyllosilicate grains is apparent. 

Figure 6 is a TEM image showing I/S in a more ad- 
vanced state of reaction. Back-scattered electron imag- 
ing indicates that this clay matrix is homogeneous. It 
gives a diffraction pattern consistent with a 2:1 layer 
silicate, but the weakness and diffuseness of the reflec- 
tions imply that it is only locally crystalline. The layered 
contrast occurring parallel to (001) is unique in appear- 
ance, with the dark bands having the width of approxi- 
mately 10 layers but its cause is unknown. Crosscutting 
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Fig. 5. BSE image of an intermediate temperature sample, KM3. 
Separation of layers in detrital phyllosilicates has occurred due 
to dehydroxylation. Ill, illite; Ru, rutile; Bio, biotite; Kaol, kaolin- 
ite; Q, quartz; Ksp, potassium feldspar 

Fig. 6. TEM image (underfocused) of transformed illite containing 
mullite crystals which crosscut original 2:1 layering 

Fig. 7. BSE image of a sample near melt (KM4). The clay-rich 
matrix has begun to homogcnize, with production of pore space. 
Cracking of detrital silica grains is due to inversion of quartz to 
higher temperature polymorphs. Euhedral oxides such as ilmenite, 
Ilm, are present 

Fig. 8. BSE image of a crack within the clinker. The proportion 
of oxides increases as the crack is approached 

(001) are elongated crystals up to 0.5 gm in length with 
square cross sections. These give single crystal diffrac- 
tion patterns consistent with mullite, confirmed by quali- 
tative EDS analysis and by the appearance of  peaks for 
mullite in the X R D  pattern of  this specimen. The occur- 
rence of  such mullite crystals requires local diffusion 
of  original elements in the clay mineral  over distances 
of  at least 50 nm, with destruction of  the 2:1 layers. 
The occurrence of  characteristic 1 nm 001 reflections in 
SAED patterns shows that  some 2:1 layers remain or- 
dered, and implies extreme heterogeneity on a local level. 

High temperature samples 

Specimen K M 4  (Fig. 7) was collected only 20 to 30 cm 
f rom the paralava.  On the basis of  the presence of  tridy- 
mite/cristobalite and the proximity to paralava,  temper- 
atures must  have approached at least 1000 ~ C. Feldspar 
and silica grains are even more severely cracked than 
in previous samples. In the case of  silica this probably  
results in part  f rom the large volume change during in- 
version to higher temperature polymorphs.  Delamina- 
tion of  large phyllosilicate grains is also apparent,  giving 
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rise to separation of some (001) layers. Such separations 
serve as the foci for major cracks running through the 
rock. Some of the silica grains have rims with contrast 
that is slightly different than that of the grain interiors. 
The SEM and STEM EDS analyses indicate the presence 
of some A1, in addition to Si, implying that there has 
been some reaction between detrital silica and matrix 
clays. 

It is in the clay matrix that the major changes are 
observed. The large irregular areas with dark grey levels 
are pore space as indicated in part by their presence 
around detrital silica grains and rounded outlines. Poro- 
sity is interpreted to be the result of shrinkage caused 
by dehydroxylation of the original I/S clay matrix. Pore 
space is especially apparent around larger detrital grains, 
where it presumably results from the matrix pulling away 
from larger grains. Where larger voids exist, there is 
a remote possibility that void space is produced by pluck- 
ing of grains during section preparation, but that can- 
not be the case where voids are associated with remnant 
detrital grains. Qualitative EDS analyses show that the 
matrix material contains Si and A1 as the dominant ele- 
ments, with minor K and Fe, consistent with dehydroxy- 
lated I/S. The matrix is generally homogeneous in con- 
trast in BSE images, consistent with a general homogeni- 
zation in chemistry and structure. 

Figure 8 is a BSE image showing the gradient from 
clinker to an open crack. Apparently there was no melt 
produced here, yet there is an increasing proportion of 
high atomic number minerals (Fe/Ti oxides) as the crack 
is approached. The pore space created by the shrinkage 
of the clay matrix (as seen in Fig. 7) partially has been 
filled by the subhedral oxides, which take on the shapes 
of the voids. The detrital silica grains are still evident 
in the matrix and even at the edges of the crack. This 
crack is interpreted as a conduit through which vapor 
escaped during the burning of the coal seam. 

Paralava 

A BSE image of the paralava is shown in Fig. 9. The 
pore space that was so prominent in the clinker is absent. 
The paralava consists in part of subhedral crystals in- 
ferred by Cosca et al. (1989) to have crystallized from 
a melt. Those crystals are included within a matrix of 
glass (see below) produced by rapid cooling of a melt. 
The crystalline phases include anorthite, F e -  T i -  A1 spi- 
nels and cristobalite. In addition to single crystal phases, 
the spinels and cristobalite commonly occur as symplect- 
ic intergrowths. All crystalline phases were identified us- 
ing optical techniques, EDS analyses, and SEM and 
TEM images. 

The material enclosing crystalline phases such as an- 
orthite is shown to be glass by the following data. Quali- 
tative EDS analyses show that Si and A1 are the domi- 
nant elements, but the composition varies continuously 
over wide limits. Minor elements such as Fe, Ti, Mg, 
K and Ca are also present, but their proportions also 
vary from area to area. Optical observations show that 
this material is isotropic and no peaks were observed 

in SAED patterns. Rounded, hollow areas occur with 
diameters varying from less than 1 gm continuously up 
to 3 cm as seen in hand specimen, frequently lined with 
hematite. These are interpreted as vesicles, in agreement 
with the conclusions of Cosca et al. (1989). 

Clinker-paralava interface 

Figure 10 is a BSE image that includes the contact be- 
tween paralava (upper right) and clinker (lower left). 
The clinker that is furthest from the interface has the 
same features as seen in Fig. 7 (e.g., rounded, partially 
reacted, silt-sized grains in a homogeneous matrix of 
reacted clays marked by pore space created by shrink- 
age). However, the remaining detrital grains consist al- 
most entirely of cristobalite as shown by SAED patterns 
of sample KM5. Figure 11 is an image of cristobalite 
showing stacking faults parallel to (111), with domains 
related by twinning. K-feldspar is absent; therefore it 
is inferred that K-feldspar served, together with clay 
minerals, as a reactant to form the non-crystalline, al- 
tered clay matrix. Figure ]2 is a STEM image of de- 
graded clay matrix close to the boundary with the para- 
lava. Prismatic mullite crystals are evident, and a square 
cross section is shown by one grain with dark contrast 
close to the Bragg condition. In other areas, the mullite 
crystals are present in much greater abundance, filling 
the field of view with randomly oriented crystals. 

As the clinker/paralava interface is approached, 
grains of F e -  Ti oxides (bright in BSE images) are more 
abundant (Fig. 10). They consist of magnetite and ul- 
vospinel solid solutions as determined by optical proper- 
ties and EDS data. In addition, hercynite and complex 
solid solutions of all three spinel components occur in 
increasing abundance. Such heterogeneity in spinel min- 
erals clearly indicates a lack of chemical equilibrium. 
The oxides occur both as euhedral crystals and irregular, 
rounded grains up to 5 gm in diameter. The STEM EDS 
analyses obtained in a traverse across the contact be- 
tween a spinal grain and the matrix revealed no composi- 
tional gradient in Fe and Ti; rather, a sharp increase 
in Fe and Ti concentrations occurred at the grain bound- 
ary. 

Grain boundaries as seen in BEI are diffuse in the 
clinker but become well-defined in the crystalline parala- 
va (Fig. 10). Grain boundaries between oxides and crys- 
tals of other minerals that are unique to the paralava 
tend to be irregular, implying that the oxides may be 
residual phases from the clinker. Furthermore, with in- 
creasing distance from the interface with clinker, fewer 
grains of the oxides are evident in paralava. 

Qualitative EDS analyses of the matrix material of 
both clinker and paralava were obtained in order to 
determine the trends in changes in composition associat- 
ed with melting. The specimen consisted of a domain 
of clinker having a red-orange color with paralava on 
two sides. Analyses were obtained using reduced area 
rasters of 20 x 20 gm along traverses across the interface. 
The traverse terminated in paralava at both ends. Care 
was taken to avoid all large detrital grains in the clinker 
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Fig. 9. BSE image of  the paralava (KM5) containing glass, anorth- 
ite, iron-rich spinel symplectite, Sp and residual, detrital silica. Pore 
space is conspicuously absent. An, anorthite 

Fig. 11. TEM image of  twinned cristobalite with numerous stacking 
faults as a transformation product of  a detrital quartz grain 

Fig. 10. BSE image of  the clinker/paralava interface. Clinker is 
in the lower left corner and paralava is in the upper right. There 
is substantially less pore space in the paralava and a dramatic 
increase in high atomic number phases, mostly iron-aluminium- 
titanium oxides 

Fig. 12. TEM image of  mullite crystals in a transformed, residual 
clay mineral matrix showing homogenization of original layered 
structure, sample KM5 
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and crystals in the paralava. Figure 13 demonstrates 
qualitative changes in composition as shown by values 
for peak heights for K-emission lines of A1, K, Ca, and 
Fe relative to that of Si. There are significant increases 
in the proportions of Fe and Ca in the paralava, and 
slightly higher levels of A1 and K in the clinker. These 
data are in agreement with the bulk XRF analyses. 

The EDS analyses of the degraded clay within the 
clinker show very little variation from point to point 
in areas adjacent to the paralava contact, implying that 
homogenization had occurred relative to the variable 
analyses of the I/S in samples distant from the paralava. 
On the other hand, the glass matrix of the paralava 
is relatively heterogeneous in composition. 

Discussion and conclusions 

Summary of  observations 

The temperature range for the five samples of this study 
is estimated to be approximately 1300 ~ C based on the 
minimum melting temperature of the paralava (Cosca 
et al. 1989). This is probably a maximum sustained tem- 
perature for the clinker, but local hotspots at much high- 
er temperatures are possible. 

The most obvious macroscopic difference between the 
low temperature clinker samples and the high tempera- 
ture samples is the color change from tan to red. This 
has been interpreted as an increase in the total Fe content 
in the clinker (Hooper 1982). This is not the case in 
the rocks of this study as bulk analyses by XRF show 
that the iron contents of the tan and the red clinker 
are essentially the same. Cosca et al. (1989) inferred that 
there are large fOz differences over lateral distances of 
less than two meters. The color change is therefore most 
likely a result of differences in oxidation states. 

The mineralogic and textural changes in clinker are 
confined to the phyllosilicate matrix material at low to 
moderate temperatures, with the large detrital grains re- 
maining relatively unaffected until near-melt conditions. 
Initially the matrix was heterogeneous in texture, con- 
taining small detrital grains of non-phyllosilicate miner- 
als in a fine-grained matrix of I/S clay. The initial ob- 
served effect of thermal metamorphism is delamination 
of phyllosilicates, presumably in response to dehydroxy- 
lation. This is shown clearly in BSE images by splitting 
along layers and in TEM images by rolling and curling 
of layers. The TEM images imply that delamination pro- 
gresses into the crystal one layer at a time, SAED pat- 
terns showing that the structure of the unaltered portion 
of the crystal remains intact. 

At slightly higher temperatures than those corre- 
sponding to dehydroxylation, some quartz inverts to 
higher temperature polymorphs and the matrix acquires 
a more homogeneous appearance as grain boundaries 
within the phyllosilicate groundmass coalesce. Pore 
space increases as the altered phases contract. Mullite 
is observed to occur in random orientation within altered 
clays. At higher temperatures, the altered clay matrix 
is disordered, as indicated by lack of peaks in XRD 
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and SAED patterns. At the highest non-melt tempera- 
tures, detrital, non-phyllosilicate grains begin to react 
with the altered clay matrix. Silica grains incorporate 
A1 at interfaces with the reacted clay matrix with con- 
comitant enrichment of Si in the amorphous matrix ma- 
terial. The clinker is enriched in spinel minerals at con- 
tacts with paralava and at cracks where no melt is pres- 
ent. This is most noticeable in BSE images as the size 
and number of the high contrast phases increase in prox- 
imity to cracks and paralava. The increase in abundance 
of oxides is reflected in increases in Fe, Mg and Mn. 
Concentrations of these elements are also enhanced in 
the paralava. The high iron content of the paralava is 
reflected mineralogically in symplectic intergrowths of 
F e - T i - A 1  oxides and silica within the glassy matrix. 
Because those phases were observed within the matrix 
but near the paralava boundary, the symplectites are 
inferred to be at least in part a residuum of the clinker. 

Reactions within clay domains 

The observed early-stage alteration (delamination) is due 
to dehydroxylation of fine-grained matrix minerals, such 
as kaolinite, which has been reported to dehydroxylate 
at approximately 500 ~ C (Brindley and Nakahira 1959), 
illite, which dehydroxylates at 550-600~ C (Deer et al. 
1966), and muscovite, which dehydroxylates at approxi- 
mately 600 ~ C (Vedder and Wilkins 1969). Guggenheim 
et al. (1987) defined the mechanism for dehydroxylation 
of muscovite, noting that as OH diffuses out of the struc- 
ture, the crystal as a whole is only moderately distorted 
and may form an intermediate dehydroxylated phase 
(Brindley and Nakahira 1959; Guggenheim et al. 1987). 
The structure of illite is retained to at least 1000 ~ C dur- 
ing dehydroxylation (Furlong 1967). As consistent with 
such relations, we have observed peaks of 2:1 phyllosili- 
cares in SAED patterns up to the point where the growth 
of mullite is extensive. 

Mullite is known to grow through solid-state reac- 
tions from a number of clay minerals upon heating, in- 
cluding pyrophyllite (Heller 1962), kaolinite (Brindley 
and Nakahira 1959; Comer 1960), muscovite (Grapes 
1986), and phengite (Worden et al. 1987). Growth is in- 
ferred to be through the solid state in the rocks of this 
study because, as shown in Fig. 6, mullite was first ob- 
served in altered I/S which retained a layered structure 
and enough of the original structure to give peaks in 
SAED patterns of a 2:1 phyllosilicate. However, where 
none of the original layered strcuture cold be observed, 
the altered clay matrix gave no diffraction pattern. The 
STEM EDX analyses demonstrate enrichment of de- 
graded clay in Si relative to A1, as consistent with the 
loss of A1 to mullite as compared with I/S. 

According to Brearley (1986), the random nucleation 
and growth of mullite can be viewed as a product of 
a supersaturated solution, where numerous crystallites 
form at imperfections in the crystal that are thermodyn- 
amically favorable. It appears that the mullite is a prod- 
uct of growth within the clay matrix by diffusion of 
A1 and Si over distances of less than 500 nm. Such an 
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intragrain diffusion mechanism is similar to that of Wor- 
den et al. (1987), except they observed that the reaction 
products grew in a topotactic manner with respect to 
the host phase, whereas in this study, growth was ob- 
served to occur with random orientations. 

Intergrain reactions 

Intergrain diffusion became the dominant process at 
near-melt conditions, as suggested by a decrease in the 
size of detrital grains, rounding of their angular bound- 
aries, and reaction rims on detrital silica grains as shown 
in Fig. 7, coupled with the production of pore space. 
K-feldspar was no longer present in sample KM5, ap- 
parently having reacted completely with the matrix ma- 
terial. 

In pelitic xenoliths studied by Grapes (1986), the 
quartz-plagioclase contacts were the first to exhibit evi- 
dence of melting. In experimental systems, quartz-feld- 
spar and quartz-mica-feldspar contacts served as sites 
for initial melt production (Weill and Kudo 1968; Busch 
et al. 1974). Brearley and Rubie (1990) observed initial 
melt formation at K-feldspar-muscovite interfaces of 
quartz-muscovite schist under H20-undersaturated con- 
ditions. 

In this study, a heterogeneous matrix consisting of 
mullite-rich, non-crystalline degraded-clay was observed 
to have formed, apparently through solid-state reac- 
tions. This altered clay matrix is heterogeneous, in part 
because of local reactions with silica and K-feldspar or 
at silica/K-feldspar contacts. Due to the fact that the 
altered clay matrix is non-crystalline, and because a lo- 
cally produced melt lrmy cool to a glass as in the case 
of paralava, we cannot be sure that melt was not a com- 
ponent of the clinker near the paralava interface, as in 
Figs. 7, 8, and 10. Indeed, the absence of K-feldspar 
near the paralava implies that it had entirely reacted 
with the altered I/S matrix. It is difficult to envision 
such as reaction as occurring without intervention of 
(and perhaps the first formation of) a melt. However, 
continuity between the textural relations for the altered 
I/S matrix and the lack of discontinuities in the composi- 
tion and texture of the clinker matrix imply that melt 
was not present in the clinker. Cosca et al. (1989) pointed 
out that the near-anhydrous metamorphic conditions 
should give rise to the highest possible minimum melt 
temperatures. Such anhydrous conditions are repre- 
sented in this study by the observed dehydroxylation 
of clay minerals coupled with a loss of nearly all H20  
between samples KM3 and KM4. Indeed, it is the nearly 
complete lack of H20 that differentiates melt conditions 
for these rocks from those of other studies. A composi- 
tion corresponding to a minimum melt temperature must 
have formed through diffusion in altered I/S and at reac- 
tion boundaries with detrital minerals at many sites in 
such a continuously heterogeneous material. 

The only unequivocal evidence for the prior existence 
of a melt, as observed in this study, was obtained for 
the paralava. The paralava-clinker boundary appears to 
be relatively sharp. As noted above, the paralava appears 

to contain some spinel and silica that represents a resi- 
duum of the clinker. The paralava melt therefore appears 
to have been produced along a relatively well-defined 
interface through reaction of altered clay matrix, K-feld- 
spar, and silica. It is likely that minimum-melt tempera- 
tures were produced locally within the clinker, perhaps 
involving altered I/S and K-feldspar reactions as the 
clinker-paralava interface was approached. Indeed, as 
shown, for example, by the liquidus of the system Ca- 
A12Si206-KAISi3Os-SiO2 (Schairer and Bowen 
1947), I/S that has been enriched in Si by loss of A1 
to mullite + SiO2 + K-feldspar corresponds approxi- 
mately to minimum-melt temperatures. 

The chemical flux occurring during the melt reaction 
can be determined by comparing the shale composition 
with that of the paralava. Using the average analysis 
for KMI-3  and the paralava of Table 1, and assuming 
the amount of A1 remains constant, the following reac- 
tion values were calculated, with numbers in terms of 
atoms per A1 atom. 

Host rock+3.04 Fe+0.08 Mn+0.23 Mg+0.25 C a -  
0.25 Si-0.001 Ti-0 .054 K =paralava 

Cosca et al. (1989; personal communication) noted that 
the increased Fe, Mn, Mg, and Ca may have been de- 
rived from carbonate-rich iron nodules in beds separate 
from the paralava, those elements having higher concen- 
trations in the nodules. In terms of mineral species, the 
overall reaction can be approximated by the relation 

silica + K-feldspar + S/I + Fe + Mg + Ca + Mn = parala- 
va.  

Iron enrichment in paralava 

The mechanism of Fe addition (as well as Ca, Mg and 
Mn) to the paralava has been addressed in several com- 
bustion metamorphic studies. Hypotheses are: (1) origi- 
nal compositional differences; (2) liquid immiscibility; 
(3) transport of elements in the vapor phase. 

In sedimentary horizons where ferruginous nodules 
are present, local concentrations of Fe in the fused equiv- 
alent of that rock could result from melting of the nod- 
ules. Jackson (1981) identified such nodules in the same 
stratum as the clinker and concluded that since Fe-rich 
material has a lower melting point with respect to the 
surrounding material, a melt pod within an area of un- 
melted clinker could result. The unaltered rocks in the 
studied horizon, however, were not observed to contain 
ferruginous nodules or Fe-rich heterogeneities which 
would give rise to an Fe-rich melt. 

Formation of immiscible liquid during partial melting 
is another postulated mechanism for Fe enrichment in 
paralava (Cosca et al. 1989). This process would resem- 
ble that of the formation of Fe-rich silicate melts. In 
fact, the composition of the paralava in this study is 
consistent with these types of naturally and experimen- 
tally produced glasses (Bentor et al. 1981 ; Naslund 1983 ; 
Bentor 1984). This method of Fe enrichment requires 
a complementary Fe-deple ted  region. In the case of 
paralava, which is connected to other areas with liquids 
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o f  u n k n o w n  composi t ion,  liquid immisciblity indeed 
may  be a viable mechan i sm in the enr ichment  o f  Fe. 
In  the case o f  the single para lava  pods  completely en- 
closed in clinker, as observed in this study, an Fe-poor  
liquid should have been directly associated with the pod  
and be relatively easy to detect. Serial sectioning of  a 
sample into parallel slabs did no t  reveal a n  Fe-poor  re- 
gion. N o  significant gradients in Fe content  were de- 
tected in extensive E DS  analyses o f  paralava.  Liquid 
immiscibility is, therefore,  ruled ou t  as an Fe-enr ichment  
mechanism in the para lava  pods  enclosed within clinker 
and, possibly, in thc para lava  as a whole. 

In some o f  the earliest studies o f  c l inker/paralava gen- 
esis, chloride complexing o f  Fe in the vapor  phase has 
been suggested as a mechanism of  Fe enr ichment  
(Rogers 1918). Accord ing  to Raask  (1985), chloride 
phases present in coal seams are a m o n g  the first to de- 
compose  u p o n  combust ion .  Hydrochlor ic  acid evolves 
at temperatures  o f  about  325 ~ C, following by the volati- 
lization o f  N a  and Ca chlorides. As the rising gases pass 
th rough  Fc-rich phases in the overlying strata, C1 is in- 
ferred to complex with Fe as well as other  elements. 
Hoope r  (1982) postulated that  when a high temperature  
region such as a vent  is encountered,  the complex be- 
comes unstable and Fe oxides are deposited. Whi tney  
et al. (1985) invoked a similar vapor  t ranspor t  mecha-  
nism to explain the high conccnt ra t ion  o f  Fe in skarns 
and related deposits associated with mineralized granitic 
stocks. In tha t  system, chlorides volatilize upon  crystalli- 
zat ion o f  a magma.  The resulting fluids arc hypothesized 
to leach Fe f rom the sur rounding  rocks as the vapor  
rises. I ron  enr ichment  occurs, of ten distant  f rom the 
source, as the complexes release Fc u p o n  breakdown.  

In the present study, vapor  t ranspor t  (possibly ac- 
complished by chloride complexing) is suggested as the 
mechanism for  the Fe enr ichment  o f  the high tempera-  
ture clinker and the para lava  itself. Support ive o f  this 
hypothesis  are the numerous  spinels located in the high- 
est temperature  clinker, which grew with no intervention 
o f  a liquid phase. Transpor t  o f  elements such as Fe, 
Mg,  M n  and Ca f rom layers lower in the sedimentary 
sequence (possibly those conta in ing ferruginous nod-  
ules) into the overlying strata mus t  have occurred via 
the vapor  phase. 
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