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Abstract--The mineralogy of partially kaolinized strata interbedded with lignite at the San Miguel mine, 
Atascosa County, Texas, was investigated by X-ray powder diffraction and optical and scanning electron 
microscopy. The San Miguel lignite occurs in the lower Jackson Group (late Eocene) of southern Texas. 
Based on mineralogical and micromorphological data, some of these clay partings are probably volcanic 
in origin and were exposed to variable degrees of  in situ kaolinization in a swamp environment. Coexistence 
of kaolinite, clinoptilolite, and opal-CT in several of these strata suggests that the partially kaolinized 
volcanic layers were subjected to a subsequent resilication process following burial. Kaolinite is the 
dominant mineral in the oldest and most kaolinized volcanic layer (underclay) below the lowest lignite 
bed (seam D). The kaolinite exhibits a well-developed vermicular morphology. The youngest volcanic 
layer, which occurs stratigraphically above the uppermost lignite seam, is characterized by pseudomorphs 
of volcanic glass shards and consists mainly of clinoptilolite. Movement of siliceous ground water from 
this layer to the underlying strata apparently provided silica-rich solutions from which opal-CT and large 
(as long as 300 #m) euhedral crystals of clinoptilolite precipitated in the fossilized plant roots, veinlets, 
and fractures within the underlying strata. Micromorphological relationships between the Si-rich (opal- 
CT and clinoptilolite) and sulfide (marcasite and pyrite) minerals in the fossil roots and fractures suggest 
that the marcasite formed before and pyrite after the resilication process. 
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I N T R O D U C T I O N  

The mineralogy of partially altered volcanic strata 
interbedded with coal and lignite has been related to 
the intensity of weathering and leaching within an acid- 
swamp environment  in which the volcanic materials 
were deposited. Pevear et al. (1980) reported that smec- 
rite and cristobalite (with and without clinoptilolite) 
are the initial alteration products of volcanic materials 
in many such geologic environments.  Reynolds and 
Anderson (1967) suggested that the high A1/Si ratio of 
montmoril lonite requires that the excess Si be liberated 
during the transformation of Si-rich tephra to mont-  
morillonite. The Si released by the alteration process 
may be incorporated in cristobalite or clinoptilolite 
(Henderson et al., 1971; Reynolds, 1970). Grim and 
Gfiven (1978) reported that the formation of clinop- 
tilolite appears to be favored by alkaline conditions 
and a low intensity of leaching. With more intense 
leaching and weathering, kaolinite is commonly the 
stable mineral phase. 

In Texas, lignite occurs mainly in three Tertiary geo- 
logic units (the Wilcox Group, Yegua Formation, and 
Jackson Group shown in Figure 1). The lignites in the 
latter two units are commonly interbedded with vol- 
canic strata, similar to those described by Senkayi et 
al. (1984). Some of the strata or clay partings interbed- 
ded with lignite in the lower Jackson Group (late 
Eocene) at the San Miguel mine in Atascosa County 
(Figure 1) appear to be volcanic in origin and contain 
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kaolinite, which represents an advanced stage of weath- 
ering, as well as clinoptilolite and opal-CT, which are 
believed to have formed under slightly alkaline con- 
ditions (Grim and Giiven, 1978). The paragenetic re- 
lationships of the apparently metastable mineral as- 
semblage of kaolinite, opal-CT, and clinoptilolite in 
these strata is the focus of the present paper. Similar 
clay partings have also been observed in the lower 
Manning Formation (Jackson Group) lignite at the 
Gibbons Creek mine in Grimes County (Figure 1), 
although these are not discussed here in detail. 

ENVIRONMENT OF DEPOSITION 

The stratigraphy and environment  of deposition of 
the San Miguel lignite deposit were discussed by Sned- 
den (1979) and McNulty (1978); the following is a 
summary of their work. Both the lignite and associated 
strata at the San Miguel mine belong stratigraphically 
to the lower Jackson Group of southern Texas, which 
is composed principally of interbedded sands and fos- 
siliferous shales, with abundant  volcanic ash and silic- 
ified wood (Snedden, 1979). These sediments are part 
of the south Texas lagoonal-coastal plain system. Nu- 
merous volcanic fragments occur in the sediments 
stratigraphically below and above the lignite (Snedden, 
1979). The lignite interval represents a coastal swamp 
or marsh depositional environment  which existed in 
south Texas during the late Eocene Epoch. The nu- 
merous root structures in the underclay and the strata 
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Figure 1. Map showing the location of the sampling site at 
San Miguel mine, Atascosa County, Texas, and the major 
geologic units containing lignite (after Kaiser, 1985). 

o. 
O 

c~=3 
o ~  

o e5 I 

,,~ r m 0 

White Layer aooo ~ps 

C-'D [nterseam 

Underclay 

5 0 0  ~ga 

4 

I 

N 
) 

26 22 18 14 10 6 2 

Degrees 20 
Figure 3. X-ray powder diffraction patterns showing relative 
distributions of kaolinite, smectite, and clinoptilolite in the 
volcanic strata shown in Figure 2. KI = kaolinite, Sm= smec- 
tire, Cp = elinoptilolite, Q = quartz. 

Figure 2. Lithologic column showing mineralogical com- 
positions of the volcanic (indicated by arrows) and other strata 
investigated. Minerals are listed in decreasing order of relative 
abundance estimated from X-ray powder diffraction peak in- 
tensities. Mi = mica, Q = quartz, Cp = clinoptilolite, Sm = 
smectite, K1 = kaolinite. 

interbedded with the lignite seams suggest in situ for- 
mation of the [ignite. According to Snedden (1979), 
the faint but continuous parallel laminations in the 
lignite indicate that the organic matter accumulated on 
a dry and plant-covered surface. Vertical and horizon- 
tal desiccation fractures are abundant  within the lignite 
seams and associated strata. 

The lignite seams are interbedded with several clay 
partings or layers. According to MeNulty (t978), the 
major clay partings are laterally continuous and have 
been correlated across the entire length of the lignite 
deposit (more than 40 kin). Snedden (1979) suggested 
that these clay partings represent splay deposits, al- 
though he admitted that splay deposits generally are 
much more localized than the strata observed here. 
According to Snedden, periodic flooding following dry 
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Figure 4. Photomicrographs (plane polarized light) showing: (a) boundary between kaolinized volcanic tuff(below the dotted 
line) and the overlying non-volcanic material containing large subrounded quartz (dq) grains; (b) vermicular kaolinite (vk) 
and angular, much smaller volcanic quartz (xq) grains in the area indicated by the arrow in (a), and (c) pseudomorph of 
volcanic glass shard (vs) in the white volcanic layer (Figure 2). Specimen shown in (a) and (b) is from the B/C interseam 
(Figure 2l. 

periods spread thin sheets of clay over the swamp, 
interrupting the accumulation of organic materials in 
the swamp. Based on mineralogic and micromorpho- 
logic data discussed in this paper, we propose a vol- 
canic origin (i.e., ash falls) for some of these strata. 
Such an origin explains their great lateral extent, uni- 
formity in thickness, and mineralogical composition. 

MATERIALS AND METHODS 

Samples of lignite, the associated overburden and 
underclay, and the strata interbedded with the lignite 
seams were collected from a freshly exposed highwall 
at the San Miguel mine in Atascosa County (Figure 1). 
The strata sampled were about 50 m below the surface, 
and the highwall had been exposed for one week. Rep- 
resentative samples were collected from each of the 
recognizable layers shown in Figure 2. The samples 
were immediately placed in plastic bags and trans- 
ported to the laboratory where they were freeze dried 
and any special features and mineral segregations noted 
and described. Fossilized roots and veinlets of clinop- 
tilolite from fractures and joints were hand picked from 
several of the lignite and other layers indicated in Fig- 
ure 2 for further characterization by X-ray powder dif- 
fraction (XRD) and scanning electron microscopy 
(SEM). 

Epoxy-impregnated thin sections of representative 
bulk specimens, fossil roots, and veinlets of clinoptil- 
olite were prepared for optical microscopy and ele- 
mental dot mapping by electron microprobe using a 
JEOL JSM 35CF microscope. The Si/AI ratios of sev- 
eral zeolite crystals were determined as described by 
Ming and Dixon (1986). A JEOL JSM-35CF scanning 
electron microscope equipped with energy- and wave- 
length-dispersive systems interfaced with a Tracor 
Northern 1000 microcomputer was used. A1 and Si 
contents were obtained by comparing the intensities of 
the AI and Si signals from the specimen being analyzed 
to those from a standard clinoptilolite of known chem- 
ical composition. Specimens for the SEM analysis were 
cemented to a luminum stubs with Ag paint, coated 
with a thin film (20 nm) of Au-Pd alloy, and examined 
with a JEOL JSM-25 II electron microscope. The bulk 
mineralogy of each layer and certain zones within each 
layer were determined from randomly oriented powder 
mounts using a Philips X-ray diffractometer and 
monochromatic CuKc~ radiation. 

RESULTS AND INTERPRETATION 

Stratigraphic-mineralogic relationships 
The bulk mineralogy of the overburden, underclay, 

and the partings between the lignite seams (interseams) 
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Figure 5. Photographs (a) and (b) showing large ( 1 cm) subrounded inclusions (I) within kaolinized volcanic layers (T). A 
smaller (< 1 mm) volcanic fragment located in the area indicated by arrow 2 in (b) is shown in micrograph (d). Photomicrograph 
(c) (plane polarized light) shows large crystals of clinoptilolite in a vug near the area indicated by arrow 1 in (b). L - lignite 
and k = kaolinite particle. 

is summarized in Figure 2. The three layers indicated 
by arrows in Figure 2 contain negligible quartz (Figure 
3) and appear to be volcanic in origin based on mi- 
cromorphological evidence. Optical microscopy data 
indicate that the morphology, relative abundance, dis- 
tribution, and size of the quartz grains in the three 
volcanic strata markedly differ from those in the A-B, 
B-C, and brown (No. 2) layers, which apparently con- 
sist of mixed volcanic and nonvolcanic materials. Fig- 
ure 4 shows the transition from partially kaolinized 
volcanic materials (below the dotted line) to the as- 

sociated nonvolcanic layer containing much larger and 
subrounded grains of quartz. Quartz is much less abun- 
dant in the kaolinized zone, and the quartz grains are 
much smaller, relatively uniform in size, angular, and 
evenly distributed (Figure 4b). The presence of pseu- 
domorphs of volcanic glass shards in these strata (Fig- 
ure 4c) supports a volcanic origin. 

At least three major ash falls (represented by the 
underclay, the C-D interseam, and the white layer) 
occurred in this swamp. Each of these volcanic epi- 
sodes was followed by a period of relative stability 
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Figure 6. Scarnwg electron microg;aptl, s!ao~ rag; (a} cross secuon ol a Iossil root (trom ligmte seam A) which is completely 
impregim:ed wlth marcasite: (b) ring of cptdcrmal cells tarro~ i around thc root: (c) surliice moiphology of the epidermal ceils: 
and (d) ivncr ring or" (:ells (arrow) arouno the ~ascuiar c~lmdcr. Each bar represents 100 urn. 

during which accumulation of organic matter resumed. 
The volcanic materials ~ere also subjected to ~arious 
degrees of kl situ acid leaching and kaolinization during 
this period. The undercla,x is the most kaolmized of  
the three layers and contains the most kaolinite (in- 
ferred from the intensity of kaolinite peaks in Figure 
3). The kaolinite shows a well-developed, simple la- 
mcllar and vermicular morphology (Figures 4a and 4b), 
which suggests that it formed in place. Numerous small 
lenses or blebs (ranging from a few millimeters to sev- 
eral centimeters across) of  less kaolinized volcanic ma- 
terial (containing mainly smectite and poorly crystal- 
line kaolinite) occur as inclusions within the kaolinized 
volcanic layers (Figures 5a, 5b, and 5d). These sub- 
rounded inclusions appear to have been incorporated 
in a soft kaolinized mass before consolidation. They 
contain large crystals of  clinoptilolite in veinlets and 
vugs (Figure 5c). Numerous microfolds and faults are 
associated with these inclusions (Figure 5a). The or- 
ganic matter in the kaolinized zone (Figure 5b) consists 
of  thin layers or laminations which are commonly con-  
vo lu ted  and contorted.  These laminations of  organic 

matter form microfolds around some of the large ka- 
olinite aggregates suggesting that many of the kaolinite 
aggregates formed very early, probably before burial 
and consolidation. 

The youngest volcanic ash fall is represented by the 
white layer above seam A (Figure 2). Apparently, the 
volcanic ash in this layer had insufficient time to weath- 
er appreciably and form kaolinite. This bed consists 
chiefly of clinoptilolite (Figure 3), which was reported 
by Pevear et aL (1980) to be the initial alteration prod- 
uct of volcanic ash where it is subjected to minimal 
weathering and leaching. Pseudomorphs of  volcanic 
glass shards (Figure 4c) are abundant in this layer. De- 
position of the coarse, micaceous sediments (the up- 
permost green layer in Figure 2) in the swamp marked 
the end of  the lignite interval at this deposit. 

Mineralogy of fossilized roots 
Numerous fossil roots, 0.5 to several millimeters in 

diameter  and  as long as several cent imeters ,  occur par- 
ticularly in the strata under ly ing  the whi t e  vo l can ic  
layer (Figure 2). Most of  the roots  were preserved in 
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Figure 7. Clinoptil,,?li~e, opai-(T, and marcasite in a fossilized root irom the brown (No. 2) layer. (a) Scanning electron 
micrograph of the inner ring of marcasite enciosec! b? concemric rings of" opal-CT and clinoptilolite (arrow). (b) Electron 
micro!orobc dot real': orS sho\~ ing the distribklUOn ol marcasite. (c) Electron microprobe dot map of Si showing the distribution 
ofopal-CT and clin.)milolite. (d) Scanning eleclron micrograpln showing the relationship between the marcasite (m), clinop- 
tilolite (Cp). and opal-CT (o) within the fossil root shox~n in a, b. and c. Each bar represents 100 ~m. 

their original vertical position and are partially or com-  
p le te ly  replaced by either marcasite or pyrite, clinop- 
tilolite, and opal-CT, as determined from XRD and 
electron microprobe data. Although the fossil root 
shown in Figure 6 is completely filled with marcasite, 
it is devoid of  cellular morpholog3 except t\)r the two 
ring structures. The lack of cellular details in this root 
suggests that the softer tissue between the two rings 
had already decomposed beibre il was impregnated by 
marcasite. In some of the fossil roots, the space en- 
closed by the two rings has been partly or completely 
filled by Si-rich minerals (opal-CT and clinoptilolite) 
instead of  marcasite (Figure 7). The inner marcasite 
ring of  the root shown in Figure 7 is completely en- 
closed by concentric rings of  opal-CT and clinoptil- 
olite. Clear, euhedral clinoptilolite (such as that shown 
by arrow in Figures 7a and 7c) can be seen (under a 
low-power optical microscope) protruding into the open 
space on the outside of  this ring. Details of the contact 

between the marcasite and the opal-CT are shown in 
Figure 7d. The opal-CT appears to have precipitated 
directly on lhe marcasite. It tbrms a thin continuous 
layer (about 20 , m  thick) between marcasite and the 
clinoptilolite. The opal-CT is distinguishable from 
marcasite and clinoptilolite based on energy dispersive 
spectroscopy data (Figure 8) and its characteristic glob- 
ular morphology (Figures 9a and 9b). The average Si/ 
A1 ratio of the clinoptilolite (determined on several 
crystals) is 4.8, which is in the expected range (4.25- 
5.25) for this mineral (Boles, 1972). 

Crystals of  clinoptilolite appear to have grown on 
and around spherical or globuIar bodies of  opai-CT 
(Figure 9a). Inclusions of  opal-CT were recognized in 
one large crystal of  clinoptilolite (Figure 9b). Many of 
the clinoptilolite crystals in the fossilized roots show a 
well-developed "cofhn-shape" morphology (Figure 9a), 
characteristic of  clinoptilolite-group minerals (Mump- 
ton and Ormsby, 1976). This clinoptilolite appears 
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Figure 8. Energy dispersive X-ray spectra of the marcasite, 
opal-CT, and clinoptilolite zones shown in Figure 7d. 

banded or zoned, and the lighter bands apparently 
formed by dewatering of the zeolite under the electron 
beam. The banding is apparently controlled by cleav- 
age. 

Minerals in fractures and veinlets 
Numerous vertical and horizontal fractures and 

veinlets filled with crystals of clinoptilolite and pyrite 
(Figure 9c) occur in the lignite seams and the associated 
strata. The origin of these fractures is not clearly under- 
stood, although Snedden (1979) suggested that they 
were formed during periodic exposure to drying con- 
ditions. Such an origin may explain some of the frac- 

Figure 9. Scanning electron micrographs showing: (a) eu- 
hedral, apparently zoned crystals of clinoptilolite having cof- 
fin-shape morphology (arrow) and globular lepispheres ofopal- 
CT in a fossil root (from brown layer No. 2); (b) inclusions 
of opal-CT (arrow) within a clinoptilolite crystal; and (c) in- 
terpenetration of pyrite octahedra (p) and clinoptilolite crys- 
tals in a vein from lignite seam C. Each bar represents 100 
~m. 
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Figure IO. Photomicrographs sho\~mg clinoptilolite-p?~itc 
association in a v(inlet ~n ligmtc (L) seam L): (a) ci}stals of 
clinoptilolite (Cp) enclosed by pyrite (p)" /b) elecuon micro- 
probe dot map of Si showing the location of clinoptilolite: 
and (c) electron microprobe dot map o[S shoaing me location 
of pyrite. Each bal represents 100 ~n~.. 

tures in the nonqigni t ic  strata, but man \  fractures in 
the }ignite may  have tbrmed by diffbrential compact ion ,  
of  the partially decomposed  organic materials  after 
burial. These fractures are particularly c o m m o n  in lig- 
nite seams A and D and also in the brown la~er {No. 
2) underlying the while volcanic  layer (Figure 2). Man?  
of  the vcinlets  and fractures contain large crystals of  
cl inopti lol i te  (Figure 9c). The  cl inopti lol i te  cr.~stals 

Figure 11. Photomicrographs (crosseo polars) showing: (a) 
a k cinlcl of" clmoptilolite (Cp) that cuts across a dctrilal ka- 
olinite tk) particle: and (b) the characlcnstic basal c[ea\.age of 
lilt kaolmilc panicle shown in (a). 

\~ithin these fiacturcs and veinlets are less well devel-  
oped morphological ly  lhan those in the fossilized roots 
and sho\~ much interpenetrat ion with each other  and 
~i th  man.~ o f  tile associated pyrite octahedra (Figure 
~)c). The chnopt i lol i te  crystals shown in Figure 10 arc 
complete ly  enclosed by p~ritc whicl~ apparent ly pre- 
cipitated from ~ron-bearing solutions during later stages 
of  the coahfication process. The cl inopti lol i te  veinlet  
shown in Figure 1 1 cuts across an apparent ly detrital 
aggregate of  kaolinite.  A detrital origin is postulated 
lot this kaolinite because it is a lone grain in a non- 
kaolmized groundmass  of  very fine grained cl inopli l-  
olite in the transit ional  zone between the white layer 
(Figure 2) and the underlying brown layer (No. 2). The  
brox~n layer (No. 2) consists of  mixed  or  reworked 
volcanic and non-volcanic  materials.  

D I S C U S S I O N  

The apparently metastable  mineral  assemblage o f  
opa l -CT + cl inopti lol i te  + kaolini te in many  of  the 
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strata investigated suggests that these strata were sub- 
jected to at least several cycles of  alteration processes 
including: in s i tu  acid weathering in a Late Eocene 
swamp (which resulted in formation of  kaolinite) and 
a later resilication of  the partially kaolinized material  
after burial. The latter process resulted in the precip- 
itation o f  the opal-CT and clinoptilolite in the fossil- 
ized roots and in fractures in the lignite and the partially 
kaolinized strata. 

The blebs or inclusions of  less kaolinized volcanic 
material  in kaolinized volcanic layers appear  to have 
been incorporated into a soft, partially kaolinized mass 
before burial. The mechanism by which these sub- 
rounded inclusions were emplaced within the kaolin- 
ized layers is, however, not well understood. Inasmuch 
as pseudomorphs of  vitric shards were observed in 
these inclusions, they probably are not volcanic bombs 
(D. R. Pevear, Exxon Production Research Company,  
P.O. Box 2189, Houston, Texas 7700 l,  personal com- 
munication). Local erosional and deposit ional  pro- 
cesses associated with overbank flooding might have 
produced these inclusions. Such processes also prob- 
ably resulted in the disruption and transportat ion of  
some of  the kaolinite aggregates or crystallites. The 
kaolinite particle shown in Figure 11 probably was 
transported and deposited in a matrix of  fine-grained 
material consisting o f  altered volcanic ash. It was later 
split into two parts, possibly as a result of  drying and 
cracking of  the sediment. The large crystals of  clinop- 
tilolite within this crack or veinlet and those in frac- 
tures in the volcanic inclusion shown in Figure 5c were 
formed later, probably after burial. 

Such a resilication process may also explain the co- 
existence of  marcasite, clinoptilolite, and opal-CT in 
the fossilized plant roots, and pyrite with clinoptilolite 
in fractures and veinlets in lignite. According to Ed- 
ward and Baker (1951), a reducing environment  and 
a slightly acidic pH are required for precipitat ion of  
marcasite, whereas clinoptilolite forms in slightly al- 
kaline condit ions (Grim and Giiven, 1978). Thus, mar-  
casite probably precipitated in the partially decom- 
posed roots before or soon after burial when the 
conditions were acid and reducing. The initial influx 
of  Si-rich solutions into the fossil roots resulted in pre- 
cipitation of  opal-CT that forms thin layers or coatings 
on the marcasite (Figure 7d). These layers are clearly 
visible in thin sections. A change in the chemical mi-  
croenvironment or the pH within or outside the par- 
tially decomposed roots might have initiated the change 
from precipitation of  opal-CT to precipitation of  cli- 
noptilolite. The clinoptilolite crystals precipitated di- 
rectly on the opal-CT lepispheres, and some of  these 
crystals contain inclusions ofopa l -CT (Figure 9b). Pre- 
cipitation of  large crystals of  clinoptilolite in the fossil 
roots and in veinlets and fractures in the lignite and 
partially kaolinized strata apparently resulted from re- 
distr ibution of  Si-rich solutions after burial. A similar  

process was proposed to explain the presence of  cli- 
noptilolite in the kaolinitic tonstein layers investigated 
by Senkayi et al. (1984). The siliceous minerals (opal- 
CT and clinoptilolite) completely enclose marcasite in 
the fossil roots (Figure 7), whereas pyrite encloses cli- 
noptilolite in the fractures within lignite. This suggests 
that the marcasite formed before the resilication pro- 
cess, whereas pyrite formed much later. 

Although marcasite is common in plant remains 
within lignite (Brinkmann, 1977), coexistence of  cli- 
noptilolite and marcasite has not been previously re- 
ported; however, an unusual occurrence o f  well-de- 
veloped crystals of  heulandite, as long as 4 mm, in 
fossil wood from the Denver Format ion  of  Colorado 
was reported by Modreski  et al. (1983). Modreski  et 
al. (1983) employed the heating treatment described 
by Mumpton  (1960) rather than the Si/A1 ratios used 
in the present study to identify the heulandite. Ac- 
cording to Modreski  et al. (1983) alteration of  volcanic 
glass in the Denver Format ion released Si and other 
soluble ions into the ground water. The heulandite in 
plant structures precipitated from these Si-rich solu- 
tions. Similar processes probably resulted in the crys- 
tallization ofopa l -CT and clinoptilolite within the fos- 
sil roots investigated in this study. The relatively 
extensive space available for crystal growth allowed 
crystallization of  extremely large zeolite crystals in the 
fossil roots of  our study and in the petrified wood stud- 
ied by Modreski et al. (1983). 
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