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INTRODUCTION 

The main purpose of this paper i s  t o  c a l l  a t tent ion to  volcanic 
eruptions as a source of mineral matter in coal. Volcanic material i s  
a p t  t o  have mineral and chemical compositions as well as pat terns  of 
d i s t r ibu t ion  d i f f e r e n t  from the more usual types of mineral matter in 
coal .  Recognition of  volcanic material requires some understandinq of 
the process of or ig in ,  an awareness of the considerable var ie ty  of 
materials involved, and an appreciation of the tendency of volcanic 
materials t o  undergo substant ia l  a l t e r a t i o n  so t h a t  t h e i r  genesis i s  
obscured. 

Some comnents on terminology a r e  necessary. "Volcanic ash partings" 
here re fers  t o  sedimentary uni t s  bounded by organic-rich material (coa l ,  
l i g n i t e ,  o r  organic sha le)  and which were deposited a s  a i r - f a l l  volcanic 
ash with e s s e n t i a l l y  no subsequent t ransport  or mixing with terrigenous 
de t r ia l  s i l i c a t e s  ( c l a y ,  mud and sand) .  No spec i f ic  qrain s ize  or 
composition i s  implied. The term "tephra" i s  now commonly used for 
modern, una1 tered,  uncompacted mater ia l ,  while the term " tuf f"  i s  used 
f o r  the compacted ( rock)  equivalent. 

A volcanic or ig in  i s  obvious where there  i s  g l a s s ,  volcanic phenocrysts, 
charac te r i s t ic  mineralogy, o r  absence o f  terriqenous d e t r i t u s  and lack of 
sedimentary s t ruc tures  formed by moving water. 
however, there  i s  progressive a l t e r a t i o n  and loss  of recognizable volcanic 
features;  the p r o d u c t  i s  generally some kind of c lay uni t .  
term they might be ca l led  a l te red  t u f f s .  
known as bentonites; these a r e  usually montmorillonitic ( smect i t ic ) ,  
light-colored, and s t i c k y  when wet. I n  coals ,  par t icu lar ly  Carboniferous 
coals ,  they a r e  usually kaol in i t ic ,  light-colored and firm. We prefer 
the general term "a1 tered volcanic ash" because there  i s  considerable 
range in physical appearance, oriqinal and secondary mineraloqy, as  well 
a s  in the type of enclosing sediment. 

ORIGIN 

With .increasinq ape, 

As a qeneral 
Ir; marine shales they are  

Volcanic ash par t inqs i n  coals should not be surprisinq. The 
recent eruption of M t .  S t .  Helens spread volcanic ash across several 
western s t a t e s  and t r a c e s  of the d u s i  traveled around the world. 
however, where a recognizable layer  of t h i s  ash i s  l ike ly  t o  be preserved. 
On land, almost a l l  of i t  wi l l  be eroded by wind and water,mixed with 
terrigenous sand and clay,  and ultimately dispersed into lakes or  the 
ocean. An important exception i s  t o  be found in marshes or  swamps, the 
general se t t ing  in which plant  material accumulates t o  eventually become 
coal .  Once deposited in  a coal swamp, an ash f a l l  has a qood chance of 
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remaining undisturbed because the shallow water, lcw stream oradients ,  
lack of r e l i e f ,  and  sediment baffling e f fec ts  of veqetation minimize 
Processes t h a t  could cause reworking. Portions of such swsmps may be s o  
d is tan t  from major streams t h a t  they receive l i t t l e  or  no mud from over- 
bank floods. Thus i t  i s  l ike ly  t h a t  some ash f a l l s  would be b u r i e d  i s  
organic debris  (coa l )  and remain f ree  of non-volcanic material from 
f luvial  sources. 

a s h  partinqs and the coals t h a t  contain them: 
deposition provide one of the best places f o r  preservation o f  a i r - f a l l  
volcanic materials. 

however. 
r e l a t i v s l y  quiet  eruptions of mostly f lu id  lava. 
a human scale ,  these involve m l y  minor inject ion of fine-grained material 
into the upper atmosphere where i t  can be carr ied long distances by 
Prevailing winds. 
eruptive s ty les  are  l ike ly  t o  be important in  producing the t h i n ,  widespread 
uni ts  of ash most commonly preserved i n  the geoloqic record. 
of eruptions i s  re la ted to several fac tors ,  including ges content and 
Geometry o f  the vent. Of most importance here, however, i s  s i l i c a  content: 
s i l i c a  increases the viscosi ty  of maqma and the tendency toward explosive 
eruptions rather than quiet  flows. Thus volcanic a s h  partinqc in coals  
a r e  primarily the product of such s i l i c a - r i c h  eruptions; t h i s  has  important 
consequences in terms of the composition of the ash, as  will be discussed 
l a t e r .  

F I E L D  APPEARANCE OF V O L C A N I C  ASH PARTINGS IN COALS 

I t  follows then t h a t  there i s  a genetic re la t ionship between volcanic 
environments of coal 

Not a l l  kinds of volcanic ash  have the same chance of such preservation, 
Many volcanoes, such as those in Haweii, a r e  characterized by 

Though spectacular on 

Only volcanoes characterized by par t icu lar ly  violent  

The explosiveness 

Most vclcanic a s h  partings are  th in ,  rangjnp from 1 mn t o  a few cm. 
A few, however, a t t a i n  thicknesses of more t h a n  1 m. Sone are uniform 
in thickness and have e i t h e r  sharp or  gradational boupdaries with the 
enclosing coal. Many, however, pinch and swell rapidly and may cons is t  
of a se r ies  cf lenses ra ther  than continuous beds, a feature they share 
Mith Carboniferous tonsteins  (Williamson, 197C). Liqht shades of Way, 
brown, o r  yellow a r e  most common, ref lect ing a lower orqanic content 
t h a n  the adjacent coal. Black and d a r k  brown partings a l so  occur, and  
sometimes these bcconie obvious Only a f t e r  weathering; the oxidation of 
organic matter then resu l t s  in  a light-colgred surface layer o f  s i l iceous  
mater ia l .  Figure 1 shows the most common f i e l d  appearance; i n  t.his case 
for a Cretaceous example from southern Alaska. 

To a large extent the orain s ize  and degree of induration of these 
partings depends upon the amount of post-depositional a l t e r a t i o n ;  t h i s  
in turn i s  largely a function cf aqe and d e p t h  of burial .  For example, 
l igni- tes  almost 4-5 m.y. old in southern Alaska contain partinqs t h a t  
a re  loose and sandy;.in f a c t  they a re  c lear ly  recognizable volcanic ash  
consisting mostly of glass  shards. 
in Kentucky bituminous coal a re  hard and very f ine  grained. 
was s imilar  t o  the Alaskan exaiiiple a t  f i r s t ,  b u t  has completely a l te red  
t o  a compact variety of kaolin known as f l i n t  clay. 

I 

I n  cont ras t ,  300 m.y. o l d  partinqs 
The l a t t e r  probably 
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COMPOS 1'1 ION 

Composition of the psrtings i s  a function of both  the oriqinal 
materia-Is arid conditions, and  the kind and extent of post-depositional 
modification. Therefore i t  i s  necessary t o  consider the primary conposition 
(or ig ina l )  separately from the secondary composition ( a l t e r e d ) .  

Primary Composition 

The sol id  products of explosive volcanism include individual glass  
fragments, individual c rys ta l s  (phenocrysts), and aayregates of these 
known as rock fragments. Glass i s  perhaps the most common component b u t  
there  i s  a great  var ie ty  aiiiong modern volcanics. A given volcano may 
e j e c t  different  material over i t s  eruptive l i fespan.  Even a s ingle  
eruption, las t ing  perhaps only a few days, mey iwolve  changes in ash 
composition. 

components. By f a r  t h e  most abundant are quartz, sanidine and plaqioclase 
feldsphrs, cer ta in  pyroxenes and amphiboles, magnetite, a p a t i t e ,  b i o t i t e ,  
and  zircon. 
const i tute  evidence of a volcanic or igin.  Certain crystal  forms, such 
a s  the beta form of quartz and hexagon31 prisms of b i o t i t e ,  a re  par t icular ly  
useful indicators  of or jg in .  Similarly, the presence o f  sanidine, the 
hiah-temperature form of potassium feldspar ,  silngests a volcanic or ig in .  
On the other h a n d ,  the presence of fion-volcanic minerals such as  muscovite 
and  garnet indicates  a non-volcanic or igin cir a t  l e a s t  some admixture of 
non-volcanic (probably f luvial  ) material .  

the magma. As noted e a r l i e r ,  explosive behavior, the kind most l i k e l y  
to  produce ash  par t inos in coals ,  i s  charac te r i s t ic  of s i l i c a - r i c h  
maqmas. Thus  the minerals c i ted above, and those to  be expected in  
volcanic ash par t ings,  are  those associated with s i1  ica-r icb magmas. 
The glass phase w i l l ,  o f  course, a l so  re l fec t  th i s  s i l i c a - r i c h  tendency. 

Original grain s i z e  of an ash parting re f lec ts  the texture  of the 
material produced by a given vol'cano plus the progressive loss  of coarser 
and denser components a s  a n  ash clcud moves downwind. I n  other words, 
texture i s  in par t  a function of distance from the source volcano. By 
f a r  the most common ash partings in coal are thin,  uniform and widespread. 
These probably were derived from dis tan t  volcanoes a n d  consisted or iq ina l ly  
of s i l t -and clay-sized par t ic les  carr ied by liigh-a1 t i t u d e  winds .  Conversely, 
w h e r e  ash partings are coarse-grained, thick, a n d  a b u n d a n t ,  the volcatiic 
source i s  assumed t o  have been re la t ive ly  close. 

Volcanic ashes a r e  characterized by a limited s u i t e  of mineral 

The presence of these micerals and the absence of others  

The specif ic  minerals present r e f l e c t  the original compositions of 

Secondary Composition 

The primary composition discussed above i s  important here in t h a t  
i t  determines in par t  the f inal  products of a l te ra t ion .  I t  should be 
noted, however, that  the  factors  controlling t h e  degree and direct ion of 
a l te ra t ion  have n o t  been thorouqhly studied. I n  our opinion, chemical 
a l te ra t ion  in the environment of deposition and  the lencrth of  time 
involved are  probably more important t h a r l  original composition in deteriiiinins 
the final product. 
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The main secondary products a re  c lay niinerals, e i t h e r  smectite o r  
kaol ini te .  These clay minerals are derived mainly and most readi ly  from 
glass ,  but. fe ldspars ,  amphiboles, pyroxenes, and b i o t i t e  a l so  a l t e r  in 
Part to clay minerals. The a l te rd t ion  to  kaol ini te  involves e s s e n t i a l l y  
complete removal of soluble components such as  Na, Ce, Mq, K and Fe a s  
well as considerable s i l i c a .  Pure kaol ini te  consis ts  cf equal par ts  of 
s i l i c a  and alumina an: v i r tua l ly  nothing else-- this  i s  t h u s  the  product 
Of  very intensive leaching. Smcctite on the other hand requires some Mq 
and more s i l i c a ;  i t  i s  thus the product of less  intensive leaching than 
t h a t  whjch produces kaol ini te .  

kzol ini te  or must pass through a smectite intermediate staqe. 
the thickness of the  original ash can play a ro le :  
a l tered completely t o  kaol ini te  while adjacent thicker partinas contairl 
substantia: smectite (Triplehorn and Bohor, 1981 ; Reinink-Smith, 1982). 
C-iven more time and fur ther  leaching, these smectitic partinqs presumably 
would eventually be al tered t o  kaol ini te .  O n  the other hand, individual 
minerals such as feldspars and b i o t i t e  cdn be observed a l te r ing  d i rec t ly  
t o  kaol ini te  without any smectite involvement. 

var ie ty  of other  secondary minerals may occur in a l tered volcanic 
ash partings. Some of these may be related t o  modification of the 
primary constituents b u t  others are  more l ike ly  introduced by ground 
water taking advantage of the higher permeabil i t i e s  of volcanic ash 
layers  re la t ive  t o  the adjacsnt. organic material (now coal ) .  Carbonate 
minerals in quant i t ies  t o o  large t o  have been derived en t i re ly  from the 
primary volcanic material are not uncmmon. S ider i te  i s  most abundant 
althcugh dolomite sometimes i s  present. Such cementation may obscure 
the  volcanic origin of the original layer because well cemented par t inas  
a r e  s imilar  in appearance t o  the purely sedimentary carbonate layers  
tha t  are very commonly associated with coals. 

Recently occurrences of unusual a1 uminum phosphate minerals have 
been found with ash partings ii1 coals (Triplehorn and Bohor, 1983). 
Since that  report we have found a nunber of occurrences in Alaska and 
one in  the Appalachian area.  These minerals were grouped by Palache 
a l .  (1951) as the plumbogummite ser ies ,  with the general formula X 
q ( P O  )2 (OH)  F 0 .  
X = S r j ,  gorc2iaite (Ba), c randal l i te  ( C a ) ,  and f lorenc i te  (Ce, U ,  and 
other rare e a r t h s ) .  Some layers in Alaska are  suf f ic ien t ly  radioactive 
t o  give a d is t inc t  reading on hand-held radiation detectors  in the  
f i e l d .  

DISTRIBUTION 

I t  i s  uncertain whether the path of a l te ra t ion  can lead d i r e c t l y  t o  
Certainly 

thin par t ings may be 

End members of in te res t  here include cloyazite (where 

pecause many geologists a re  not aware t h a t  volcanic a s h  partinqc 
occur in coals i t  i s  d i f f i c u l t  to  in te rpre t  the absence of published 
reports regarding t h e i r  occurrences. 
probably much greater  than presently recoqnized. 
regarding the i r  dis t r ibut ion are  mainly limited t o  Ncrth America and a re  
based primarily on o u r  own observations, discussions with others ,  and 
interpretat ion of published reports .  Specific references t o  recognized 
~,olcanic ash parting5 in coals are  re la t ive ly  few and res t r ic ted  mostly 
to  the past few years. 

The abundance o f  such partinqs i s  
The followinq genera l i t i es  
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I n  simple terms ash partings are  re la t ive ly  a b u n d a n t  in Cretaceous 
and Tertiary coals  of the  West and rare in Carboniferous coals of the 
East. We are  l e s s  c e r t a i n  of the Gulf Coast Tert iary l ign i tes  b u t  they 
appear to have  a t  l e a s t  a moderate abundance of such partinqs. TG a 
degree t h i s  apparent d i s t r ibu t ion  i s  related t o  the fac t  tha t  the volcanic 
or ig in  of the younger ash beds i s  more apparent, while older partings 
commonly appear as  k a o l i n i t i c  clay beds with l i t t l e  evidence of t h e i r  
volcanic heritage ( see  Bohor and Tripleborn, 1981). 
no question t h a t  the absolute frequency i s  hiaher in the West. 

present ash partings may be dis t r ibuted sparsely b u t  uniformly or 
concent.rated i n  j u s t  a few coals .  Figure 2 shows an  example in Southwestern 
Washington, in t h i s  case including both kaol in i t ic  and smectitic partings 
(Reinink-Smith, 1982). 
volcanic ash partings a r e  know!: from numerous coals in Utah, New Mexico, 
Colorado, Wyoming, Montana and Washington (Bohor, e t  a l .  1978; Triplehorn and 
Bohor, 1981). Again, t h e  frequency i s  highly variable. Individual 
coals  in Mont.ana and Colorado contain u p  t o  twenty o r  more ash par t inas ,  
while the unusually th ick  coals  of the Powder River Basin contain almost 
none. I n  Alaska, volcanic ash partinps a r e  present in a l l  of the Cretaceous 
and Tert iary coais we have examined, but. appear t o  be par t icular ly  
abundant in the CoGk In1 e t  area,  

In the Appalachian coal basin and the Eastern In te r ior  Basin, where 
we have had l e s s  experiencel a s h  partings appear t o  be rare  (Bohor and 
Triplehorn, 1982). The lack of ash partings in Carboniferous coals of 
eastern North America cont ras t s  with t h e i r  abundance in European coals 
of the same age. 
t h e i r  volcanic or igin was not generally accepted until the l a s t  f w  
decades. Bouroz,  e t  a l .  (1983) provides a good recent summary of some 
of t h i s  work in E n g i s h .  

SIGNIFICANCE 

Everi so,  there i s  

Where many coals a re  Loc?lly the abundance can be highly var iable .  

I n  the  West, where most of our work has been, 

These have been studied f o r  aver a century although 

The geologic importance of volcanic ash partings in coals has been 
summarized previously by Triplehorn (1976). 
t h e i r  use in  c o r r e l a t i o n ,  the process of determining the time relat ionships  
among rocks exposed a t  d i f f e r e n t  l o c a l i t i e s .  
marker beds, where individual ash f a l l s  can be recognized and distinquished 
from others on the basis  o f  some textural o r  compositional aspect. Beds 
containing the same a s h  layer (whether in coal o r  any other rock type) 
a re  the same age, although the absolute aqe ( i n  years)  i s  n o t  indicated. 
Happily, the absolute age can sometimes be determined by radiometric aae 
dating of cer ta in  minerals i n  the  ashes. Potassium-arqon dating i s  used 
f o r  such minerals a s  fe ldspar  and hornblende, while f iss ion-track 
datinq may be used f o r  zircon and apa t i te .  

the high rad ioac t iv i ty  of cer ta in  ash partings (he cal led them tonsteins)  
tha t  made them useful in  bore-hole s tudies  because they appeared a s  
sharp maxima on gamma-ray logs of coal beds. Such maxima are  conspicuous 
because coals are generally known f o r  t h e i r  absence of radioact ivi ty .  

Of qrea tes t  importance i s  

The simplest use i s  a s  

I t  may be o f  interest here t o  note t h a t  Williamson (1970) mentioned 
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He ascr ibed the  h igh  r a d i o a c t i v i t y  o f  these p a r t i n q s  t o  an unusual 
abundance o f  z i r cons .  We have no s p e c i f i c  knowledge o f  these occurrences, 
bu t  suggest t h a t  the  h igh  r a d i o a c t i v i t y  migh t  ins tead be r e l a t e d  t o  

I 

\ uranium-bearing phosphate minera ls .  

Thus f a r  geo log i s t s  have pa id  l i t t l e  a t t e n t i o n  t o  the  s i g n i f i c a n c e  
of ash pa r t i ngs  as i n d i c a t o r s  o f  processes and cond i t i ons  i n  the coa l -  
forminq environment. For example, t h i n  widespread p a r t i n g s  w i thou t  
pene t ra t i ng  p l a n t  ma te r ia l  suggest t h a t  these o r i g i n a t e d  as ashes t h a t  
f e l l  i n t o  shallGw standing water. Thick ashes should have a f f e c t e d  the  
k i n d  and amount o f  veqeta t ion ,  and i n d i r e c t l y  t he  na ture  o f  t he  coal  
immediately o v e r l y i n g  t h i c k  ash beds. As y e t  there  i s  l i t t l e  data i n  
these aspects because geo log is t s  have no t  recognized the  p o t e n t i a l  value 
of  such s tud ies .  

some pa r t i ngs  may be o f  vo lcan ic  o r i g i n  may be usefu l  i n  exp la in ina  the  
d i s t r i b u t i o n  o f  some o f  these l a y e r s  and the occurrences o f  some unusual 
components, such as s t ron t ium,  phosphate, o r  uranium. Volcanic ash 
p a r t i n g s  a re  l i k e l y  t o  be more widespread and un i fo rm i n  tex tu re ,  composi t ion 
and th ickness  than the  more cnmmon p a r t i n q s  o f  f l u v i a l  o r i g i n .  
a l s o  more l i k e l y  t o  show marked d i f f e r e n c e s  from l a y e r  t o  l a y e r ,  and 
more l i k e l y  t o  con ta in  e x o t i c  minera l  o r  chemical components. 

For those i n t e r e s t e d  i n  minera l  ma t te r  i n  coal  an awareness t h a t  

They are  

I 

I 
/ 
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