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Elect ron microprobe analys is  i s  a powerful t o o l  f o r  analyz ing t h e  chemical 
canposi t ion o f  canponent g ra ins  and whole samples when sample q u a n t i t i e s  are t o o  
small f o r  o ther  a n a l y t i c a l  techniques. A q u a n t i t a t i v e  procedure f o r  microanalys is  
of elements such as Na, Mg, A l ,  S i ,  P, S, C1, K, Ca, T i ,  Mn, Fe, S r ,  Ba i n  coal and 
coal macerals i s  h i g h l y  des i rab le  but  development o f  q u a n t i t a t i v e  techniques f o r  
microanalys is  o f  organic ma te r ia l s  has lagged behind progress i n  t h e  ma te r ia l  
sciences. The heterogeneous character ,  l ow  densi ty ,  and l i g h t  element composit ion 
of organic ma te r ia l s  present spec ia l  problems not accounted f o r  i n  t h e  usual 
m ic roana ly t i ca l  methods employing standard ZAF c o r r e c t i o n  procedures app l i cab le  t o  
mineral ogy and metal 1 urgy. 

A l t e r n a t i v e  procedures developed by workers i n  t h e  b i o l o g i c a l  sciences, which 
minimize t h e  problems s p e c i f i c  t o  work w i t h  organic ma te r ia l s ,  might be b e t t e r  
s u i t e d  f o r  analys is  o f  coal than standard ZAF techniques. Q u a n t i t a t i v e  methods have 
been most ex tens i ve l y  developed f o r  th in-sect ioned specimens. Those techniques, 
which inc lude H a l l ' s  (1968) peak-to-continuum and Russ's (1974) elemental r a t i o  
methods, r e l y  on t h e  assumption t h a t  absorpt ion and f luorescence e f f e c t s  may be 
neglected because o f  t h e  extremely shor t  path l eng th  f o r  e x i t i n g  x-rays. For t h i c k  
specimens these assumptions must be modif ied. Techniques i nc lude  the  standard ZAF 
c o r r e c t i o n  procedures f o r  mater ia l  w i t h  l i g h t  element matr ices (Love and Scott,  
1980) and peak-to-background methods ( M i l l e r  and Corbet, 1972). Other techniques 
c l o s e l y  r e l a t e d  t o  our approach are t h e  peak-to-continuum (P/C) methods used f o r  t h e  
ana lys i s  o f  p a r t i c l e s  by Statham and Pawley (1978) and Small and others (1980). 

Most o f  t h e  P/C methods r e l y  on t h e  hypothesis t h a t ,  as an i n i t i a l  
approximation, continuum and c h a r a c t e r i s t i c  r a d i a t i o n  are s i m i l a r l y  a f fec ted  by 
changes i n  pa r t i c l e -s i ze ,  densi ty ,  o r  specimen thickness. Thus t h e  r a t i o  o f  peak 
i n t e n s i t y  t o  continuum i n t e n s i t y  i s  approximately constant f o r  a g iven elemental 
concentrat ion. The P/C method should thus so lve t h e  major problems w i t h  
microanalys is  o f  organic mater ia ls :  a dominantly 1 i g h t  elemental composit ion which 
i s  not d i r e c t l y  measurable by microprobe techniques, inhomogeneity, and v a r i a b l e  
density. Even though t h e  analyzed elements have a l ow  concentrat ion i n  a l i g h t -  
element ma t r i x  t h e  quest ion remains as t o  whether t h e  assumption o f  n e g l i g i b l e  
absorpt ion and f luorescence e f f e c t s  i s  v a l i d  f o r  t h i s  method. 

Methods 

A se t  o f  organic reference standards has been analyzed as t h e  f i r s t  s tep i n  
es tab l i sh ing  a P/C procedure f o r  e lec t ron  microanalys is  o f  minor and t r a c e  elemental 
concentrat ions i n  organic ma te r ia l s  such as coal macerals. The one-to-one l i n e a r i t y  
o f  publ ished t o  observed elemental concentrat ions i s  used as a t e s t  o f  t h e  v a l i d i t y  
o f  t h e  P/C method and i t s  i n t e r n a l  assumptions. Programmed c o r r e c t i o n  f a c t o r s  
r e l a t i n g  peak i n t e n s i t y  t o  concentrat ion are obtained fran best  f i t  procedures and 

Nine National Bureau o f  Standards (NBS) reference standards o f  se lected organic  
ma te r ia l s  were chosen f o r  t h i s  eva lua t i on  o f  t h e  P/C method. The standards cons is t  
of four bituminous and two subbituminous coals, c i t r u s  and tomato leaves, and p ine  
needles. Samples were ground t o  a f i n e  powder, vacuum-dried, and compressed under 
10 tons pressure t o  form t w o  f l a t  p e l l e t s  f o r  each standard. The p e l l e t s  were then 
carbon-coated f o r  e lec t ron  microprobe analysis. 
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I are  then used f o r  analys is  o f  unknowns o f  s i m i l a r  canposit ion. 
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Microprobe opera t i ng  condi t ions dur ing a c q u i s i t i o n  o f  chemical analyses were 15 
keV acce le ra t i ng  vo l tage  and 920 picoamperes beam current .  The probed area was 
approximately one square m i l  l ime te r .  F i f t y - t h r e e  400 second analyses were obtained 
du r ing  May and June 1985. F i ve  analyses o f  incomplete ly  ground and/or improperly 
coated samples were removed from t h e  data set. 

Between fou r  and t e n  analyses were combined t o  o b t a i n  a s ing le  averaged spectrum 
f o r  each reference standard. The reg ion 2.00-5.00 keV was chosen f o r  measurement o f  
continuum i n t e n s i t y .  A re ference l i b r a r y  o f  pure element and oxide standard spectra 
was used w i t h  the  Tracor-Northern XML l e a s t  squares f i t t i n g  r o u t i n e  t o  generate 
peak-to-continuum elemental r a t i o s  f o r  each averaged spectrum. This r a t i o  was 
canputed by t h e  r e l a t i o n s h i p :  c o r r e c t i o n  f a c t o r  x (peak i n tens i t y ) / ( con t i nuum 
i n t e n s i t y )  . 

The peak-to-continuum r a t i o ,  assumed i n  t h e  P/C method t o  be propor t ional  t o  
absolute elemental concentrat ion,  was p l o t t e d  against repor ted concentrat ion f o r  
each element o f  i n t e r e s t  (Na, Mg, A l ,  S i ,  P, S, C1, K, Ca, T i ,  Fe). The amount o f  
d e v i a t i o n  o f  t h e  b e s t - f i t  l i n e  through the  o r i g i n  from t h e  hypothet ica l  one-to-one 
r e l a t i o n s h i p  between observed P/C and repor ted concentrat ions was used t o  change the  
reference l i b r a r y  s to red  co r rec t i on  fac to rs .  The peak-to-continuum r a t i o s  were then 
canputed w i t h  t h e  adjusted co r rec t i on  f a c t o r s  and f i n a l  p l o t s  f o r  each element were 
made. 

Results 

Resul ts  are summarized i n  Table 1 and Figures 1 and 2. Some questions t o  be 
considered wh i l e  eva lua t i ng  t h e  peak-to-continuun r e s u l t s  i nc lude :  whether t h e  data 
show the l i n e a r  one-to-one r e l a t i o n s h i p  between repor ted element concentrat ion and 
P/C r a t i o s  t h a t  would i n d i c a t e  the  method and i t s  assumptions a re  v a l i d  f o r  t h e  
elements examined; whether s c a t t e r  i n  t h e  data i n d i c a t e  poss ib le  add i t i ona l  e f f e c t s  
on x-ray i n t e n s i t i e s  o r  a n a l y t i c  o r  sample preparat ion problems; and what trends are 
s p e c i f i c  t o  c e r t a i n  elements o r  appear t o  a f f e c t  a l l  elements. Examination o f  t he  
data f o r  each element o f  observed versus l i t e r a t u r e - r e p o r t e d  concentrat ions y i e l d  
t h e  fo l l ow ing  observations: 

1. 

2. 

3. 

4. 

Si l i con ,  phosphorus, and c h l o r i n e  were not present i n  both observed and reported 
analyses o f  enough standards t o  generate a s i g n i f i c a n t  number o f  data points. 
Although the  th ree  da ta  po in ts  graphed f o r  each o f  these elements appear t o  show 
t h e  des i red l i n e a r i t y ,  they are t o o  few t o  permi t  conc lus ive i n t e r p r e t a t i o n  o f  
the resu l t s .  

Magnesium and t i t a n i u m  were only present i n  very low concentrat ions, most ly  as 
less than 0.2 wt%. Mg does show 
l i n e a r i t y  w i t h  two p o i n t s  a t  s l i g h t l y  h ighe r  concentrat ions, b u t  t he  c lustered 
data po in ts  o f  bo th  elements show some s c a t t e r  from t h e  l i n e a r  r e l a t i o n s h i p .  I n  
par t ,  t h i s  may be accounted f o r  by t h e  d e t e c t a b i l i t y  l i m i t s  o f  t h e  EOS 
microprobe system and by t h e  r e l a t i v e l y  h ighe r  e r r o r  o f  5%-10% repor ted i n  
microanalys is  o f  organic  ma te r ia l s  as compared t o  work i n  t h e  mater ia l  sciences. 

Aluminum (F igure l ) ,  calcium, s u l f u r ,  and potassium show a l i n e a r  r e l a t i o n s h i p  
between observed and l i t e r a t u r e  values. Data po in ts  are spread over a range of 
concentrat ion values o f  up t o  7% and show a low degree o f  sca t te r .  These 
elements appear t o  be behaving i n  conformi ty  w i t h  t h e  assumptions o f  t he  peak- 
to-continuum method and might be expected t o  y i e l d  v a l i d  r e s u l t s  f o r  unknowns. 

Sodium, known t o  be subject  t o  elemental mass l o s s  problems du r ing  sample 
Preparation and microprobe analys is ,  i s  on l y  present i n  concentrat ions o f  (0.3 
wt%. Most data p o i n t s  c l u s t e r  near the o r i g i n  bu t  do not  show as much sca t te r  
as would be expected i f  mass l o s s  had occurred. 

The data points  thus c l u s t e r  near t h e  o r i g i n .  
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Table 1. Results o f  Microprobe Analysis  of NBS Coal and Botanica l  Standards 
Comparing Observed and Reported Weight Percentages 

REF Na Mg 
OBS - RPT OBS RPT - 0 - - -  N - C - STD - H - 

1 1632 3.85 66.00 1.23 18.80 0.08 0.07 0.12 0.13 
2 1635 4.07 62.60 1.26 24.60 0.24 0.19 0.10 0.10 
3 2682 4.70 75.00 0.80 0.10 0.08 0.20 0.19 
4 2683 5.00 79.00 1.60 0.05 0.05 0.05 0.06 
5 2684 4.80 68.00 1.60 0.03 0.05 0.08 0.12 
6 2685 4.60 66.00 1.10 0.08 0.11 0.10 0.16 
7 1572 0.58 0.57 
8 1573 5.08 37.80 4.97 0.06 0.10 0.69 0.62 
9 1575 6.48 51.40 1.20 0.01 0.13 0.13 

REF A1 S i  P S c1 
STD RPT OBS RPT OBS RPT OBS RPT OBS RPT OBS _ _ - - - - - - - - -  

1 1632 3.01 2.79 6.01 5.65 0.03 1.58 1.46 0.08 0.08 
2 1635 0.31 0.29 0.54 0.61 0.01 0.33 0.42 0.00 
3 2682 0.46 0.41 0.60 0.47 0.58 0.09 
4 2683 0.86 0.75 1.27 1.85 1.93 0.19 
5 2684 1.10 1.21 2.73 3.00 3.12 0.09 
6 2685 1.70 1.93 3.95 4.62 4.16 0.06 
7 1572 0.01 0.02 0.21 0.13 0.14 0.41 0.52 0.10 
8 1573 0.09 0.09 0.55 0.34 0.28 0.62 1.07 1.07 
9 1575 0.05 0.06 0.03 0.20 0.12 0.14 0.10 0.19 0.01 0.04 

REF K Ca T i  Fe  
STO RPT OBS RPT OBS RPT - OBS - RPT OBS 

1 lm 0.42 m5 0.24 0.23 0.17 0.11 1.12 1.04 
2 1635 0.01 0.55 0.66 0.02 0.23 0.37 
3 2682 0.01 1.10 1.35 0.05 0.05 0.24 0.40 

5 4 2683 0.08 0.09 0.20 0.18 0.04 0.05 0.76 0.47 5 2684 0.20 0.27 0.44 0.33 0.06 0.06 1.50 0.90 
6 2685 0.26 0.38 0.52 0.53 0.09 0.10 2.90 1.23 
7 1572 1.82 1.72 3.15 2.95 0.01 0.07 
8 1573 4.42 4.17 2.92 2.69 0.01 0.02 0.10 
9 1575 0.37 0.37 0.42 0.43 0.02 0.10 
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5. I r o n  data (F igu re  2) shows the  l e a s t  l i n e a r i t y  and g rea tes t  sca t te r  o f  the 
analyzed elements. Observed values o f  samples with t h e  l e a s t  i r o n  are too  
large;  measured values f o r  samples w i t h  h ighe r  i r o n  content are t o o  low. There 
does no t  appear t o  be a consis tent  t r e n d  t o  these va r ia t i ons .  I r o n  i s  t he  
heaviest element analyzed i n  t h e  organic standards and the  assumption o f  
n e g l i g i b l e  f luorescence and absorpt ion e f f e c t s  may not be va l i d .  However, such 
e f f e c t s  would be expected t o  cause data po in ts  t o  be cons is ten t l y  o f f s e t  i n  one 
d i r e c t i o n  and cannot f u l l y  exp la in  what i s  observed. 

The peak-to-continuum method has performed we l l  f o r  c e r t a i n  elements - A l ,  Ca, 
S, K. Evaluat ion o f  standards w i t h  a greater  range i n  concentrat ion i s  requi red t o  
conf i rm t h a t  t h e  method works as wel l  f o r  elements such as Mg, T i ,  and Na. Problems 
w i t h  evaluat ing Fe content  might be e luc ida ted  by ana lys i s  o f  add i t i ona l  reference 
standards o r  a se t  o f  standards created us ing standard add i t i ons  o f  know quan t i t i es  
o f  Fe. 

App l i ca t i on  

I n i t i a l  s tud ies us ing t h e  peak-to-continuum method f o r  microprobe analyses o f  
organic ma te r ia l s  (Karner and others, 1984, Karner and others, 1985) show exce l l en t  
po ten t i a l  f o r  ob ta in ing  va luable geochemical data f o r  coal l i t h o t y p e s  and 
macerals. The f i r s t  survey o f  l i t h o t y p e s  i n  l i g n i t e  o f  t h e  Beulah-Zap bed o f  t he  
Sent ine l  B u t t e  Formation (Paleocene) i n  Nor th Dakota examined v i t r a i n ,  fusa in and 
a t t r i t u s  a t  several l o c a t i o n s  w i t h i n  t h e  seam (Karner and others, 1984). Common 
inorganic  elements associated w i t h  these l i t h o t y p e s  included Na, Mg, A l ,  S i ,  S ,  K,  
Ca, and Fe. Samples o f  v i t r a i n  from a s i n g l e  v i t r a i n  l a y e r  i n  t h e  seam have q u i t e  
uniform elemental canposi t ions wh i l e  v i t r a i n  fran d i f f e r e n t  l e v e l s  i n  the seam have 
s i g n i f i c a n t l y  d i f f e r e n t  concentrat ions o f  elements p a r t i c u l a r l y  Mg, S, and Ca. 
Fusain and a t t r i t u s  were q u i t e  d i f f e r e n t  f r a n  v i t r a i n  i n  chemical composition, 
genera l ly  con ta in ing  h i g h e r  Ca, Mg, and S i ,  and l ower  A l ,  S, and Fe. 

A survey (Karner and others, 1985) o f  the inorganic  chemistry o f  huminite group 
macerals i n  f o u r  low-rank coa ls  inc luded analyses o f  u l m i n i t e  representat ive o f  t h e  
Beulah-Zap (BZ) and Hagel (HG) l i g n i t e s ,  NO, t he  M a r t i n  Lake (ML) l i g n i t e ,  TX; and 
v i t r i n i t e  o f  t h e  Rosebud (RB) subbituminous coal ,  MT. Major d i f f e rences  i n  maceral 
chemistry between coals  and composi t ional ly  d i s t i n c t  maceral types w i t h i n  coals are 
shown by c h a r a c t e r i s t i c  analyses g iven i n  Table 2. 

Table 2. 
Group Macerals i n  Four Uni ted States Low-Rank Coals Given i n  Weight Percent. 

C h a r a c t e r i s t i c  Compositions Determined by Microprobe Analyses o f  Huminite 

s&ca&* 
Beulah-Zap (BZ) U l m i n i t e  1 0.32 0.11 0.22 0.10 0.45 0.49 0.51 0.04 2.24 
Beulah-Zap (BZ) U l m i n i t e  2 0.54 0.38 0.18 0.12 0.43 1.54 0.79 0.06 4.04 
Hagel (HG) U l m i n i t e  1 0.06 0.15 0.16 0.08 0.59 1.03 0.24 0.01 2.32 
Hagel (HG) U l m i n i t e  2 0.07 0.42 0.24 0.17 0.51 2.40 0.68 - 4.49 
Mar t i n  Lake (ML) U l m i n i t e  1 0.15 0.38 0.32 0.28 1.25 1.69 0.45 0.05 4.57 
Mar t i n  Lake (ML) U l m i n i t e  2 0.06 0.42 0.16 0.07 1.16 1.67 0.36 0.06 3.96 
Rosebud RE) V i t r i n i t e  1 0.06 0.20 0.33 0.05 0.76 0.71 0.08 0.03 2.22 
Rosebud 0.12 0.32 0.18 0.11 0.73 0.86 0.06 0.04 2.42 [ RB) V i t r i n i t e  2 

Comparing t h e  f o u r  coals: BZ u lm in i tes  have h igh  Na and Fe and low S and t o t a l  
const i tuents ;  HG u l m i n i t e s  have h igh  Ca and low  Na and S; ML u lm in i tes  have low Na 
and high Mg, S and t o t a l  const i tuents ;  w h i l e  RB v i t r i n i t e  has moderate t o  low values 
f o r  a l l  elements. W i t h i n  t h e  c o a l s  BZ and HG u lm in i tes  tend t o  occur as e i t h e r  low 
o r  high Na+Mg+Ca types; ML u l m i n i t e  as a low o r  h igh Al+Si t ype  and RB v i t r i n i t e  
types vary fran low t o  h igh  Mg/Al. The chemistry o f  t h e  humin i te  group macerals and 
t h e  bulk composit ions o f  t he  f o u r  coals have s t r i k i n g  s i m i l a r i t i e s ,  inc lud ing the 
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h igh  Na and low S f o r  BZ, h igh  Ca and low Na and S f o r  HG, and low Na and h igh  S f o r  
ML. U lm in i te  chemical v a r i a t i o n  between coa ls  and w i t h i n  seams suggests t h e  
importance o f  hydrogeochemical processes du r ing  diagenesjs. 

The r e s u l t s  o f  these s tud ies show important pa t te rns  o f  concentrat ions and 
v a r i a b i l i t y  o f  numerous inorganic  elements. These geochemical c h a r a c t e r i s t i c s  may 
have great s ign i f i cance  f o r  development o f  our understanding o f  coal formation and 
u t i 1  i zation. 
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Figure 1. Aluminum ca l ibra t ion  curve. Peak t o  continuum method. 
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Figure 2. Iron ca l ibra t ion  curve. Peak t o  continuum method. 
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