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ABSTKACT 

Guven, N., C .  R. Landis, and G. K. Jacobs. 1988. 
Characterization of clay minerals and organic matter in 
shales: 
isolation. ORNL/TM-10759. Oak Ridge National 
Laboratory, Oak Ridge, Tennessee. 82 pp. 

Application to high-level nuclear waste 

The objective o f  the Sedimentary Rock Program at the Oak Ridge 

National Laboratory is to conduct investigations to assess the 

potential for shale to serve as a host medium for the isolation of 

high-level nuclear wastes. 

screening major sedimentxry rock types (shale, sandstone, carbonate, 

anhydrite, and chalk) for a variety oE attributes that affect: the 

performance of repositories. The retardation of radionuclides was 

recognized as one of the potentially favorable features of shale. 

Because shale contains both clay minerals and organic matter, phases 

that may provide significant sorption of radioel-ements, the 

characterization of these phases is essential. In addition, the 

organic matter in shale has been identified as a critical area for 

study because of its potential to play either a favorable (reductant) 

o r  deleterious (organic ligands) role in the performance o f  a 

repository sited in shale. 

The emphasi-s on shale is a result of 

Three shales, the Chattanooga Shale, the Alum Shale, and the Green 

Ri.ver Formation were investigated in this three-part study. In the 

first part, the clay mineralogy of these shales was characterized as a 

function of 24-h heat treatments from ambient to 600°C.  

changes occurred, except the oxidation of pyrite to hematite. In both 

untreated and heat-treated specimens, iron oxide coatings tend t o  cover 

the surfaces of the illite particles, thus potentially affecting the 

sorption properties of these clay minera1.s. 

study, spectral and temporal fluorescence mi.croscopy was used to 

characterize the maceral compositions of these shales. It w a s  found 

that a combination o f  white- and blue-light analyses allowed the most 

complete description of the maceral compositions, Shifts to longer 

wavelengths and increased percentages of subnanosecond lifetimes in the 

No significant 

In the second part of  the 

xi 



wavelengths and increased percentages of subnanosecond lifetimes in t h e  

fluorescence of the macerals could be followed as a function o f  the 

heat treatments. Analyses of standard organic compounds, the third 

parr of the study, were undertaken to evaluate the potential of  using 

the quantirication of inicrofl uorometry to characterize the organic 

matter dispersed in sedimentary rocks. It was found that systernati c 

relationships existed for b o t h  spectral and temporal fluorescence data 

and that mixtures of organic compounds could be identified with this 

technique. 



EXECUTIVE SUiYMARY 

A combina.ti.on of X-ray d i f f r a c t i o n  and e l e c t r o n  microscopy w a s  

used t o  c h a r a c t e r i z e  the  mineralogic  cons t i t :uents  of t h e  Chattanooga 

Shale ,  A l u r ~ i  Sha le ,  and Green River  Formati-on both  be fo re  and a f t e r  h e a t  

t r ea tmen t s .  The mineralogic  compositi.ons of  t hese  samples a r e  

reasonably c o n s i s t e n t  wi th  r e s u l t s  from L e e ,  Hyder, and A l l e y  (1988j .  

H e a t :  t r ea tments  ( 2 4  h)  up t o  600°C r e s u l t  i n  f e w  mineralogic  changes,  

wi th  the  except ion of the oxi.dat:ion of  p y r i t e  t o  hemati . te.  I l l i t e ,  the 

predoiiiinant c l a y  mi-neral i n  these  s h a l e s ,  was found t o  be s imi l a r  t o  

the  s tandard  S i l v e r  Mill i l l i t e  and d i d  not: undergo s i g n i f i c a n t  

a l t e r a t i o n  duri.ng the  h e a t  t r ea tmen t s .  I r o n  oxides  t y p i c a l l y  occurred 

a s  coa t ings  on the  su r face  of the i l l i t e s ,  an important  cons ide ra t ion  

when i n t e r p r e t i n g  r e s u l t s  frorn s o r p t i o n  experiments because t h e  oxide 

coa t ings  may i n t e r f e r e  wi th  ion-exchange r e a c t i o n s  of r ad ionuc l ides ,  

The coa t ings  theinselves may a l s o  ac t  as s t r o n g  adsorbents  f o r  some 

rad ionucl ides  under c e r t a i n  geochemical cond i t ions  ( e . g . ,  b a s i c  pH 

cond i t ions )  ; t h e r e f o r e ,  f u r t h e r  d e t a i l e d  s tudy  us ing  these  

mic roana ly t i ca l  techniques combined wi th  autoradiography could  y i e l d  

some u s e f u l  r e s u l t s .  

The f luorescence  p r o p e r t i e s  o f  whole- rock mounts of  thermally 

al.teired Alum Sha1.e ~ Chattanooga Shale ,  and Green R i v e i :  Formation s h a l e  

were s tud ied  pe t rog raph ica l ly  us ing  whi te -  and b l u e - l i g h t  techniques .  

Each o f  t hese  s h a l e s  possesses  a unique maceral assemblage t h a t  i s  

b e t t e r  s tud ied  us ing  it combined maceral. a n a l y s i s .  More l i p t i n i t e s  a r e  

counted i n  b lue  l i g h t ,  where the  contrast:  between the  maceral  and the  

mineral. mat r ix  i s  g r e a t e s t .  For example, l i - p t i n i t e s  i n  I.aminne from 

the Green River  Formation a r e  e a s i l y  revea led  by t h e i r  f luorescence  

p r o p e r t i e s .  S i m i l a r l y ,  t he  s t rong  yellow f luorescence  of  t h e  a l g i n i t e s  

of t he  Chattanooga Shale c o n t r a s t s  sha rp ly  wi th  the  1argeI.y 

nonfl .uorescent mineral  mat r ix .  Changes as a func t ion  of thermal 

t rea tment  can a l s o  be monitored pe t rog raph ica l ly .  V i t r i n i t e  

r e f l e c t a n c e  v a r i e s  sys t ema t i ca l ly  and uniquely f o r  t hese  s h a l e s .  These 

e a r l y  r e s u l t s  indicat.e t h a t  v i t r i n i t e  r e f l e c t a n c e  may be used as a 
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thermometer o f  rapi.d thermal a l - t e r a t ion  (much l i k e  i t  i s  used f o r  coa l s  

arid petroleum source rocks)  I In t h i s  c a s e ,  the  Chattanooga and Green 

River Formation sha le s  fol low s i m i l a r  maturat ion pa ths  d e s p i t e  t h e i r  

age and compositional. d i f f e r e n c e s .  Alg i i i i t e  s p e c t r a  a l s o  vary  

sys te rns t ica l ly  with increas ing  temperature,  record ing  a s h i f t  t o  the  

longer  wavelengths from the  yellow t o  the  orange (561 t o  626  nm). The 

sh i f ' i  'io the  orange wavelengths at:: 300°C c o r r e l a t e s  wel l  wi th  a broad 

cxothermic D i f f e r e n t i a l  Thermal. Analysis (DTA) peak t h a t  occurs  from 

roughly 340 t o  480" C .  Temporal analyses  indi-cate  f luorescence  l ifeti ime 

d i s t r i b u t i o n s  heav i ly  fclvoring subnanosecond components, p a r t i c u l a r l y  

a s  temperature and rank inc rease .  For the  Chattanooga Shale a l g i n i t e s ,  

nanosecond and subnanosecond fl.uorescence l i f e t i m e s  a r e  recovered a t  

7.ow thermal t reatment  icmperatures .  However, as the  temperature o f  the 

h e a t  t rea tment  i n c r e a s e s ,  the d i s t r i b u t i o n  c l e a r l y  favors  the s h o r t e r ,  

subnanosecond li-Fetirnes . The techniques employed i n  t h i s  po r t ion  of 

t he  s tudy denionstrate the p o t e n t i a l  ut i . l . i ty  of microfluorometry i n  

desc r ib ing  the  behavior  of organic  mat ter  i n  sha le s  under a v a r i e t y  of 

cond i t ions .  I t  would be espec i .a l ly  i n t e r e s t i n g  t o  combine triiese 

techniques with autoradiography t o  i n v e s t i g a t e  which organic  phases may 

be most r e a c t i v e  t o  radioelements .  The a l t e r a t i o n  o f  kerogen duri.ng 

hydrothermal react:ion could a l s o  be c h a r a c t e r i z e d ,  a l lowing more 

i n s i g h t  i n t o  the  degradat ion of kerogen and the  formation of potent:i.al. 

organic  complexants. Further  q u a n t i f i c a t i o n  and ref inement  o f  t hese  

techniques w i l l  be necessary t o  advance s t u d i e s  such a s  t h e s e .  

The f luorescence p r o p e r t i e s  o f  3 group of  low-molecular-weight 

organic  compounds were analyzed usi-ng a Le i t z  MPV T I 1  Orthoplan 

microscope in re r f aced  on the i.nput end wi th  a 100-W IIg-arc lamp and 

ni-trogen-pumped tunable-dye l a s e r  f o r  both continuous-wave and pul-sed- 

l a s e r  near-uv (365  and 395 nm, r e spec t ive ly )  e x c i t a t i o n .  Kesul tan t  

d a t a  e x t r a c t e d  from t h e  emission s p e c t r a  a r e  the  s p e c t r a l  maximum and 

q u o t i e n t .  Temporal da t a  from the analyzed decay curves inc lude  

percentage c o n t r i b u t i o n s ,  f luorescence l i f e t i m e s  (nanosecond and 

suht-lanosecond) , and E ins t e in  A-coe f f i c i en t s  ( i n t e n s i t y  c o e f f i c i e n t s ) .  

These temporal d a t a  a r e  acquired f r o m  i t e r a t i v e  reconvolut ion o r  

x i v  



recovered as a distribution of user-defined lifetimes. In either case, 

char ac t e r i s t i c 1 i f e t iine s f o I' e nc h fluor e s c irig c omp ourid are re c ove re (1 I 

The group of organic compounds studied included the alkanes, alkenes, 

alkynes, carboxylic acids, heteroatoms, and several linearly fused 

aromatics. Alkanes do not fluoresce and most o f  the other compounds 

that contain x-bonds were also observed not to fluoresce. Indeed, they 

did not absorb uv light ( 3 3 3  nm). Nonaromatic compounds fluoresce 

strongest in the blue wavelengths. Linearly fused aromatics display a 

shift to the I.onger wavelengths and decrease in fluorescence intensity 

as each additional ring is added to the structure. The fluorescence 

lifetimes o f  these compounds are predominantly in the nanosecond range, 

with subnanosecond lifetimes contributing less to the total ernissio-n. 

T h u s ,  despite current limitations, time-resolved fluorescence 

microscopy is a viable technique worthy of continued developmental 

research. T h e  identification and estimation of specific organic 

coinpounds in sedi-mentary rocks would be a signif icant advancement. To 

accomplish this advancement, further research is needed in (1) the 

analysis of additional individual compounds that may be common to 

organic matter in sedimentary rocks, (2) the investigation of diluti.on 

effects on the fluorescence characteristics, ( 3 )  the properties of 

orgartic compound mixtures, and ( 4 )  the characterization of  fluorescence 

spectra of organic compounds in a variety of  mineral matrices. 

XV 





I. INTRODUCTION 

The objective of the Sedimentary Rock Program (SERP) at the 

Oak Ridge National Laboratory is to conduct investigations to assess 

the potential for shale to serve as a host medium for the isolation of 

high-level radioactive wastes. The emphasis on shale is a result of 

screening major sedimentary rock types (shale, sandstone, carbonate, 

anhydrite, and chalk) for a variety of  attributes that affect the 

performance of repositories. Results from studies using a ranking 

methodology that considered the technical aspects of geology, 

geochemistry, hydrology, thermal performance, rock mechanics, natural 

resources, waste package degradation, costs, and systems analyses 

suggested that shales offer the best potential for the safe isolation 

of wastes (Croff et al. 1986). The geologic characteristics of shales 

constitute a rather broad spectrum. Therefore, more detailed studies 

on the hydrologic, geochemical, and thermomechanical properties of 

various shales have been undertaken to identify relationships between 

the geologic characteristics of shales and the performance aspects of a 

repository. To address the variability among shales, end-member types 

were chosen for study within SERP. Lee, Hyder, and Alley (1988) 

discuss the four main types of shales that are being studied: 

organic-, smectite-, illite-, and carbonate-rich members. 

The mineralogic characteristics of  shales are important to the 

performance of a repository in several ways. For example, the 

chemistry of groundwaters in shales can be controlled at least 

partially by the mineralogy of the host formation (Von Damn1 1987; 

Von Damm and Johnson 1987). These geochemical conditi.ons are important 

to the stability of waste package materials ( e . g . ,  metallic containers, 

clay packings, and waste forms) that control the containment and 

rei-ease of waste elements. The migration o f  radionuclides through 

shale formations is a l s o  affected by mineralogic properties of the host 

rock. Specific phases may act as sorption sites for radionuclides 

migrating slowly through the rock. Reactions important to the 

retardation of radionuclides include ion exchange, precipitation, 
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adso rp t ion ,  complexacion, 

re,asons f o r  the  favorable  

and ox ida t ion - reduc t ion .  One of the  main 

ranking o f  shal-es i s  the  l a r g e  apparent  

a f f i n i t y  of c l ay  mi-nerals, the predominant mineral  phase i n  s h a l e s ,  f o r  

sorb ing  radioelerrients ( s ee  Table D . 2 . 3  i n  Croff e t  a l .  1986) .  

Many of the  radioelements t h a t  a r e  most important: t o  t he  s a f e t y  o f  

a r epos i to ry  ( e . g . ,  U ,  Pu, Np, Tc) a r e  s e n s i t i v e  t o  redox cond i t ions .  

These elements a r e  genera1l.y less  so lub le  and more h igh ly  sorbed under 

reducing condi-ti-ons. The organic  mat ter  i n  sha le s  i s  t y p i c a l l y  thought 

t o  p lay  a 1.arge r o l e  i.n the  concent ra t ion  o f  uranium ( B e l l  1978) and,  

by analogy, may be important i n  the  r e t a r d a t i o n  of o the r  redox- 

sens i . t ive  elements .  I n  a d d i t i o n  t o  t h i s  p o t e n t i a l l y  favorable  a spec t  

o f  a c t i n g  as a r educ tan t ,  organic  mat te r  i n  s h a l e  may a c t  as a source 

f o r  organic  l igands  t h a t  could increase  t h e  mob i l i t y  of radioelements .  

For example, the r e a c t i o n  of kerogen i n  hydrothermal s o l u t i o n s  a t  

e l eva ted  temperatures has been shown t o  resu1.t i n  s i g n i f i c a n t  

concent ra t ions  of aromatic and a l i p h a t i c  hydrocarbons (Egl ington e t  a].. 

1986; Huizinga, Tannenbaum, and Kaplan 1987; Kawamura and Kaplan 1987) .  

The presence of c e r t a i n  mineral  phases duri.ng the  hydrous py ro lys i s  

experiments was found t o  inf luence  the  y i e l d  of some organic  compounds. 

F isher  (7.987) found a c e t a t e  t o  be the  predominant organic  a c i d  p re sen t  

i n  deep subsurface groundwaters. Thornton and Seyfr ied  (1987) and 

Von Dam (1988) experimental ly  produced a c e t a t e  and o the r  organics  

during the hydrot:hermal r e a c t i o n  of sediment from t h e  Guaymas Basin and 

seawater .  Drummond and Pal-mer (1986) found a c e t a t e  t o  be a s t rong  

complexant f o r  i r o n  a t  e l eva ted  temperatures and have suggested that it  

could a l s o  be a s t rong  complex f o r  uranium i n  ca rbona te - f r ee  waters  

under c e r t a i n  cond i t ions .  Even a t  t he  e l eva ted  temperatures  expected 

near waste packages,  the k i .ne t ics  of a c e t a t e  decomposition a r e  slow 

enough t h a t  i t  could be an important comp1.ex t o  consi-der i n  modeling 

the  performance o f  a r epos i to ry  (Palmer and D r u m n o n d  1 9 8 6 ;  Drummond and 

Palmer 1986) .  The evidence c i t e d  above sugges ts  t h a t  i t  i s  important 

t o  a s s e s s  whether the  presence o f  organic  m a t t e r ,  predomi.nantly 

kerogen, i n  sha le s  w i l l  be a d e l e t e r i o u s  o r  favorable  cond i t ion  f o r  

s i - t i ng  a r e p o s i t o r y .  
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Kerogen, the insoluble organic matter found in shales, is composed 

of various types of organic matter, called macerals, which can be 

thought of  as the organic equivalent to minerals. Three maceral groups 

are generally recognized: (1) liptinites (derived from leaf cuticle, 

spores, pollen, plant waxes, fats, oils, and resins); (2) vitrinites 

(preserved woody tissue from plants); and ( 3 )  inertinite (woody 

material that has been altered through oxidation, mouldering, and 

biological attack). The chemical nature of the kerogen present in 

rocks is usually a function of both the source material and the 

diagenetic changes that have occurred since deposition. The importance 

of  the potential interaction between the mineral matter and the 

kerogens in shales is indicated by the studies illustrating the role o f  

minerals as catalysts for the production and decomposition of organic 

compounds in hydrothermal solutions (Palmer and Drummond 1986 ; 

Eglington et al. 1987; and Huizinga, Tannenbaum, and Kaplan 1987). 

The purpose of this study was to investigate a new technique for 

the eluci-dation of both the spatial distribut:ion and chemical 

composition of organic matter in shales. Typically, the chemical 

composition of organic matter in shales has been determined using 

extraction and/or pyrolysis techniques coupled with gas 

chromatography/mass spectrometry, infrared spectroscopy, nuclear 

magnetic resonance, etc. These techniques, excellent for 

characterizing details of the organic structure in bulk samples, are 

not capable of  provi.ding information on the spatial distribution of 

organic matter, especially nondestructively. Lyons et al. (1987) have 

recently demonstrated the utility of  a laser microprobe for the 

ana1ysi.s o f  coal macerals. 

Fluorescence techniques have been widely used to identify discrete 

organic matter in various source rocks and coals (Teichmuller 1986) and 

are excellent for i.dentifying the general nature of macerals. Recent 

advances in spectral fluorescence analysis have allowed more 

quantitative interpretati-ons of the nature of organic matter (Bertrand, 

Pitton, and Bernaud 1986; Khorasani. 1987; and Martinez, Pradier, and 

Bertrand 1987). For example, the role of dilution and matrix effects 
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on fl-uorescence spectra have been investigated by Bertrand, Pitton, and 

Bernaud (1986). Khorasani (1987) has shown that fluorescence spectra 

can be used iin combination with extraction methods to qualitatively 

measure the concentrations of saturates, highly alkylated aromatics, 

and condensed aromatics. Although significant accomplCshments, these 

developments remain at the qualitative level. 

The advent of temporal microfluorometry using pulsed-laser 

fluorescence has allowed more detailed interpretation of the nature of 

kerogens (Landis et al. 1987; James et a l -  1987). Further refinement 

of this technique so that individual organic compounds could be 

identified within a rock specimen would allow a significant insight 

into actual geochemical processes. For example, it would be possible 

to (1) locate the presence of potential complex-forming organic 

molecules, (2) identify those organics most reactive to radionuclides 

by combining microfluorometry with autoradiography, ( 3 )  assess changes 

in the organic matter duri-rig water-rock interactions, and ( 4 )  evaluate 

the role of radiolysis on organic matter i.n shale specimens. 

This three-part study was designed to address the potential for 

further quanti.Ei.cation of microfluorometric analysis. The purpose o f  

the first part of the study was to obtain fundamental information on 

the clay mineralogy of selected shale samples. The samples were 

analyzed both  before and after heat treatments to help distinguish 

certain mineralogical characteristics and to provide preliminary 

information on the effects of heating on the shales. This information 

clay 

clay 

ng 

is important in evaluating the spati.al relationships between 

minerals and the organic matter because, as discussed above, 

minerals can influence both the degradation rates and result 

products from organic-water interactions. 

Part two of the study consisted of a fluorescence and v trinite 

reflectance analysis of the samples to identify their rnaceral 

components and maturity. These studies provide basic data on the 

rriacerals present and confirm that the samples being studied are 

representative of the end-member shales. In addition, time-domain 
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analyses of these samples illustrate the ability of  remporal analyscs 

to identify mixtures of maceral fluorophores. 

The third part of the study consisted of analyzing low-molecular 

weight organic compounds using temporal fluorescence techniques to 

assess the potential for quantitatively identifying specific organic 

groups (e. g. , carboxylic acids) that may be present in sedimentary 
rocks. The g o a l  of  this part of the study was to illustrate that 

individual organic compounds fluoresce with distinct characteristics 

that may be quantified with further study. 
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2. MATEKIATS 

Lee, Ilyder, and Alley (1988) studied five shales representing end- 

member compositions: (1) Chattanooga Shale, (2) P i e r r e  Shale, 

( 3 )  Nolichucky Shale, ( 4 )  Pimpkin Valley Shale, and (5) Green Ki.ver 

Formation. For this study, the organic-rich shales of the Green River 

Formation and the Chattanooga Shale were chosen because of their high 

organic content (11 and 13 wt % ,  respectively). In addition, the Alum 

Shale o f  Sweden was included because of it:s high organic carbon 

ConiLent, its highly uraniferous qualities (Bell 1978), an3 its 

potential to provi.de informatj.on on the processes important to the 

immobilization of uranium and, by anal.ogy ~ other actinides. 

The Chattanooga Shale samp1.e is from the Upper Dowelltown Member 

of the formation in Fentress County, Tennessee. The sample is from a 

core and was taken from the depth interval l l c l  to 1.42 m. it i.s 

composed of il~lite (49 wti % )  , quartz/feldspar (25 wt % )  , organic matter 
(11 we % ) ,  pyrite (6 wt % ) ,  chlorite/kaolinite ( 4  wi: % ) ,  and other 

accessory minerals (Lee, Hyder, and Alley 1988). The shale is 

moderately (lark gray and the organic matt-er tends to occur in 

micropores and as discontinuous larni-nac? consisting of uniform mixtu-t-es 

of clays and organic matter. 

The Green River Formation sample is from Garfield County, 

Colorado. The samples were obtained from drill cores into the roof of 

the Colony Mine. It is composed o f  carbonates (42 wt % ) ,  

quartz/feldspar (28 wt- % ) ,  organic matter (13 wt % ) ,  and i~llite 

(10 wt % ) .  The sample is a laminated buff-to-medium brown shale, and 

the organic matter fills pores of irregular sizes and shapes (Lee, 

I-Iyder, and All-ey 1988). 

The Al-uin Shale sample is from the uranium-rich zone near Narke, 

S w e d e n .  It is a late-Cambrian black shale, with typical organic carbon 

contents of 10 wC % but local occurrences of 20 to 30 wt % (Andersson 

e t  al. 1985). The sample is brownish-gray and quite fissile. 
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3 .  ANALYSIS OF MLNEKAL MATTER BY X-RAY DIFFRACTION 
AND ELECTRON MICROSCOPY 

3 . 1  METHODS 

Representat ive ch ips  of t he  s h a l e  samples from the  Chattanooga, 

Alum, and Green River Formations were :Eiric:ly ground t o  a uniform s i z e  

(between 60  and 40 mesh). Por t ions  of these  powders were hea ted  f o r  

2 4  h over a temperature range of 1 0 0  t o  600°C i n  1.0O"C increments a t  

otherwise atmospheric cond i t ions .  Temperatures were monitored a t  l e a s t  

once pe r  hour during the  day and were maintained wi th in  5 ° C  of  t he  

t a r g e t  temperature .  A t  500 and 600°C a l l .  samples cornbusted r e a d i l y ,  

while  t he  saiiiple of Alum Shale combusted a t  4 0 0 ° C .  

3 1.1 X-ray Di . f f ract ion 

The bulk powders were mixed w i t h  10% L i F  ( f o r  an i n t e r n a l  

s t a n d a r d ) ,  randomly packed i n t o  an aluminum h o l d e r ,  and x- rayed  from 

2"/20 t o  6 4 " / 2 0  with a P h i l l i p s  d i f f r ac tomete r  equipped with a g raph i t e  

monochronometer and a theta-compensating divergence s l i t .  For the  

semiquant i ta t ive  eva lunt i  on of t he  d a t a ,  t he  i n t e g r a t e d  i n t e n s i t i e s  of  

the  a n a l y t i c a l  r e f l e c t i o n s  of  the  minerals  were measured. For the  c l ay  

ana lyses ,  carbonate phases were removed from the  sample o f  the  Green 

River Formation by d i g e s t i o n  i n  a 1.-N Na-ace ta te  s o l u t i o n  bu f fe red  a t  

p1-l 5 with g l a c i a l  a c e t i c  a c i d .  This  t reatment  d i s s o l v e s  carbonates  

wi-thout damaging the c l ays  a s  would any harsher  a c i d  t reatment  a t  lower 

pH v a l u e s .  S t ab le  suspensions were prepared from the  powders of  t he  

Chattanooga and A l u m  sha le s  and the  in so lub le  res idue  of  t he  Green 

Kiver Formation sample. Oriented s l i d e s  were made from the  <2 pm 

f r a c t i o n s  using these  suspensions.  The s l i d e s  were x- rayed  ( 2 " / 0  t o  

4 5 " / 0 )  a f t . e r  d ry ing  a t  room temperature .  Subsequently,  t he  same s l i d e s  

were s a t u r a t e d  with ethylene g lycol  overnight  and x- rayed  aga in .  

3 . 1 . 2  Elec t ron  M i c r o s c m  

The c l a y  f r a c t i o n s  01 the  samples were examined i n  b o t h  

t ransmiss ion  e l e c t r o n  microscopy (TEM) and energy-d ispers ive  s p e c t r a l  

a n a l y s i s  ( E D S )  modes a t  1 0 0  keV p o t e n t i a l  us ing  a JEM-100 CX E l e c t c o n  
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Microscope. The clay samples were thoroughly dispersed in distilled 

water using a 20- to 30-in ultrasonic treatment. The suspens-lon was 

further diluted in a 0.007% tertiary butylamine solution, which is 

known to reduce the surface tension forces between c lay  particles 

during the drying of the suspensi-on. A drop of this suspension was 

air-dried on a copper grid that had been coated with a formvar f i l m .  

The copper grids with tile clay particles on them were then coated with 

carbon. The EDS analyses of the cLay particles were carried out with a 

KEVEX 8000 Microanalyzer equipped with an ultra- thin window S i ( L i . )  

detector that has a high detection efficiency for light-atomic-weight 

elements down to carbon. 

3.2 RESULTS 

3.2.1 Chattanooga Shale 

According to the X-ray diffraction data, quartz and illite are the 

predominant minerals present in the Chattanooga Shaln occurring at 

levels of  approximately 25 to 30 wt % each. Pyrite occurs in 

appreciable quantities ranging from 5 t o  10 wt % .  Small quantities 

(<5 wt 8 )  of chlorite, K feldspar, and anhydrite are a l s o  found in the 

shale. In additi-on, calcite is macroscopically visible as vein 

fillings. The amount of calcite, hence the intensity of the tal-cite 

reflections, varies with the selection of the sample in relation to the 

calci-te veins. 

Samples that were heat treated for 24 h show no significant 

thermal alteration up to 400"C, except for the sharpening of  the basal 

reflection of the illite. The interplanar spacing of the 

001-reflection shows little change (Table 3 . 1 ) .  The X-ray data also 

indicate that the illite present contains negligible amounts of 

expandable layers (smectite) in its structure. 

Significant changes in the sha le  mineralogy are observed after 

A distinct 13.8-A reflection of chlorite heating at 500 and 600°C. 

appears after the heat treatment at: 500°C, while the 7.11~- arid 3.55-A 

reflections disappear. This behavior confirms the presence of 



9 

Table 3.1. Interplanar spacing 
of the 001-reflection of 
illite as a function of 
heat treatment for 24 h 

Tempera ture 
( " C >  

Amb i en t 
100 
200 
300 
400 
500 
G O O  

10.09 
10.09 
10.03 
10.03 
20.12 
9.94 
10.05 

chlorite i.n the shale. The heat treatments at 500 and 600°C cause the 

total oxidation of  pyrite t o  hematite; the latter phase is 

characterized by strong reflections at 3.67, 2.698, 2.514, 2.200, 

1.841,  and 1.691 A .  

Electron microscopic examination of the original shale and its 

products f r o m  heat treatment shows that the illite retains its 

morphological, structural, and chemical features. Illite particles 

occur as subhedral f lakes  and platelets that range in size from 0.05 to 

2.0 pm. Typical illite particles in the sample are shown in 

Figs. 3.1-3.6. The illite flakes generally have a dense core 

surrounded by thin rims. Digital scanning TEM imaging gives a more 

illustrative representation of  the particle topography than the 

conventional black-white analog TEM images (Fig. 3.5). The overgrowths 

appear as subrounded (disclike) domains along the edges of the flakes 

and they are also visi-ble at: the basal surfaces. A closeup view of the 

disclike domains is shown in Fig. 3.2. These domains range in size 

from a few hundredths of a pm up to 0.5 pm. The illite flakes are 

coated with dense precipitates of an iron oxide that vary in shape from 

minute grains to laths and hexagonal platelets. Figure 3.4 illustrates 

typical iron-oxide precipitates in the illite flakes. 
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OKNL-PHOTO-2026-88 

Fig. 3 . 1 .  Chattanooga Shale; L c 4 , O O O X ;  untreated. Typical illite 
crystal.lite displaying a mosaic of t i n y  domains. The illite 
crystallite is -2 pin in size and subrounded in form. 

ORNL-PHOTO-2024-88 

Fig. 3.2. Chattanooga Shale; 135,OOOX; untreated. A closeup view 
of individual doindins in the mosaic of illite crystallites. These 
domains are subrounded and <0.05 pm in s i z e .  
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ORNL-PHOTO-2025-88 

Fig. 3.3. Chattanooga Shale; 65,000X; untreated. A dense 
aggregate o f  illite that may have some smectite as mixed-layers in its 
structure or silica precipitates (based on X-ray spectral data). 

ORNIL-PHOTO-2 0 28-88 

Fig. 3 . 4 .  Chattanooga Shale; 4 5 , 0 0 0 X ;  untreated. Detrital. illite 
flakes with subrounded forms and dense iron-oxide coatings. 
oxide coatings range in size f rom 0.01 to 1 pin. 

The iron- 
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ORNL-PHOTO-01991-88 

F i g .  3 . 5 ,  Chattanooga Shale ;  un t r ea t ed .  D i g i t a l  image o f  an 
i l l i t e  p a r t i c l e  t h a t  i l l u s t r a t e s  t:he i n t e r n a l  s t r u c t u r e  and the  
topography of  the  p l a t e l e t .  

0 RN L- P HO TO - 2 0 3 0 -8 8 

F i g  3 . 6 .  Chattanooga Shale;  3 0 ,  OOOX; un t r ea t ed .  An elongated 
i l l i t e  f l a k e  with subrounded edges and with the  approximate dimensions 
o f  0 . 5  X 1 . 5  pm. 
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The t y p i c a l  chemistry o f  t he  i l l i t e  p a r t i c l e s ,  based on EDS X-ray 

s p e c t r a ,  can be represented  by the  major elements S i ,  A l ,  0 ,  and K ,  

w i th  minor amounts of Mg and Fe. X-ray mapping provides  a view of the 

d i s t r i b u t i o n  o f  t hese  elements over t he  c l a y  p a r t i c l e s  and sugges ts  a 

uniform d i s t r i b u t i o n  o f  S i ,  A l ,  Fe,  and K. X-ray s p e c t r a l  d a t a  were 

obta ined  from s e v e r a l  i l l i t e  p a r t i c l e s  and are compared wi.th d a t a  f o r  a 

s tandard  i l l i t e  ( S i l v e r  H i l l . )  i.n Table 3 .2 .  The s p e c t r a l  d a t a  a re  

l i s t e d  as i n t e n s i t y  r a t io s  wi th  r e spec t  t o  the  i n t e n s i t y  o f  t h e  K l i n e  

of s i l i c o n .  The X-ray s p e c t r a l  d a t a  of  t he  i l l i t e  p a r t i c l e s  i n  the  

Chattanooga sample  a r e  si-milar t o  the  s p e c t r a l  d a t a  from t h e  S i l v e r  

H i l l  i l l i t e .  The s p e c t r a l  i n t e n s i t i e s  a r e  converted t o  atomic r a t i . o s  

t o  o b t a i n  the  chemical composition o f  t he  i l l i t e  p a r t i c l e s .  These 

atomic r a t i o s  a r e  l i s t e d  i n  Table 3 .3  and i n d i c a t e  t h a t  t h e  i l l i t e s  i n  

t h e  Chattanooga Shale  a r e  sirnil-ar i n  chemical composition t o  t h e  S i l v e r  

H i l l  i l l i t e .  The h e a t  t rea tments  up t o  600°C do n o t  cause any apparent  

changes i n  these  r a t i o s .  In  a d d i t i o n  t o  i l l i t e ,  t h e r e  a r e  "mica" 

p a r t i c l e s  p re sen t  t h a t  a r e  d i s t i n g u i s h a b l e  f r o m  i l l i t e s  by t h e i r  h igher  

concen t r a t ions  of  A 1  and K (see Table 3 . 3 ) .  

No morphological o r  chemical changes a r e  observed f o r  i l l i t e  

p a r t i c l e s  a f t e r  t he  h e a t  t r ea tmen t s .  Figure 3 . 7  shows aggrega tes  of 

i l l i t e  f l a k e s  conta in ing  sporadic  i ron-oxide  c o a t i n g s ,  A t y p i c a l  

chemical composition of  the  i l l i t e  f l a k e  a f t e r  t h e  100°C h e a t  t reatment  

i s  shown i n  Tables 3 .2  and 3 . 3 .  S i m i l a r l y ,  t y p i c a l  i l l i t e  f l a k e s  t h a t  

were prev ious ly  hea ted  at 300°C a r e  i l l u s t r a t e d  i n  F i g .  3 . 8  and 3 . 9 ,  

and t h e i r  chemi.cal composition i s  l i s t e d  i.n Table 3 . 3 .  Subrounded 

i l l i t e  f l a k e s  wi th  dense d e t r i t a l  co res  c a r r y  va r ious  amounts of i r o n -  

oxide c o a t i n g s .  The i r o n  oxide shown i n  F ig .  3 . 8  has  n l a t h l i k e  h a b i t  

and i s  approxiniately 0 . 5  pm long.  The i r o n  oxide p rec i -p i t a t e s  on t h e  

i l l i t e  (mica) shown i n  F ig .  3 . 9  are minute granules  t h a t  r ep resen t  the 

e a r l y  nucleaticjn s t age  of i r o n  oxide on t h e  i l l i t e  s u b s t r a t e .  

Transparent  ( t h i n )  and denser  i l l i t e  f l akes  wi th  subrounded forms are 

shown i n  F igs .  3.10 and 3 .11  a f t e r  the  h e a t  t rea tment  o f  t he  shale at 

400°C.  Simi lar  i l l i t e  f l a k e s  are a l s o  observed a f t e r  h e a t i n g  t h e  s h a l e  

t : c i  500°C (Fig .  3 .12 ) .  Large amounts of dense i r o n  oxide (hemat i te )  a r e  
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Table 3 . 2 .  X-ray s p e c t r a l  i n t e n s i t y  data on Chattanooga Shale 
( i n t e n s i t y  r a t i o s  r e l a t i v e  t o  the  K l i n e  o f  s i l i c o n )  

Heat - t rea tment  
Mg A1 S i  K Fe P a r t i c l e  Lernperature ( " C )  

0 . 0 4  
0.05 
0.08 
0.06 
0.06 
0.03 
0.09 
0.08 
0.04 
0.06 
0.05 
0.08 

0.49 1.00 0.26 
0.50 1.00 0.22 
0.49 1.00 0.20 
0.59 1.00 0.25 
0.52 1..00 0.21 
0.40 1.00 0.19 
0.63 1.00 0.37 
0.56 1.00 0.20 
0.59 1.00 0.29 
0.51 1.00 0.17 
0.69 1.00 0.16 
0.5G 1.00 0.24 

0.12 
0.0.7 
0.05 
0.09 
0.12 
0.09 
0.11. 
0.13 
0.05 
0.05 
0.05 
0.05 

S . B .  i l l i t e a  
i l l i t e  ( see  F ig .  3.1) 
i l l i t e  ( s ee  F ig .  3.3) 
i l l i t e  ( s ee  F i g .  3.6) 
i l l i t e  ( s e e  Fig. 3.7) 
i l l i t e  ( see  F ig .  3.8) 

mica ( see  F ig .  3.9) 
i l l i t e  ( s e e  Fi.g. 3 . 1 0 )  

mica ( see  F ig .  3.11) 
i . l l i t e  (see Fig. 3.12) 
i l l i t e  ( see  Fig. 3.14) 

mica (see Fig .  3.15) 

ambient 
ambient 
ainb i en t 
ambient 
100 
300 
300 
400 
400 
500 
600 
600 

ast.andard S i l v e r  H i l l  i17.i t e  samp1.e wi th  the  composition 

(K. 68Na. 01) (A1 . 34si3. 66) (All. 39Fe. 33&. 28 ) O10 (OH) 2 

Table 3.3. Elemental r a t i o s  ( r e l a t  ivc: t o  S i )  i n  i l . l i t e  p a r t i c l e s  as 
obta ined  from X-ray s p e c t r a  i n  Table 3.2 

Mg A1 S i  K E'e 
Heat - t rea tment  

P a r t i c l e  temperature  ( " C )  

0.06 
0 .07  
0.11 
0.09 
0.06 
0. O l I  
0.13 
0.11 
0.06 
0.09 
0.07 
0.11 

0.48 1-00 0.19 0.09 
0.451 1.00 0.16 0.05 
0.48 1.00 0.15 0.04  
0.58 1.00 0.19 0.07 
0.52 1.00 0.21 0.12 
0.39 1.00 0.14 0.07 
0.62 1.00 0.27 0.08 
0.55 1.,00 0.15 0.09 
0.58 1.00 0.22 0 . 0 4  
0.50 1.00 0.13 0.04 
0.68 1.00 0.12 0.04 
0.55 1..00 0.18 0 . 0 4  

S . H .  i l l i t e a  
i l l i t e  ( see  F ig .  3.1) 
i l l i t e  ( s e e  Fig .  3.3) 
i l l i t e  ( see  Fig. 3.6) 
i l l i t e  ( see  F i g .  3.7) 
i l l i t e  ( see  F ig .  3.8) 

m i c a  ( see  F ig .  3.9) 
i l l i t e  ( see  F i g .  3.10) 

mica ( see  F ig .  3.11) 
i1l i t :e  ( see  Fig.  3.1.2) 
i l l i t e  ( s e e  Fig.  3 . 1 4 )  

mica ( see  F ig .  3.15) 

ambient 
ambient 
ambient 
ainb i en  t 
100 
300 
300 
400 
400 
500 
600 
600 

as tandard  S i l v e r  Hill.  i l - l i t e  saiiiple wi th  the  composition 

(K. 68Na. 01 ) (AI. 34si3.66) 39Fe. 33Mg. 28) O10 (OH) 2 



1 5  

ORNTA-PBOTO-2029-88 

Fig. 3.7. Chattanooga Shale; 65,OOOX; I00"C heat treatment. An 
aggregate of clay particles consisting of detrital illite flakes and a 
few chlorites with sporadic iron-oxide coatings (after heating at 100°C 

for -  2 4  h ) .  ORNL-PHOTO-2031-88 

Fi.g. 3.8. Chattanooga Shale; 65,000X;  300°C heat treatment. 

No morphological or structural 
T y p i c a l  illite f l a k e s  and dense iron-oxide coatings in the shale aft-er 
heat treatment at 300°C for 2 4  h. 
cha-ige:; are visible on the i l l i t e  f l a k e s .  
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ORNL -PH0'1'0-2 0 2 7 -8 8 

Fig .  3 . 9 .  Chattanooga Shale;  1 3 5 ,  O O O X ;  300°C heat. t rea tment .  
I l l i t e  f l a k e  with a subrounded form and i ron-oxide  p r e c i p i t a t e s  on  the  

su r fdce .  

ORWL-PHOTO-3032-88 

Fig .  3 . 1 0 .  Chattanooga Shale ;  45,OOOX; 400°C h e a t  t r ea tmen t .  A 
t y p i c a l  d e t r i t a l  f l a k e  o f  i l l i t e  ( 3 . 0  ,urn). 
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ORNL-PHOTO-203 6-88 

F ig .  3 . 1 1 .  Chattanooga Shale;  3 5 , 0 0 O X ,  400°C h e a t  t rea tment .  A 
dense and subrounded f l a k e  o f  d e t r i t a l  i l l i t e .  

ORNL-PHOTO-2033-88 

Fig .  3 . 1 2 .  Chattanooga Shale ;  45,OOOX; 500°C h e a t  t rea tment .  
Typical  d e t r i t a l  i l l i t e  f l a k e  t h a t  remained una l t e red  dur ing  the  500°C 
h e a t  t r ea tmen t .  
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formed a t  500"C, as shown i n  F ig .  3 . 1 3 .  In the  l a t t e r  f i g u r e ,  hemat i te  

i s  observed both a s  hexagonal plal-t l lets up t o  0 . 7  pm diam and a s  dense 

coa t ings  on [:he su r face  of i l l i t e  f l a k e s .  S i m i l a r  i ron-oxide  p a r t i c l e s  

a r e  d i sp layed  i n  F igs .  3 .14-3 .16  f o r  the s h a l e  t l ia t  w a s  h e a t  t r e a t c d  a t  

600°C.  The i l l i t e  f l a k e s ,  however, maintain t h e i r  morphological and 

s t r u c t u r a l  c h a r a c t e r i s t i c s  even a t  600°C. 

3 . 2 . 2 &us-...$ ha 1 e 

The mincral.ogica1 composition of t he  Alum Shale  i s  s imilar  t o  t h a t  

of t he  Chattanooga Shale .  Quartz and i l - l i t e  a r e  approximately equal i n  

amounts and comprise around G O  w t  % of  the rock.  P y r i t e  is  found i n  

apprec iab le  amounts (-10 w t  % ) ,  and K f e l d s p a r ,  c a l c i t e ,  a n h y d r i t e ,  

c h l o r i t e ,  and k a o l i n i t e  occiir i n  small (<5 w t  % )  q u a n t i t i e s .  

I l l i t e  occurs  a s  subhedral f l a k e s ,  i n d i c a t i n g  a d e t r i t a l  o r i g i n .  

Typical  i l l i t e  p a r t i c l e s  a r e  d isp layed  i n  F i g s .  3.17 and 3 .18 .  They 

c o n s i s t  o f  f l a k e s  up t o  0 . 4  ,um diam and they usual.1.y a r e  coated with 

minute ,  dense g ra ins  o f  i ron-oxide  p r e c i p i t a t e s .  D i g i t a l  imaging aga in  

r evea l s  the  gradual  increase  i n  th ickness  from the  r i m s  toward the  

c e n t e r  o f  the  i l l i t e  p a r t i c l e s  (F ig .  3 . 1 9 ) .  This image a l s o  shows the  

complex topography of  the  i l l i t e  su r f ace  having two dense s e c t i o n s .  A n  

X- ray  spectrum obta ined  from t h i s  i l l i t e  i n d i c a t e s  t h a t  the m a j o r  

e lemental  components a r e  S i ,  Al, 0 ,  and K: while  Mg and Fe a r e  minor 

c o n s t i t u e n t s .  X-ray mapping of t he  i l l i t e  partic1.e f o r  S i ,  A l ,  K ,  and 

Fe shows a uniform d i s t r i b u t i o n  o f  these  elements over the  su r face  o f  

t he  p a r t i c l e .  The X- ray  s p e c t r a  obta ined  from i l l i t e  p a r t i c l e s  i n  the  

o r i g i n a l ,  un t r ea t ed  sample and from samples t h a t  were hea t  t r e a t e d  a r e  

summari-zed i n  Table 3 . 4  and corresponding atomic r a t i o s  a r e  l i s t e d  i n  

Table 3 . 5 .  The X-ray spec t r a  i l l u s t r a t e  !:hat the  i l l i t e s  i n  the  Alum 

Shale a r e  si .milar i n  composition t o  the s tandard  S i l v e r  H i l l  i l l i t e .  

Furthermore, no s i g n i f i c a n t  changes occurred i n  t:he chemistry o f  the  

i l l i t e s  during the  h e a t  treatment:. 

Heat t reatment  up t o  400" C does no t  a f f e c t  the mineral  components 

of the  shal-e except f o r  enhancing and sharpening the  b a s a l  X-ray 

d i f f r a c t i o n  (XRD) r e f l e c t i o n s  o f  i . 1 l i t e .  T h f s  r e s u l t  i s  probably 
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OKNI,-PHOTO-2 0 3 7 -8 8 

Fig. 3.13. Chattanooga Shale; 30,OOOX; 500°C heat; treatment. 
Dense hematite precipitates on an illite substrate formed during the 
oxidation of pyrite. 

ORNL-PHOTO-2034-88 

Fig. 3.14. Chattanooga Shale; 35,000X; 600°C heat treatment. 
Typical detrital illite flake -3.0 pm. Note the -0.5-1.1 dense 
crystallite of iron oxide that formed on the surface of the illite 
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ORNL-PHOTO-2038-88 

F i g .  3 . 1 5 .  Chattanooga Shale;  27,OOOX; 600°C h e a t  treatment-.  
Dense, rounded i l l i t e  f l a k e  about - h . O  pm w j t h  dense i ron-oxide  
p r e r i p i t a t e s  on ‘ihe s u r f a c e .  ORNL-PHOTO-2039-88 

F 
I l l i t e  
f o r m s .  
0 .  5 pin 

g .  3 . 1 6 .  Chattanooga Shale ;  35,OOOX; 600°C heat t rea tment .  
f l a k e  surrounded by dense i ron-oxide  p l a t e l e t s  wi th  hexagonal 
Hematite c r y s t a l l i l  t?:; form a t  600°C and range f r o m  0 . 1  t o  
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O R N L - P H O T O - 2 0 4 0 - 8 8  

Fig. 3.17. A l u m  Shale ;  27,OOOX; untreated. Typical illite flakes 
with subrounded outlines and minute iron-oxide precipitates. 

ORNL-PHOTO-2 04 2 -88 

Fig. 3.18. Alum Shale ;  27,OOOX; untreated. I l l i t e  flakes with 
dense iron-oxi de coating. 



2 2  

ORNL-PIIO'l'O-01 940-88 

Fig .  3 . 1 9 .  A l u m  Sha le ;  un t r ea t ed .  D i g i t a l  image o f  an i l l i t e  
p a r t i c l e  d i sp l ay ing  i t s  i n t e r n a l  s t ; ructure  and topographic features. 

Table 3 . / c .  X-ray spec t r a l  i n t p n s i t y  d a t a  on A l u m  Shale  ( i n t e n s i t y  
ratios relaiivc t o  the K l i n e  of s i l i c o n )  

M.E A1 S i  K E'e 
Meat- t reatmect  

Par t - ic le  temperature  ("C) 

0.04 0.1~3 J-.00 0 .26 0.12 S .H. i l l i . t e a  ambient; 
0.04 0 . 5 2  1 . 0 0  0 .21  0 . 1 5  i l l i t e  ( see  F i g .  3 . 1 8 )  ambient 
0 . 0 9  0 . 5 1  1 . 0 0  0 . 3 5  0.07 i l - l i t e  ( see  F i g .  3 . 2 1 )  600 
0 . 0 3  0.63 1.00 0.27  0.11 i l l i t e  (see Fig .  3 .20)  600 
0 . 0 5  0 . 5 8  1.00 0.27  0 . 0 4  illite (SEE Fig .  3 . 1 7 )  ambient 

as tandard  S i l v e r  H i l l  i l l i t e  sample  with t h e  composi.tion 

( K .  6 8Na . 0 1 ) (AI. 3bS i.3 . 6  6 ) . 3  gFe . 3  3%. 2 8 ) O10 ( O H )  2 
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Table 3 .5 .  Elemental r a t i o s  ( r e l a t i v e  t o  S i )  
i.n the  i l l i t e  p a r t i c l e s  i n  Table 3 . 4  

Heat -Treatment 
Mg A 1  S i  K Fe P a r t i c l e  temperature ( " C )  

0.06 0 . 4 8  1.00 0 . 1 9  0 . 0 9  S.H. i l l i t e a  ambient 
0 .06  0 .51  1 . 0 0  0 .16  0 .11  i l l i t e  ( see  F ig .  3 . 1 8 )  ambient 

0 . 0 4  0 . 6 2  1 . 0 0  0.20 0.08 i l l i t e  ( see  Fig.  3 .20)  GOO 
0.07 0.57 1 . 0 0  0 . 2 0  0 . 0 3  i l l i t e  ( see  Fig.  3 . 1 7 )  ambient 

0 .13 0 . 5 0  1 . 0 0  0 . 2 6  0 .05 i l l i t e  ( see  F ig .  3 . 2 1 )  so0 

astandard S i l v e r  H i l l  i l l i t e  sample with the  coniposition 

(K. 68Na. 01 ) .345i3 . 6 6  (All. 39Fe. 33Mg. 2 8 ) 010 (013) 2 

caused by the  removal of r e s i d u a l  water molecules from the  i n t e r l a y e r  

regions i n  the  i l l i t e .  Af te r  h e a t  t rea tment  a t  500°C f o r  2 4  h ,  t he  

1 4 . 1 - A  r e f l e c t i o n  of  c h l o r i t e  appears wi.th a simul.tarieous reduct ion  i.ri 

the i n t e n s i t y  o f  t he  7.17-A r e f l e c t i o n ,  Thus, t he  h e a t  t reatment  

c l e a r l y  r e v e a l s  t he  presence of k a o l i n i t e  and c h l o r i t e  i n  s h a l e .  The 

main high-temperature  r eac t ions  take  p lace  a t  500 t o  600°C and involve 

the  oxida t ion  of  p y r i t e  t o  hemat i te .  Typical  i l l i t e  p a r t i c l e s  maintain 

t h e i r  i n t e g r i t i e s ,  a s  i l l u s t r a t e d  i n  F i g s .  3.20 and 3 . 2 1 .  Dense 

patches composed o f  hemati te  c r y s t a l l i t e s  a r e  o f t e n  loca ted  on the  

i .1. l i te s u b s t r a t e s  ( F i g .  3 . 2 0 ) ,  bu t  they a l s o  occur as i s o l a t e d  

p r e c i p i t a t e s  s epa ra t e  from the  i l l i - t e .  

3 . 7 . 3  G=en River Formation 

Carbonates (40  t o  45 w t  % )  and quar tz  (15 t o  20 wt % )  a r e  the  

predominant mineral  phases of  the sample of  Green River Formation. The 

carbonates  a r e  composed mainly o f  a n k e r i t e ,  Ca(Fe,Mg,Mn)(C03)2, which 

i s  cha rac t e r i zed  by i t s  s t rong  r e f l e c t i o n  at: 2.895 A .  

i n  only s m a l l  q u a n t i t i e s  (<5 w t  0 ) .  K f e ldspa r  and p l ag ioc la se  occur 

i n  small  amounts (-5-10 w t  % ) .  I l l i t e  i s  the  only c l a y  mineral  p re sen t  

and it  occurs i n  r a t h e r  insigriifficant qunnt i i t ies  (<3  w t  % ) .  

C a l c i t e  i s  round 

The h e a t  t reatment  does not  cause any s i g n i f i c a n t  mineral  

r e a c t i o n s  except f o r  t he  formation of  hemati te  a t  500°C and above. 
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O K N L - P H O T O - 2 0 3  5-88 

F ig .  3 . 2 0 .  A l u m  Sha le ;  3 5 , O O O X ;  6 0 0 ° C  h e a t  treat-iiient. Subrounded 
i l l  i t e  f l a k e  w i t h  dense c l u s t e r s  of i ron-oxide  p r e c i p i t a t e s  t h a t  form 
during h e a t  t rea tment .  

ORNL-PIIOTO-204 1-88 

Fig .  3 . 2 1 .  A l u i i l  Sha le ;  2 7 , O O O X ;  6 0 0 ° C  h e a t  treat-inent. Typical 
i l l i t e  flake t h a t  remains una l t e red  during the h e a t  t rea tment  atr 6 0 0 ° C .  
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Because the  p y r i t e  conten t  of  the s h a l e  i s  n e g l i g i b l e ,  t h e  source o f  

the i r o n  f o r  t h e  formation of hemat i te  may be t h e  i ron-oxide  coa t ings  

on t he  c l a y s  and/or the decomposition o f  a n k e r i t e  i n  small q u a n t i t i e s .  

3 . 3  D I S C U S S I O N  

A combi.nation of  XKD and e l e c t r o n  microscope techniques were used 

t o  c h a r a c t e r i z e  the mineralogic  p r o p e r t i e s  of t he  Chattanooga Shal.e, 

the A l u m  Sha le ,  and the  Green R.iver Formation, both be fo re  arid a f t e r  

h e a t  t r ea tmen t s .  The mineralogic  composition o f  these  samples i s  

reasonably c o n s i s t e n t  wi th  r e s u l t s  from Lee ,  Hyder, and A l l e y  (1988).  

Heat t rea tments  (24  11) up t o  600°C r e s u l t  i n  minimal mineralogic  

changes,  with the  except ion of  the  ox ida t ion  of  p y r i t e  t o  hemat i te .  

I l l i t e s ,  the predominant c l a y  oii.rieral i n  t h e s e  shal.es, were found t o  be 

s i m i l a r  t o  t he  st:andard S i l v e r  H i l l  i l l i t e  and d i d  not  undergo 

s i g n i f i c a n t  a l t e r a t i o n  dur ing  the h e a t  t r ea tmen t s .  

typical.1.y occurred as coa t ings  on the su r face  of  t h e  i l l i t e s .  This  

mode of  occurrence may be important t o  cons ider  when i n t e r p r e t i n g  

r e s i i l t s  from s o r p t i o n  experiments .  The oxide coa t ing  may i n t e r f e r e  

wi th  ion-exchange r e a c t i o n s  o f  r ad ionuc l ides .  The coa t ings  themselves 

may a l s o  act as s t r o n g  ads0rbent.s f o r  some radionucli .des under c e r t a i n  

geochemical condi t ior is  ( e . g . ,  b a s i c  pH c o n d i t i o n s ) ;  t h e r e f o r e ,  f u r t h e r  

d e t a i l e d  s tudy  usi-ng these  mic roana ly t i ca l  techniques combined wi th  

Iron oxides  

autoradiography could y i e l d  some u s e f u l  r e s u l t s .  
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4 .  ANALYSIS OF ORGANIC MATTER I N  SHALES BY FLUORESCENCE MICROSCOPY 

Organic pe t ro logy  i s  t h e  d e s c r i p t i o n  and c l a s s i f i c a t i o n  of t he  

o r i g i ~ n ,  occurrence s t r u c t u r e ,  and h i s t o r y  o f  the  f o s s i l  organic  mat te r  

preserved i n  sedimentary rocks;  and it  i s  developing from fundamental 

p r i n c i p l e s  of  coa l  pe t ro logy .  Among the  basi-c concepts is  the  "maceral 

concept" proposed by Stopes ( 1 9 3 5 ) ,  who def ined  the  ind iv idua l  organic  

c o n s t i t u e n t s  i n  coa l  as macerals .  I n  c o a l s  and sedimentary rocks ,  

t h ree  maceral groups a r e  i d e n t i f i e d  t h a t  occur i~n varyi-ng amounts. The 

l i p t i n i t e s  a r e  der ived  from l e a f  c u t i c l e ,  spo res ,  p o l l e n ,  p l a n t  waxes, 

f a t s ,  o i l s ,  and r e s i n s .  The v i t r i n i t e s  a r e  preserved woody tissue o f  

p l a n t s .  The ine r [ : i n i t e  macerals consist: of woody matter  [:hat has been 

a l t e r e d  by ox ida t ion ,  moulderi.ng, and b i o l o g i c a l  a t t a c k .  Spackman 

(1958)  proposed t h a t  these  iiiacerals a r e  d i s c r e t e  substances possess ing  

d i agnos t i c  chemical and phys ica l  p r o p e r t i e s .  Although p r o p e r t i e s  o f  

the ind iv idua l  macerals a r e  the  top ic s  o f  c u r r e n t  s t u d i e s ,  it i s  c l e a r  

t h a t  t he  behavior  of bulk coa1.s and rock samples i n  a given 

technologica l  process  i s ,  i.n a l a r g e  p a r t ,  governed by the  r e l a t i v e  

maceral b lend .  

Advancing technology i n  the  f i e l d  of coa l  pe t ro logy  has  allowed 

r e sea rche r s  t o  i d e n t i f y  new arid a g r e a t e r  v a r i e t y  o f  macerals i n  c o a l s  

and Sedimentary rocks .  U t i l i z i n g  f luorescence  microscopy, Teichmuller 

( 1 9 7 4 )  i d e n t i f i e d  l i p t i n i t e s  no t  e a s i l y  observed i n  white  l i g h t .  

Spackman, Davis,  and Mi tche l l  ( 1 9 7 6 )  l a t e r  v e r i f i e d  t h e i r  ex i s t ence  i n  

North American c o a l s .  Cre l l i ng  (1983)  r epor t ed  maceral s t r u c t u r e s  and 

t e x t u r e s  i n  western American coa l s  us ing  f luorescence  microscopy. 

Another importiant proper ty  o f  preserved organic  mat te r  i s  the  

degree t o  which i t  has  been a l t e r e d  a f t e r  b u r i a l .  Here, near  p a r a l l e l  

terms a r e  used t o  desc r ibe  the  evo lu t ion  of  organic  mat te r  as a 

func t ion  of temperature and pressure  over a per iod  of geol.ogic t ime.  

Coal i f icatI ion is  the evolu t ion  o f  pea t  through t h e  s t ages  of l i g n i t e ,  

subbituminous coal.,  bituminous c o a l ,  a n t h r a c i t e ,  and me ta -an th rac i t e .  

S i m i l a r l y ,  maturat ion is  the term used t o  desc r ibe  the evo lu t ion  o f  

diispersed sedimentary organic  mat ter  a f t e r  depos i t i on .  Rank i s  the  
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position of a coal or sedimentary rock sample i.n this progression and 

is measured petrographically by vitrinite reflectance, Vitrinite 

reflectance is the preferred indicator because it varies linearly 

during organic metamorphism (McCarthey and Teichmuller 1972; Smith and 

Cook. 1980). Thus, as rank increases, vitrinite reflectance increases. 

Changes in liptinite fluorescence properties have been studied 

more for coals than f o r  sedimentary rocks. Early work showed a shift 

to the longer wavelengths in sporinite spectra as a function of 

increasing coal rank (Ottenjann, Teichmuller, and Wolf 1975). In a 

more recent account, Teichmuller and Durand (1983) reported the 

fluorescence coalification patterns of sporinite, cutinite, resinite, 

and fluorinite macerals. Landis and Crelli.ng (1.985) reported the 

coalification trends of  secondary fluorescing macerals well. beyond 

previously suspected limits. 

From the body of literature over the last several decades, it has 

become clear that (1.) preserved sedimentary organic matter is seldom a 

homogenous assemblage and (2) the amount, type, and rank of organic 

matter must be characterized to predict bulk sample behavior. Thus, 

the objective of t:his work was to characterize the petrographic 

properties o f  the Alum Shale, the Chattanooga Shale, and the Green 

River Forinn t ion. Specific goals were to 

1. determine the maceral composition of  these shales in both reflected 

white and blue light, and 

2. measure the petrographic variation o f  these shales as a function of 

con t ro l  led thermal alteration 

4.1 METHODS 

The fluorescence spectroscopic analyses comprise both quantitativc 

arid semiquantitative reflected white- and blue-light microscopy. For 

all petrographic work, the shale samples were bound in epoxy, forming 

2.5-cm-diam pellets. 

The maceral analyses were performed using a Leitz MPV I11 Orthoplan 

microscope at 500X. A mechanical stage was used to advance the pellet 

so that the entire surface was surveyed (increments were 0.3 mm in the 

‘These pellets were polished to a 0.05-pm finish. 
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x - d i r e c t i o n ,  1 . 5  mi11 i n  t he  y - d i r e c t i o n ) .  One s e t  o f  500 p o i n t s  w a s  

counted i n  both whitse and b lue  l i g h t  f o r  the  i t l c?n t i f ica t ion  of the 

va r ious  macerals .  Mean random v i t r i n i t e  r e f l e c t a n c e  w a s  determined by 

averaging no more than 25 ind iv idua l  readings .  Histograin p l o t s  were 

cons t ruc ted  t o  eva lua te  the  r e f l e c t a n c e  d i s t r i b u t i o n ,  and i n  some cases  

the  dea r th  of v i ~ t r i n i t e  macerals produced an average r e f l e c t a n c e  from 

fewer than  25 readings .  

The q u a n t i t a t  i.ve f luorescence  ana lyses  cons i s t ed  of both spectral .  

and temporal da t a  a c q u i s i t i o n .  'The number of s p e c t r a  acqui red  pe r  

saiiiple of s h a l e  depended upon the  abundance of  f luo resc ing  macerals 

prese i i t ,  the  f luorescence  i n t e n s i t y ,  and the na tu re  of  t he  l i p t i n i t e  

distributLion; t h u s ,  the  nuriher o f  s p e c t r a  v a r i e d  from f i v e  t o  t e n .  The 

e x c i t a t i o n  wavelength (365 nm) was provided by a 100-W Ilg lamp. 'The 

s p e c t r a l  scan range covered much of the v i s i b l e  spect:rum ( 4 2 0  t u  

7 2 0  niri), and the  r e l evan t  parameters e x t r a c t e d  from any one spectrum 

were the s p e c t r a l  maximum and q u o t i e n t .  The s p e c t r a l  maxi~murn i s  

def ined  a s  the  wavelength of maxi.mum in t :ens i ty ,  and the  s p e c t r a l  

quo t i en t  i s  t he  r a t i o  of t he  i n t e n s i t y  a'l 650 nm t o  the  i n t e n s i t y  a t  

500 nm. 

The temporal ana lyses  employed near-uv e x c i t a t i o n  ( 3 9 5  nm) froin a 

nitrogen-pumped, pu lsed ,  tunable-dye l a s e r .  The d e t a i l s  of t h i s  

apparatus  have been descr ibed  previous ly  (Landis e t  a l . ,  1987) .  

E s s e n t i a l l y ,  the f luorescence decay i s  acqui red  between each e x c i t a t i o n  

p u l s e ,  averaged over a user -def ined  sample number, and then s t o r e d  f o r  

l a t e r  use. For  each sample o f f e r i n g  s u f f i c i e n t  f luorescence  in tensf - ty ,  

decay curves were gathered a t  the  emission wavelength o f  maximum 

i n t e n s i t y .  From each average p u l s e ,  the  c h a r a c t e r i s t i c  1-i-fetirnes, the  

percent  cont r ibu  tiicins, and the E ins t e in  A-coe f f i c i en t s  were obta ined .  
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4 . 2  RESULTS 

4 . 2 . 1  Macerals 

'To bet:ter c h a r a c t e r i z e  the maceral composi t:i.ori of  t h e s e  s h a l e s ,  a 

combined maceral ana1.ysi.s consist:.i.rig o f  both b lue -  and whi.t:e-Iight 

p o i n t  count:s was completed. The conrhi.ned maceiral  a n a l y s i s  was f i r s t  

suggested by Spackman, Davis,  and Mitchell. (1.976) w h o  recommended it; 

f o r  c o a l s  wi th  a l i p t i n i t e  fracti.on g r e a t e r  than  5 v o l  8 .  It: was 

i-ntended t o  b e t t e r  es t imare  the  ainount of va r ious  l i p t i n i t e s  i n  c o a l s  

i n  the  v i - t r i n i t e  groundmass, S i m i l a r l y ,  t h e  comhirned a n a l y s i s  was 

coinpleted he re  t o  b e t t e r  contrast :  t : h ?  l i p t i n i t e s  and the m i . n o r a 1  

mat r ix .  

The r e s u l t s  of bo th  rnaceral. anal.yses f o r  the  u n t r e a t e d  sariiples a r e  

presented  i n  Table 4 . 1 .  I t  i s  ev ident  t h a t  the  1. i .pt ini tes  dominate the 

rnaceval d i s t r i b u t i o n  f o r  a l l  t hese  shales, b u t  detectab1.e q u a n t i t i e s  of 

v i t r i n i t e  and i n e r t i n i t e  a r e  a l s o  present  ( s e e  Fig .  4 . 1 - 4 . 3 ) .  

Nonindigerious v i t r i n i t e  o r  second-cycle  v i t r i n i t e  i s  most coimon i n  the  

Chattanooga Shale ,  sugges t ing  pe r iod ic  t e r r e s t r i a l  i n f l u x .  For a l l  

three s h a l e s ,  t he  i n e r t i - n i t e s  to1:al <2 v o l  8 .  

The most abundant macerals i n  a l l  t h r e e  s h a l e s  are the 1 - i p t i n i t e s .  

Iri t hese  s h a l e s ,  a l g i r i i t e ,  b i t u n i n i t c ,  and l i p t o d e n d r i n i t e  a r e  the  

dominant; c o n s t i t u e n t s .  The Chattarxooga Shale con ta ins  the most diverse 

l i p t i r i i  t e  assemblage with t r a c e  amounts of  resi.riiLe, s p o r i n i t e ,  and 

amorphous vug f i l l i n g s  a s s o c i a t e d  with algi .ni . te and l i p t o d e n d r i n i t e  , 

Chattanooga a l g i n i t e s  o f fe r  s t rong  yellow fluorescence, vary i n  l eng th  

(10 t o  30 pm) , and commonly r e s t  p;iral.lel t o  sedimentary bedding 

( F i g .  4 . 4 ) .  They tot:a1 approximately 8 vol % oE the  Chattanooga Sha1.e. 

The weak1.y f luorescent :  groundmass i s  a l s o  ra ther  conspicuous ( 9  v o l  9 ; )  

b u t  p rob ab 1 y ind  i c at e s the  i n  t F? r R c t: i. on  o f s ubm i c r o s c o p i c o T ga 11 i c m a t  t e r 

wi th  ground~~iass minera ls .  

The maceral assemblage i s  much l e s s  di.verst? for t he  A l u m  and Green 

Kiver Formation s h a l e s .  The Altrm Shale  l i p t i n i t e  assernb1.age is 

c h a r a c t e r i z e d  by h igh  a l g i n i  te and bi tumini  t e  percentages The 

f luorescence  is  cha rac t e r i zed  by weak yel lowish-orange i n t e n s i t i e s  tl-tai: 
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OKNL-. PHOTO-02 113-88 

F i g .  4.1. PE.otorni.cr.ograph of A l u m  Shale v i t r i n i t e  like organic 
matzeri al i n  a m i n e r a l  matrix i.nc1udin.g C O X ~ S ~ ~ C U O U S ~ . ~  bright p y r i t e  
( K C f l e C t e d  W h i t e  1tght; 75c)x). 

ORNL-PHOTO-02112-88 

F i g .  4 . 2 .  Photomicrograph of Green River Formation vitrinite 
( r e f l e c t e d  white light at 7 5 0 X ) .  
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ORNL-PHOTO-02 111-88 

Fig. 11.3. Photomicrograph o f  Chattanooga Shale vitrinite in 
mineral groundmass (reflected w h i t x  light at 7 5 0 X ) .  

OKNL-PHOTO-02110-88 

Fig. 4 . 4 .  Photomicrograph of untzreated Chattanooga Shale 
alginite Note the strong fluorescence of the alginite and the 
nonfluorescence o f  the groundmass (reflected blue  1-ight at 750X). 
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increase. as a func t ion  of continued uv r a d i a t i o n  (Fi.g. 4 . 5 ) .  This  

i Ticrease i n  fliuorescence i .ntensity a s  t he  macelral i.s exposed to uv 

exci t:at:iori j.5: c:all.ed p o s i t i v e  a l t t? ra t :Lsr i  (@ttenjaxi:ti, Teichmullex, arid 

Tdolf 1.975).  The al.g$.ni.Lv of the AI.urfi Sha1.e does not OCC!*T B S  discrete  

bodies  , as i 1-1 the Cha.tt:ariuoge S h . l . e ,  ‘but as  pa;lol:lY ~ ~ ‘ c ? s e r v e d  hodiei; 

t.1-1,at- tend t o  merge i n t o  LIE biiuniirii t:e” ‘?%is l ack  o f  norphci:Logi.cal. 

s11,~g.i: s t:.s tliat: t.he 

bitlmii.[Ii te may he a prodi .~ct  o f  n l  t - ~ ~ e t l  :2lgal bodie:; . Lndeed their 

f l~u~~~sce i . t ( : : c : :  propezti .es are similar.  L ike  the C h a t :  tanc?oga Shal.e, a 

we skl y f I.uo r e s c, en t o I: ange gr  ound~u a c; ,ci I:. 63 il: it I i ng a p  p I’ ox i m i  t e 1 y 1.0 vo I 8 

can a l s o  b~ observed. :[‘h i.s f r a . c t i u n  probab3.y rel.ates to i nt: i . r a  ~ e l y  

associated iiii.nera1.s and si.ihmi crosc:opi.r:: organic inat:ttri i x l  . 
Thz Green Ri.vei: Fo-u-iiia1:i.on shale samp1.e cont.ai.ns less fluore.scent- 

microscopic matc.Li.al than the ot:.her two argan1i.c- r ich  s’riales Further,  

the f luorescent  subst:a-rice!; a r e  l o c a l i z e d  i n  enr iched  larni-nae ( F i g .  4 .  6 )  

as orange a.ino-r-phous vug and apophyses f i l l i n g s .  Well-preserved 

al-gini  t e  occurs i n  [:race amounts. 

Tab1 e 4 . 1  i l l . u s t r a t e s  h o w  the b lue -  l i -gh t  maceral a n a l y s i s  permi ts  

an improved es t imate  of t he  l i p t i n i t i e  con ten t .  A several-fold increase 

i n  d e t e c t a b l e  microscopic organic  matter is obta ined  via b l u e - l i g h t  

i n spec t ion  of [:hese l i p t i n i t i c  s h a l e s .  F u r t h e r ,  t he  relati.ve1.y 

i.-riconspicuous a l g i n i t e  i s  much more no t i ceab le  i n  b l u e  l i g h t  f o r  a l l  

t he  sampl.es. That the Alurri Shale b i tumini te  i s  1iett:er counted i n  white 

l i g h t  rel.ate:; t o  i t s  weak f luorescence i n t e n s i t y .  Thus ,  the combined 

use of  white-  and bl . i ie- l ight  maceral a n a l y s i s  yi.el.ds 

1. a more coiiiplete exa.mi.nation o f  t he  maceral assemblage o:f each 

shale, 

2 .  a more accura te  1 . i .pt ini te  esti.inuLion (volume p e r c e n t ) ,  and 

3 .  the n a t u r e  of 1 ip t in i t : e  associat i .ons and occurrences i n  a 

par t icu1 ,ar  sample. 

4 . 2 . 2  V i t : r i n i f e  Refl.ectxnce Arislw-sts 
Mean random vitr- i - n i t e  r e f  1ect:arice.s were o b t a i  rietl from samples  t h a t  

d i d  no t  corrh i is t  dur ing  the heat t rea tments  and chat represent: a 



ORWL-PHOTO-02109-88 

F i g .  4 . 5 .  Photomicrograph of positive altecation of Alurn  Shale 
liptinite. Note Llie stronger intensity on the right side of the 
micrograph AS a result of 3 min of continuous uv excitdtion (reTJected 
bliie l i g h t  at 250X). 

ORNL-PHO'1'0-02 108-88 

Fig. 4 . 6 .  Photomicrograph of organic-rich laiiiinae of the Green 
River Forma t ion .  These laminae are not revealed in white lighr 
( r e f l e c t e d  b l u e  light a t  25OX). 



sample popula t ion  of  a t  l e a s t  10  and no more than 25 measurements. 

Because o f  sample combustion, measurements were no t  taken f o r  t he  

Chattanooga and Green Ki-ver Formation sha le s  a t  500 and 600°C, o r  t he  

A l u m  Shale samples heated t o  400°C arid above. Included wi th  the 

v i t r i n i  t t ?  measurements o f  t he  Chattanooga Shale and the  Green River 

Formation a r e  those o f  t he  v i t r i n i t e  l i k e  organic  ma te r i a l  i n  t he  A l u m  

Shale .  S i m i l a r  terminology has been employed f o r  s t u d i e s  of o t h e r  

Cambrian s h a l e s  (Glikson,  Gibson, and Phi lp  1 9 8 5 ) ,  and it i s  e l e a r  t h a t  

t h i s  A l u m  Shale m x e r a l  i s  not  t he  t r u e  v i t r i - n i t e  of p o s t - S i l u r i a n  

sha le s  and c o a l s .  For the  purposes of  t h i s  s tudy ,  however, the rnaceral 

p r o p e r t i e s  were monitored a s  a func t ion  of  thermal t reatment  as though 

they were t r u e  vi t r i i ! i t :es ,  

The r e s u l t s  from the  refl .ectarice a n a l y s i s  a r e  presented  i n  

Table 4 . 2  and F ig .  4 . 7 .  I t  i s  c l e a r  t h a t  v i t r i r i i t e  r e f l e c t a n c e  

inc reases  sys t ema t i ca l ly  with inc reas ing  temperature and t h a t  t he  

v i t r i n i t : e  i n  the  Chattanooga Shale and Green River Formation behave 

s i m i l a r l y  during thermal t rea tment .  The un t r ea t ed  samples o f  

Chattanooga and Green River Formation shal.es a r e  of t he  same rank and 

remain the  same throughout t he  incremental  hea t ing .  Fu r the r ,  the 

maturat ion p a t h s ,  as revealed by pe t rographic  techniques ,  of  t hese  t w o  

no tab le  sha le s  have not  been c l e a r l y  def ined  i n  the l i t e r a t u r e ;  and i t  

i s  i n t e r e s t i n g  t o  note  t h a t  t he  v i t r i n i t e  of t he  Pa1eozoi.c Chattanooga 

Shale and the  Cenozoic Green River Formation sha le s  behaves s i m i l a r l y  

during thermal t reatment  d e s p i t e  obvious d i f f e rences  i n  the  precursor  

p l a n t s  of the v i t r i n i t e .  The v i t r i n i t e  from the  m.ore pr i i i i i t ive  land 

p l a n t s  behave s i m i l a r l y  t o  the  v i . t r i . n i t e  from the inore evolved vascu la r  

p l a n t s .  Ref]-ectance va lues  f o r  t he  Alum Shale suggest  a lower l e v e l  o f  

matur i ty  f o r  the  un t r ea t ed  samp1.e and f o r  each h e a t - t r e a t e d  sample. 

The deviat:ion about t he  mean i s  gene ra l ly  near  0 . 1 %  ref lec tnr ice  and i s  

b e s t  f o r  t he  Alum Shale .  T h i s  l e v e l  of preci.si.on i s  considered q u i t e  

good f o r  sedimentary organic  m a t e r i a l .  
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Table 4 . 2 .  Mean random vitrinite reflectances for shales that did not 
combust during heat treatment. Values for the Alum Shale are 

for the vitrinite like rnaceral 
.. . ..... . ... _......_ - 

Temperature Chattanooga Shal ea Green River Formation Alum Shale 
( " C )  

ambient 0 . 6 9  (0 .13)  
100 0 . 1 8  (0 .10)  
200 0 . 9 1  (0 .07 )  
3 00 1 .29  (0 .12)  
400 1 . 7 2  (0 .03 )  

0 . 6 9  (0 .11)  0 . 4 1  (0.04) 
0 . 7 5  ( 0 . 1 1 )  0 . 4 5  (0 .03)  
0 . 9 3  ( 0 . 1 0 )  0 . 6 2  ( 0 . 0 8 )  
1 . 2 3  ( 0 . 1 2 )  1 . 0 7  (0 .13)  
1.75 ( 0 . 0 3 )  

aStandard deviations (percent) are in parentheses. Given thc 
dearth of vitrinite in mosr samples, no more than 25 and no fewer than 
10 measurements were taken p e r  sample. 
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h.2.3 Quantitative Fluorescence_Analvsis 

The fluorescence properties o f  each shale vary uniquely with 

increasing temperature and vitrinite reflectance. Fluorescence of the 

alginite from the Chattanooga Shale gradually shi-fts to the longer 

wavelengths from the yellow to the orange and decreases i.n fluoresc,, once 

intensity (Fig. 4.8 and Table 4 . 3 ) .  At 3 0 0 " C ,  the shift to the red 

becomes l e s s  subtle as some of the algi-nite spectra yield peaks i~n the 

orange (626 n m )  wavelengths (Fig. 4 . 9 ) .  At 400°C the faint orange 

fluorescence can no longer be detected. This shift to the orange 

wavelengths at 300°C correlates well with a broad exothermic DTA peak 

f r o m  340 to 480°C. 

The fluorescence properties of the Alum Shale indicate that the 

organic matter is more sensitive to thermal. effects than the kerogen i ~ n  

the Chattanooga Shale. Fluorescence is detected through 200°C, but 

mensurable only in the initial and 100°C samp1.e (Table 4.3), and may be 

characterized as weak to moderate yellowish-orange. 

Measurable fluorescence is only slightly more persistent in the 

Green River Formation. The fluorescing macerals offer measurable 

intensities through 200°C but fade beyond detection at 300°C and above. 

The moderately intense orange bodies shift to the yellowish-orange in 

the 100 and 200°C samples, and there is some evidence that the spectra 

shift back to the longer wavel-engths after heat:i.ng to 200°C 

(Table 4 . 3 ) .  

The conspicuous fluorescence of these three shales varies uniquely 

upon [ :hemal  treatment. Measurable fluorescence of Chatitanooga Shale 

alginite persists through 300"C,  varies systematically over &:his 

temperature range, and may be correlated with DTA data. The 

fluorescence of Green River Formation kerogen is not measurable in the 

300°C sample and might shift to the shorter wavelengths with increasing 

temperature. Alum Shale alginite and bituminite are iii~st sensitive io 

thermal treatment, as measurabl-e fluorescence intensities are observed 

only for samples heated to 100°C or not at all. Alum Shale 

fluorescence intensity increases with 
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ORNL-PHOTO-0 2 10 7 -8 8 

F i g .  4 . 8 .  Photomicrograph of yellow-orange alginite in 
Chattanooga Shale heat treated to 300°C (reflected blue light at 750X). 

Table 4 . 3 .  Average fluorescence parameters for the Chattanooga Shale 
(alginite), Green River Formation (fluorescent fillings), 

and the Alum Shale (alginite) 

Sample, heat treatment Peaka (nm) Qb Qmaxc 

Chattanooga, untreated 
Chattanooga, 100°C 
Chattanooga, 200°C 
Chattanooga, 300°C 
Chattanooga, 300°C 

Green River Formation, 
Green River Formation, 
Green river Formation, 

A l u m ,  untreated 
A l u m ,  100°C 

572 ( 8 ) d  
576 ( 5 )  
584 (2 )  
5 8 3  ( 5 )  
6 2 6  (1) 

untreated 610 (11) 

200" c 5 8 9  (5 )  

5 8 5  (1) 

100°C 584 ( 4 )  

5 8 4  (1) 

1 . 0 3  (0.10) 1.45 ( 0 . 0 8 )  
1 , 0 5  (0.12) 1.40 (0 .08)  
1 . 3 0  ( 0 . 0 8 )  1 . 4 7  ( 0 . 0 8 )  
1 . 5 5  ( 0 . 0 8 )  1 . 7 4  ( 0 . 0 6 )  
2.07 ( 0 . 1 0 )  2.16 ( 0 . 1 0 )  

1 . 7 0  (0 .09)  1 . 8 2  ( 0 . 0 5 )  
1 . 1 6  ( 0 . 0 8 )  1 . 3 6  ( 0 . 0 5 )  
1 . 3 8  (0 .07)  1 . 6 3  ( 0 . 0 6 )  

1 . 6 5  (0.09) 1 . 9 0  ( 0 . 0 4 )  
1 .64 ( 0 . 0 4 )  1 . 8 6  ( 0 . 0 4 )  

aPeak (nm) is the wavelength o f  maximum intensity. 
bQ is the spectral quotient of the intensity at 650 nm divided by 

CQmax is the quotient of  the intensity at the maximum waveI.ength 

dStandard deviations (percent) are given in parentheses. 

the intensity at 500 nm. 

divided by the intensity at 500 nm. 
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continued uv irradiation (i.e., positive alteration) in a manner 

described previously by Teichmuller and Wolf (1977). 

4 . 2 . 4  Temporal Fluorescence Analysis 

The alginite in the Chattanooga Shale samples heated up to and 

including 300°C and in the untreated A l u m  Shale samples offered enough 

fluorescence intensity to allow measurements of their fluorescence 

decays. On the assumption that these organic substances represent a 

molecular structure with a considerable fraction as a " m o b i l e "  phase 

consisting of smaller molecules, the fluorescence lifetime distribution 

recovery technique was used for these maeerals. A plot of lifetimes 

(in nanoseconds) vs percentages is yielded. Thus, the amount of  each 

user-selected lifetime is produced from each decay curve and permits 

the analysis of more than two or three lifetimes commonly yielded from 

the reiterative deconvolution technique. 

Figure 4.10 is a col.lection of lifetime distributions for 

alginites from the Chatt.anooga Shale heated from ambient to 300°C.  It 

is clear that the alginite from the samples heated to the highest 

temperatures yields distributions o f  almost exclusively subnanosecond 

components, unlike the untreated samples and those heated to 100°C, 

which show a wider distribution of fluorescence lifetimes with smal.l.er 

subnanosecond percentages. The distributions from the untreated 

a l g i n i t e  of the Alum Shale more closely resemble the most thermally 

altered alginite of  the Chattanooga Shale (Fig. 4.11). This behavior 

may result from differences in the algal components of the two shales 

o r  from the fact that the rank indicators of  the Alum Shale yield 

suppressed values. This result is not surprising i n  liptinite-rich 

shales. That: lifetime distributions of  alginite fluorescence can be 

recovered and vary as a function of increasing temperature and 

vitrinite reflectance, however, are new and surprising results. 

4 . 3  DISCUSSION 

The fluorescence p r o p e r t i e s  o f  whole-rock mounts of therma1l.y 

altered A l u m  Shale, Chattanooga Shale, and Green River Formation shale 
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0.2% 1.3 2.5 4 6 10 1% 
6.8 2 3 5 7 9 11 

Fig.  4.10. Fluorescence l i f e t i m e  d i s t r i b u t i o n s  o f  Chattanooga 
Shalc  as a func t ion  o f  thermal t rea tment .  Note the  progress ive  
increase  i n  subnanosecond components with inc reas ing  temperature o f  
heat t r e a t w n t  . 
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were s t i idj~ed pe t rog raph ica l ly  us ing  whi te -  and h l u e - l i g h t  techniques.  

Each of t hese  sha le s  possesses  a unique maceral assemblage that: is  

b e t t e r  scudied usi-ng a combined macet-al. a n a l y s i s .  More l i p t i t i i t e s  a r e  

coiunted i n  b lue  l i g h t ,  where the  c o n t r a s t  between the  niaceral and the  

mineral  mat r ix  i s  g r e a t e s t .  For example, l i p t i n i t e s  i n  1aiiii.xiae from 

the  Green River Formaiiori a r e  easiJ.y revea led  by t h e i r  f l-uorescence 

p r o p e r t i e s .  S i m i l a r l y ,  t he  s t rong  yellow f luorescence  of the  a l -g in i t e s  

o f  the  Chattanooga Shale c o n t r a s t s  sharp ly  wFth the  l a r g e l y  

nonf luorescent  mineral  iiiatrix. 

Changes as a func t ion  of thermal t reatment  can a l s o  be monitored 

pe t rog raph ica l ly .  V i t r i n i t e  r e f l e c t a n c e  v a r i e s  sys t ema t i ca l ly  and 

uniquely f o r  these  s11ales. Consequently, these  e a r l y  r e s u l t s  i -ndicate  

t h a t  v i t r i n i t e  r e f l e c t a n c e  may be used as a thermometer of  r ap id  

thermal a l t e r a t i - o n ,  much l i k e  i t s  use with coa l s  and petroleum source 

rocks .  In t h i s  c a s e ,  t he  Chattanooga and Green River  Formatlion sha le s  

fol low s i m i l a r  maturat ion pa ths ,  d e s p i t e  t h e i r  age and compositional. 

d i f f e r e n c e s .  A lg in i t e  s p e c t r a  a l s o  vary sys t ema t i ca l ly  witil-1 i nc reas ing  

temperature ,  recording a s h i f t  t o  the  longer  wavelengths from the  

yellow t o  the orange ( 5 6 1  t o  626 nm). The s h i f t  t o  the  orange 

wavelengths a t  300°C c o r r e l a t e s  well with a broad exothermic DTA 

peakfrom roughly 340 t o  4 8 0 ° C .  'Temporal ana lyses  i n d i c a t e  fl-uorescence 

l i f e t i m e  d i s t r i b u t i o n s  heavi ly  favor ing  subnanosecond components, 

p a r t i c u l a r l y  as temperature and rank inc rease .  For the  Chattanooga 

Shale a l - g i n i t e s ,  nanosecond and subnanosecond f luorescence  l i - fe t imes  

a r e  recovered a t  low t-hermal treatmerit temperatures .  However, as the  

temperature of h e a t  t reatment  i ticreases , the  d i s t r i b u t i o n  c l e a r l y  

favors  the s h o r t e r ,  subnanosecond l i f e t i m e s .  

The techniques employed i n  t h i s  p o r t i o n  of the  s tudy demonstrate 

the  p o t e n t i a l  u t i l i t y  o f  microfluorometry i n  desc r ib ing  the  behavior  of 

organic matter  i n  sha le s  under a variety of  conditions. It- would be 

e s p e c i a l l y  i n t e r e s t i n g  t o  combine these  techniques wi th  autoradiography 

t o  i n v e s t i g a t e  which organic  phases inay be m o s t ;  r e a c t i v e  t o  p a r t i c u l a r  

radioelements .  The a l t e r a t i o n  o f  kerogen dur ing  hydrothermal r e a c t i o n  

caul-d a l s o  be cha rac t e r i zed  and y i e l d  i n s i g h t  i n t o  the degrada t ion  o f  
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kerogen and the forinn tzioxi of potential organic complexants. Further 

quantification and refinement of these techniques will be necessary to 

advance such studies. One aspect  of this refinement is discussed in 

the next section. 
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5 .  TIME-RESOLVED FLUORESCENCE SPECTRA O F  S'IIANDARD ORGANIC COMPOUNDS 

Fluorescence i s  the  type o f  luminescence tha t  desc r ibes  the  

emission of a photon induced by ihc r e t u r n  o f  an e x c i t e d  e l e c t r o n  t o  

the  ground s t a t e .  Exci ted s t a t c h s  a r e  s h o r t - l i v e d  and may e i t h e r  r e v e r t  

back t o  the  ground s t a t e  o r  undergo a chemical change t o  form a new 

specie.; A l i s t  o f  poss ib l e  photochemical processes  inc ludes  

1 .  

2 "  

3 .  

4 . 
5. 

6 .  

7 .  

8 .  

v i b r a  t i ona l  r e l a x a t i o n ,  

f l uo rescence ,  

in te rsys tem c r o s s i n g ,  

i n t e r n a l  convcrsi  o n ,  

p h o s p h o r e s c e nc e , 
einergy i r a n s f e r ,  

photochemical r e a c t i o n ,  and 

r a d i a t i o n l e s s  decay (Allen arid McKellar 1980)  . 

Substances t h a t  e x h i b i t  f luorescence a r e  c a l l e d  f luorophores  and 

general-1.y possess  de loca l i zed  e l e c t r o n s  i n  double bonds ( i .  e .  , s p 2 ,  s p  

hybr id ized  s t a t e s ) .  I t  i s  the  p - o r b i t a l  e l e c t r o n  t h a t  i.s gene ra l ly  

assumed t o  be exc i t ed  by inc iden t  near-uv l i g h t .  Thus, f luorescence  

microscopy i s  a promising t o o l  f o r  the  s tudy o f  those organic  compounds 

conta in ing  ~ - m o l e c u l - a r  bonds t h a t  are  ab le  t o  absorb uv 1-i.ght. 

I t  i s  widely assumed t h a t  organic  mat ter  i n  c o a l s  i s  cross - l i -nked  

macromolecular s t r u c t u r e s  (Green e t  a l .  1982) .  S i m i l a r l y ,  t he  organic  

mat ter  i n  sedimentary rocks may be considered as macromolecules. The 

macromolecular theory ,  a s  proposed by Green e t  a l .  ( 1 9 8 2 ) ,  and Davidson 

(1982) desc r ibes  a c r o s s - l i h k e d  macromolecule c o n s i s t i n g  of 

hydroaromatics and aromatics  br idged by a l i p h a t i c s  and e t h e r s .  These 

i n v e s t i g a t o r s  f u r t h e r  descr ibe  a r e l a t i v e l y  minor b u t  important group 

o f  smal le r  molecules trapped wi th in  the  l a r g e r  s t r u c t u r e .  L i t t l e  i s  

known regarding the chemistry o f  these  smal l.er ~ "mobile-phase" 

molecules.  Thus, the  ob jec t ive  o f  t h i s  s tudy was t o  c h a r a c t e r i z e  the  

spectral and temporal fluorescence p r o p e r t i e s  o f  s e v e r a l  low-molecular- 
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weight organic compounds that may occur as mobile-phase molecules in 

setli-mentary rocks and that could be studied in the future through 

solvent-extraction and in si.tu phot.ochemica1 analyses. 

5.1 METHODS 

The techniques used in this study include fluorescence microscopy, 

i n  both the spectral and temporal domains, and absorption spectroscopy. 

Absorption spectroscopy was initiated because many of  the organic 

compounds do not fluoresce. Absorption spectra were obtained from a 

Lamda 5 uv/VIS spectrophotometer with an excitation beam in the uv 

range (332.8 nm), with water as an absorption standard. Absorption was 

measured as a function of wavelength from 330.0 to 450.0 nm. 

The laser fluorescence microscopy system is shown in Fig. 5.1. 

The conventional fluorescence spectra were obtained with continuous- 

wave (cw) illumination (100-W Hg lamp) of the particular compound in a 

nonfluorescent quartz cuvette. A tungsten bulb w a s  used to determine 

the spectral response of the systein by the following relationship: 

where 

TT is the corrected tungsten bulb spectrum, 

T, is the measured o r  raw spectrum, 

E,,, is the measi~red o r  raw standard lamp spectrum, 

ET is the known standard lamp spectrum. The determination o f  the 

spectral response f o r  any given microscope configuration is completed 

us ing  the relationship: 
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where S ( X )  is  the  response a t  a given wavelength o f  emission.  F i n a l l y ,  

t he  co r rec t ed  f luorescence  spectrum i s  expressed as 

where R,(X) i s  the  raw, o r  uncorrec ted ,  f luorescence  spectrum. It  i s  

t h i s  process  t h a t  y i e l d s  the s p e c t r a l  p r o p e r t i e s  o f  f luoresci-ng 

substances . 

Obtainfng t h e  temporal p r o p e r t i e s  (i. e .  , c h a r a c t e r i s t i c  

f luorescence  1 i f e t i . n e s  and percentages)  i s  no t  as t r anspa ren t  arid i s  

only now becoming a v i a b l e  t o o l  f o r  the  examination o f  f l u o r e s c i n g  

compounds. Two techniques descr ibed  i.n Landis etl a l .  (1987) and James 

e t  a l .  (1987)  can be employed f o r  the  recovery o f  c h a r a c t e r i s t i c  

temporal. d a t a  from f luorescence  decay: (1) The i t e r a t i v e  reconvolu t ion  

technique and l e a s t - s q u a r e s  f i t t i n g  o f  Landis e t  a l .  (1987) permi ts  t h e  

deconvolut ion of decays conta in ing  up t o  t h r e e  components and were used 

i n  t h i s  s tudy .  This  method assumes non in te rac t ing  f luorophores .  

( 2 )  The recovery of underlying l i f e t i m e  d i s t r i b u t i - o n s  from f luorescence  

decays permits  inore than t h r e e  l i f e t i m e s  t o  be examined and r e q u i r e s  no 

p r i o r  knowledge o f  t he  underlying d i s t r i b u t i o n  (James e t  a l .  1 9 8 7 ) .  

Both techniques a r e  r e l a t i v e l y  new, have no t  been r o u t i n e l y  app l i ed  t o  

the geosc iences ,  and have some l i m i t a t i o n s  t o  t h e i r  a p p l i c a t i o n s .  

I t e r a t i v e  reconvolut ion r equ i r e s  a p r i o r  knowledge of t h e  underlying 

l i f e t i m e  d i s t r i b u t i o n s ,  which i s  no t  gene ra l ly  a v a i l a b l e  f o r  coa1.s and 

d i spe r sed  sedimentary organic  ma t t e r .  I t  i s  a l s o  no t  u s e f u l  f o r  
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mixtures of more than  t h r e e  components. The d i - s t r i b u t i o n  technique 

does no t  iinmediately y i e l d  the  p rec i se  l i f e t i m e s  and s t i l l  r equ i r e s  

b e t t e r  f i t t i n g  fuiictions (James et. al. 1 9 8 7 ) .  I n  t h i s  s tudy ,  severa l  

examples o f  each technique a r e  presented  f o r  the va r ious  El.uorescing 

compounds, wi th  f u l l  knowledge of the  l i m i t a t i o n s  i n  mind. 

5. 2 RESULTS 

Organic compounds (Table 5 . 1 )  were chosen f o r  s tudy t o  represent: 

t he  major c l a s s e s  o f  compounds wi th  unique c h a r a c t e r i s t i . c s .  These 

organic  compounds a r e  low-molecular -weight analogs t o  more complex 

compounds found i n  sedimentary organic  ma t t e r .  The f luorescence  

behavior  of t hese  analogs should r ep resen t  t h a t  of t he  func t iona l  

groups found i n  the  more complex n a t u r a l  o rganics .  More d e t a i l e d  

s t u d i e s  i n  the  f u t u r e  w i l l  emphasize 0rgani.c compounds t h a t  a r e  more 

c1osel.y r ep resen ta t ive  of  n a t u r a l  organic  mat te r  found i n  sedimentary 

rocks .  The f a c t  t h a t  most of these  simple organic  compounds do no t  

f l uo resce  w a s  confirmed by v i s u a l  i n spec t ion  and the absorp t ion  

a n a l y s i s  (Table 5 . 1 ) .  Strongly f luo rescen t  cornpounds such as the 

aromatics  y i e lded  absorp t ion  s p e c t r a  t h a t  exceeded all use r -de f inab le  

absorp t ion  l i m i t s  on the  spectrophotometer.  I t  i.s no t  s u r p r i s i n g  that: 

the  alkanes do not  f l u o r e s c e ,  given t h e i r  s a t u r a t e d  molecular bonding 

s t r u c t u r e  ( sp  3 ) . Fur the r ,  l abora tory  observa t ion  i n d i c a t e s  t h a t  those 

samples with an absorbance of <0.70 mA 

s u f f i c i e n t  i n t e n s i t y  f o r  d e t e c t i o n  on t h i s  p a r t i c u l a r  system. I t  i s  

easy t o  see  t h a t  the  a lkenes ,  most o f  t he  alkynes and carboxyl ic  a c i d s ,  

and many o f  the o the r  compounds do not  absorb uv l i g h t  w e l l .  Severa l  

compounds t h a t  absorb uv l i g h t  modestly might we l l  o f f e r  s u i t a b l e  

intensit : i .es on o t h e r ,  more s e n s i t i v e  systems. On the  o t h e r  hand, the 

heteroatom p y r r o l e ,  with one l e s s  carbon than p y r i d i n e ,  absorbs q u i t e  

w e l l .  Such i s  the  case  f o r  quinul.ine as w e l l .  

l i sual ly  d i d  no t  o f f e r  

Table 5 . 2  i s  a l i s t i n g  of the  f luorescence  p r o p e r t i e s  of t hese  

compounds. S t r a i g h t - c h a i n  compounds (octyne and f a t t y  a c i d s )  and the 

n i t rogen  compounds (aromatics  and heteroai:oin) e x h i b i t  b lue  

f luorescence .  A s  a genera l  r u l e ,  the  n i t rogen  compounds e x h i b i t  weaker 
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Table 5 . 1 .  L i s t i n g  o f  absorbances o f  
t he  compounds included i n  t h i s  s tudy  

Cornp ourltl Ab s o r b  a LIC e (nul) 

pentane 
hexane 
heptane 
octane 
nonane 
decane 
penterie 
hexene 
hep t e  tie 
octene 
nonene 
decene 
pen tyrie 
hexyne 
hep tyne 
octy11e 
nonyne 
hep tano ic ac1.d 
oc tanoic  a c i d  
noriarioic acid 
decanoic a c i d  
pyrrole 
pyr id ine  
quinol ine  
a c r i d i n e  
isoprene 
pristane 
water 

a 

0.0010 
0.0025 
0.0013 
0.0423 
0.0350 

0,0070 
0 .0255  
0 .1160  
0.0030 

0 . 0 6 3 0  
0.0480 
0 I 7000 
0.5400 

a 

0 . 7 8 0 0  
0,1200 
0.6800 
1 ~ 0860 
0.3700 

R 

a 

a 

5 .  000Ob 
5 .  O O O O b  
0.0069 
0.0450 
0.0000 

anot  de t ec t ed .  
bplaximurn absorbance value. 



52 

Table 5 . 2 .  S p e c t r a l  and temporal  p r o p e r t i e s  of t h e  f l u o r e s c i n g  compowids 

a h 
S p e c t r a l  properti- Temporal p r o p e r t i e s  -11__ 

Omax Tl(ns) T2(ns) T3:ns) P l ( % )  P 2 ( % )  p3(1) Compound PEAK (nm) Q 

Octyne 

Octanoic  Acid 

Decanuic Acid 

Nvnanoic Acid 

Pyrro le  

Pyr id ine  

Quinol ine  

Acr id ine  

Thiophene 

Anthracene 

Tetracene 

Pentacene 

449 0 . 1 1  

437 0.00 

438 0.00 

439 0.05 
4 4 0  0 .00  

439 0.19 

439 0 . 5 9  

429 0.00 

549 0.99 

403 0.00 

478 0 . 2 4  

580 1.79 

2.31 

1 .85  

5 . 1 1  

2.87 

2.82 
3.14 

1.74 

10.25 
3 . 5 2  

330.13 

1.4 

3.08 

6.86 2.10 0.44 49.0 28.7 2 2 . 3  

0.67 5.34 38.3 61.7 

3.04 0.48 60.6 39.4 

0.38 3.91 4 3 . 6  56.4 

10.40 0.40 10.2 89.8 

4.11 0.32 97.0 3.0 

5.49 2.06 93.3 6.7 

1.62 2.70 11.62 25.8 16.9 53.3 

aPeak (nmj i s  t h e  s p e c t r a l  maximum, wavelength of maximum i n t e n s i t y ;  Q i s  t h e  s p e c t r a l  

q u o t i e n t ,  r a t i o  of  i n t e n s i t y  a t  650 nm t o  t h e  i n t e n s i t y  a t  500 tun; and Q n m  i s  t h e  r a t i o  of 

maximum i n t e n s i t y  t o  i n t e n s i t y  a t  500 nm. 

bT1,2,3 a r e  c h a r a c t e r i s t i c  decay l i f e t i m e s  ( n s ) ;  and P1,2,3 a r e  percentages  of 

c h a r a c t e r i s t i c  l i f e t i m e s  i n  t h e  s p e c t r a .  
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f luorescence  i n t e n s i t i e s  than  octyne and oc tanoic  a c i d .  For all of 

these  compounds except  a c r i d i n e ,  t he  nanosecond l i f e t i m e s  dominate ; b u t  

t he  subnanosecond l i f e t i m e s  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  decay. 

Figure 5 . 2  shows the  emission spectrum and f luorescenee  decay of  

octyne.  These a r e  t y p i c a l  d a t a  acqui-red from our  ana lyses ,  and c l e a r l y  

the  emission spectrrum i s  a composite of s e v e r a l  f luorophores  res01.ved 

from the c h a r a c t e r i s t i c  f luorescence  decay. 

Exce l len t  r e s u l t s  w e r e  ob ta ined  from the  l i n e a r l y  fused  aroma.tics . 
Each a d d i t i o n a l  r i n g  i n  the  s t r u c t u r e  i s  accompanied by a spec t ra l .  

shi.Et t o  t h e  longer  v i s i b l e  wavelengths and longer  1 i..fetimes 

( F i g .  5 . 3  and ']'able 5 . 2 ) .  S p e c t r a l l y ,  t hese  aromatics  s h i f t  from 

s trrong b lue  f luorescence  (anthracene)  t o  weak yel lowish-orange 

(pentacene)  ; and al though the  r e s o l u t i o n  o f  s imi l a r  l i f e t i m e s  remai-ris a 

t o p i c  of  f u r t h e r  r e s e a r c h ,  f l-uoresci-ng compounds wi th  d i f f e r e n t  

l i f e t i m e s  can be f i n g e r p r i n t e d  i n  a rioniritieracting mixture  (F ig .  5 . 4 ) .  

I n  t h i s  c a s e ,  t he  f luorescence  decay o f  anthracene ,  YOPOP 

[p-bis(2-(5-Phenyloxazolyl))], and an anthracene-POPOY mixture was 

acqui red  over a s p e c t r a l  range o f  390 t o  470  nm i n  I O - n r n  increments.  

I t  i s  c l e a r  t h a t  t he  pu l sed - in t eg ra t ed  spectrum of the  mixture i s  a 

composite of the anthracene and POPOP s p e c t r a ,  F u r t h e r ,  t he  reso lved  

l i f e t i m e s  of the mixture compare we.11 wi th  t h e  acqui red  l i f e t i m e s  of 

t h e  ind iv idua l  l i q u i d s .  Thus, f o r  non in te rac t ing  l i q u i d  mixtures ,  t h i s  

technique shows promise as an ex tens ion  of convent ional  f luorescence  

s p e c t r a l  analysi-s, i n  which the  cont r ibu t i -ng  f luorophores  a r e  l o s t  i n  

t he  composite spectrum. 

5 . 3  DISCUSSION 

A L e i t z  MPV I T t  Orthoplan microscope, i n t e r f a c e d  on t h e  i.nput end 

wi th  a 100-W Ilg-arc lamp arid nitrogen-pumped, tunable-dye l a s e r  I was 

used f o r  both cw atid p u l s e d - l a s e r ,  near -uv  (365 and 395 nm, 

r e s p e c t i v e l y )  e x c i t a t i o n  o.f a group of s tandzrd  organic  compounds. 

Resu l t an t  d a t a  e x t r a c t e d  f r o m  t he  emission s p e c t r a  a r e  the spect:rnl 

maxirrum and q u o t i e n t .  Temporal d a t a  from t h e  analyzed decay curves 

incl.ude percentage c o n t r i b u t i o n s ,  f luorescence  l i f e t i m e s  (nanosecond 
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Fig. 5 . 2  Graphical output  o f  spec t r a l  ( t o p )  and temporal (bottom) 
f luorescence  ana lyses .  A t  the  t o p ,  octyne emission expresses  b lue  
f luorescence .  The smoothing i n t e r v a l  was 25 nm. A t  t he  bottom, the  
acqui red  and f i t t e d  decays (overlapping)  a r e  presented  as i n t e n s i t y  
( m V )  versus  t i i i i e  ( n s )  p l o t s .  C h a r a c t e r i s t i c  l i f e t i m e s ,  d i s t r i b u t i o n s ,  
and i n t e n s i t i e s  a r e  included i n  the  t a b l e  t o  t h e  r i g h t .  Resu l t s  a r c  
based on 512 pulscs  and an emission wavelength o f  434 nm. 
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F i g .  5 . 3 .  S p e c t r a l  shift of l i n e a r l y  fused aromatics. At the 
top, anthracene records a strong blue f luorescence.  At the bottom, 
pentacene  records a yellowish-orange e m i s s i o n .  
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F i g .  5.4. Time-resolved d a t a  o f  f luorescence  decay t i m e s  and 
emission i n t e n s i t y  over t he  s p e c t r a l  range of 390 t o  4 / 0  mi f o r  
anthracene,  POPOP, and a mixture o f  t h e  two. B o r s t ,  W .  L . ,  
S .  Gangopadhyay, and M .  W .  P l e i l .  1 9 8 7 .  F a s t  analog technique f o r  
determining f luorescence l i f e t i m e s  of m u 1  t i  component materials by 
pulsed l a s e r .  S P I E ,  - The I n t .  Soc. f o r  O p t .  Eng. Proc.  4 3 : 1 5 - 2 3 .  
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and subnanosecond), and Einstein A-coefficients (intensity 

coefficient). These temporal data are acquired from iterative 

reconvolution or recovered as a distribution of  user-defined lifetimes. 

In ei-ther case, characteristic lifetimes for each fluorescing compound 

are recovered. 

The group of organic compounds studied included the alkanes, 

alkenes, alkynes, carboxylic acids, heteroatoms, and several linearly 

fused aromatics. Alkanes do not fluoresce and most of the other 

compounds that contain A-bonds were also observed not to fluoresce. 

Indeed, they did not absorb uv light ( 3 3 3  nm). Nonaromatic compounds 

fluoresce strongest in the blue wavelengths, Linearly fused arornatics 

display a shift: to the longer wavelengths and decrease in fluorescence 

intensity as each additional ring is added to the structure. The 

fluorescence lifetimes of these compounds are dominantly i t 1  the 

nanosecond range, with subnanosecond lifetimes contributing less to the 

total emission. Thus, despite current limitations, time-resolved 

fluorescence microscopy is a viable technique worthy of continued 

developmental research. 

The identification and estimation of specific organic conpounds in 

sedimentary rocks would be a significant advancement. To accomplish 

this advancement, further research is needed in the following areas : 

(1) the analysis of additional individual compounds that may be common 

to organic matter in sedimentary rocks, (2) the investigation o f  

dilution affects on the fluorescence characteristics, ( 3 )  further 

studies on the mixtures of organic compounds, and ( 4 )  the 

characterization of fluorescence spectra of  organic compounds in a 

variety of mineral matrices. 
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