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Abstract--The mineralogy and geochemistry of shales reflect the composition of the initially deposited 
precursor mud, subsequently modified by diagenetic processes. To see if significant geochemical differ- 
ences exist between shales that mainly owe their present-day composition to either deposition or diagen- 
esis, we compare the published mineralogical, bulk and clay-fraction geochemical, and clay-fraction 
O-isotopic compositions of 2 shales. One shale is from the Western Canada Sedimentary Basin (WCSB), 
and its composition mainly reflects primary (depositional) chemical and mineralogical variations (smectitic 
to illitic illite/smectite) within this unit. The other shale is from the United States Gulf Coast (USGC), 
and its composition mainly reflects mixed-layer illite/smectite (US) diagenesis of deposited smectitic clay 
material. The chemical and mineralogical trends of WCSB and USGC shales, including one of increasing 
illite content in US with depth or maturity, are essentially indistinguishable, in both bulk shale and clay 
fraction, despite the contrasting genetic interpretations for the origin of the contained US. Thus, similar 
mineralogical and chemical trends with depth or temperature can result either from inherited depositional 
compositional heterogeneity of the sediment, from burial metamorphism of shale or a combination of 
both. Interestingly, the O-isotopic compositions of the clay fractions from the WCSB and USGC are 
significantly different, a fact that reflects original clay formation from source material and water of quite 
different isotopic compositions. The discrimination between depositional and diagenetic contributions to 
shale composition continues to pose challenges, but a combination of bentonite, illite polytype, clay 
isotopic and trace and rare earth elemental analyses together with illite age analysis holds promise for 
future work; 
Key Words----Deoosition, Diagenesis, Geochemistry, Mineralogy, Mixed-Layer Illite/Smectite, Oxygen 
Isotopes. 

INTRODUCTION 

In a recently published study of  a shale interval in 
the WCSB, trends of  bulk shale, shale matrix (clay 
fraction) and bentonite geochemistry and mineralogy 
with depth and thermal maturity were attributed main- 
ly to inherited, depositional mixing of  material origi- 
nating from 2 contrasting sources, namely, detrital and 
volcanic (Caritat, Bloch, Hutcheon and Longstaffe 
1994). A mineralogical trend of increasing illite in 
mixed-layer illite/smectite (I/S) with depth/maturity 
was observed, similar in many respects to what is 
commonly reported from the study of argillaceous sed- 
iments in other basins and attributed to I/S diagenesis. 
Given, then, that such similarity can arise from 2 con- 
trasting genetic concepts (depositional mixing vs. dia- 
genetic reactions), the question of how similar or dif- 
ferent the geochemical and isotopic patterns in shales 
having undergone mostly one or the other evolutionary 
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path might be, began to puzzle us. Can the relative 
influences of  depositional inheritance and diagenetic 
modification upon shale composition be discriminat- 
ed? Are there recognizable, possibly diagnostic, geo- 
chemical or mineralogical signatures that can be of 
assistance? 

To gain insight into these questions, we presently 
offer a comparison of  our previous work in the WCSB 
with studies of the USGC by Hower et al. (1976) and 
Yeh and Savin (1977). These studies, and the seminal 
work of Burst (1969) they followed, have led to the 
supreme concept of argillaceous sediment metamor- 
phism or clay diagenesis in sedimentary basins. The 
aim of the present contribution is not to question the 
correctness of either interpretation in the 2 case studies 
compared, nor to claim the prevalence of  either genetic 
pathway over the other, but rather: 1) to point out that 
the processes of  deposition and diagenesis both con- 
tribute to the composition of  shales, and can yield sim- 
ilar geochemical characteristics; 2) to caution that dis- 
tinguishing the relative importance of deposition and 
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diagenesis in any particular investigation is tremen- 
dously intricate, yet crucially important; and, finally, 
3) to urge mudrock sedimentologists and geochemists 
to work more closely together when attempting to re- 
construct the physico-chemical evolution of  a shale 
package. 

BACKGROUND AND APPROACH 

Studies of  shale diagenesis traditionally have relied 
heavily upon the careful description of  geochemical 
and mineralogical changes in the clay-sized fractions, 
as shown from chemical and X-ray diffraction (XRD) 
data (Burst 1959; Perry and Hower 1970; Hower et al. 
1976). More recently, diagenetic changes in fine- 
grained sediments have been documented, most strik- 
ingly in the case of  mixed-layer I/S, at the single crys- 
tal structure or clay package scale by transmission/ 
analytical electron microscopy (Ahn and Peacor 1986; 
Yau et al. 1987; Freed and Peacor 1992) or nuclear 
magnetic resonance spectroscopy (Lindgreen et al. 
1991; Schroeder 1993). Differences in shale mineral- 
ogy or clay mineral composition either downhole or 
within a given stratigraphic unit commonly are inter- 
preted as indicating that a diagenetic reaction has 
taken place. 

The formation of illite from smectite with increasing 
depth generally is perceived to be the most important 
diagenetic reaction in buried mudrocks. It has been 
correlated in many studies with the processes of hy- 
drocarbon maturation and expulsion (Burst 1976), and 
has been suggested to be a primary control of  over- 
pressure development in shales (Powers 1967). For 
these reasons, the processes resulting in the formation 
of  illite in shales have been the focus of  considerable 
research for over 3 decades. In many studies, the fun- 
damental assumption of primary (initial) composition- 
al (i.e., mineralogical and geochemical) homogeneity 
within the studied unit or interval is made from the 
beginning, or following some more or less convincing 
justification. Further, bulk-rock chemical composition 
and mineralogy are rarely considered in the evaluation 
of  controls on the specific mineral reaction of  smectite 
to illite. Finally, the chemical properties of  porewater, 
with which the clays interact, seldom can be charac- 
terized fully. Yet, if mineral reaction mechanisms and 
controls are to be unraveled, the whole bulk-rock sys- 
tem must be documented and the variables within the 
system assessed for their contribution to the control on 
mineral reaction mechanisms (Abercrombie et al. 
1994; Pollastro 1994). 

From the comparison of the 2 data sets (WCSB and 
USGC) below, we draw conclusions regarding'the dia- 
genetic and depositional controls on shale diagenesis 
and the intrinsic susceptibility of  shales to undergo 
diagenetic alteration in the 2 different tectonic settings. 
In the USGC, Oligocene-Miocene age shales from the 
onset consisted of a reactive assemblage rich in smec- 

tite, whereas in the western part of the WCSB, Cen- 
omanian shales were deposited as a less reactive, de- 
trital, illite-rich assemblage. We stress that any study 
of shale diagenetic processes must first evaluate what 
the initial chemical and mineralogical variability of  the 
shale may have been at the time of deposition, rec- 
ognizing that chemical and mineralogical homogeneity 
rarely is a large-scale characteristic of argillaceous 
sediments. 

MATERIALS AND METHODS 

The Western Canada Sedimentary Basin Shale 

The Cenomanian Belle Fourche Formation of  the 
WCSB has been the subject of a recent geochemical, 
minera logical  and isotopic invest igat ion (Caritat,  
Bloch, Hutcheon and Longstaffe 1994). This unit is 
the uppermost of  6 dominantly marine shale units that 
comprise the Lower Colorado Group, which represents 
a significant part of the Cretaceous foreland basin fill 
in the Western Interior Seaway (Bloch et al. 1993). 
From west to east across the study area (a distance of 
approximately 1300 km), the Belle Fourche Formation 
thins from about 150 to 20 m, and ranges from >3000 
to <300 m in present-day burial depth. Fifty-four shale 
and bentonite core samples were collected from the 
Belle Fourche across the basin, targeting a range of 
deposi t ional  environments  and thermal maturit ies.  
Westernmost samples are pro-deltaic to middle shelf 
siltstones and mudstones that grade eastward into outer 
shelf, slope and basinal mudstones and claystones. 
Petrographic and textural information was obtained by 
back-scattered electron microscopy supplemented by 
energy-dispersive X-ray analysis. The samples were 
analyzed by Rock-Eval pyrolysis to determine the 
amount (total organic carbon, TOC) and type (hydro- 
gen index, HI) of organic matter as well as level of  
thermal maturity (Tmax). X-ray diffraction was per- 
formed on whole-rock powders and on oriented <2  
Ixm and <0.2 txm separates using standard treatments 
(Moore and Reynolds 1989). Bulk-rock and clay-sep- 
arate (<0.2 ixm) chemical compositions were deter- 
mined by X-ray fluorescence (XRF), and total carbon 
and sulfur contents by combustion. Seventeen O-iso- 
tope determinations of  15 shale clay-fractions (<0.2 
or <0.05 i~m) and 1 bentonite sample were performed 
using standard techniques and the results reported in 
conventional ~ notation relative to standard mean 
ocean water (SMOW) (Craig 1961). Detailed sample 
location and methods are given in Caritat, Bloch, 
Hutcheon and Longstaffe 1994. 

The Belle Fourche Formation shows no significant 
bulk-rock geochemical changes with either depth, 
thermal maturity or depositional environment (Caritat, 
Bloch, Hutcheon and Longstaffe 1994). In contrast, 
the mineral assemblage varies significantly. The ma- 
trix of immature, basinal Belle Fourche samples is 
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Figure l. Si/A1 vs. K/A1 diagram illustrating the geochemi- 
cal-mineralogical relationships of the Belle Fourche Formation 
(WCSB) bulk shales (O, O; 2 samples with Si/AI > 7 not shown 
here; see Car| Bloch, Hutcheon and Longstaffe 1994), ben- 
ton| (• analyzed clay fractions (A) and calculated clay frac- 
tions ([~, m) (data from Car| Bloch, Hutcheon and Longstaffe 
1994), and of the USGC bulk shales (~q) and analyzed clay 
fractions ([~-]) (data from Hower et el. 1976). Open symbols rep- 
resent thermally immature (Tm, x --< 435 ~ samples, while solid 
ones represent mature (Tma x > 435 ~ samples. BR = bulk rock; 
CF = clay fraction. Quartz = Qtz; albite = Ab; pyrophyllite = 
Prl; chlorite = Chl; kaolinite = Kin; 3 different ill| = Ill; 
muscovite = Ms and K-feldspar = Kfs compositions are indi- 
cated by Q. The mixing line between muscovite and pyrophyl- 
lite is indicated by - - -  

composed  dominant ly  o f  smecti t ic US and kaolinite,  
whereas  that o f  more  proximal ,  pro-deltaic to mid-  
shelf  sediments  f rom the west  comprises  mainly  ill| 
US, kaolinite,  mica and minor  amounts  o f  chlorite. 
Thus, one of  the mineralogical  trends observed  to oc- 
cur with depth in the W C S B  shale is an increase in 
illite content  o f  US. 

The geochemica l -minera logica l  relationships o f  the 
Bel le  Fourche Format ion  shales can be illustrated on 
an Si/A1 vs. K/A1 diagram (Figure 1). In terms of  bulk 
chemical  composi t ion,  the shales are composed  essen- 
tially of  quartz, K-feldspar, kaolinite and i l l i te/mus- 
covite,  as shown by X R D  data and reflected in the 
bulk-rock chemist ry  (Figure 1, (3, 0 ) .  

Bulk-rock bentonite  samples ( •  and shale clay 
fractions (A) are also plotted on Figure  I. These  are 
al igned along a trend extending f rom benton| (py- 
rophyll i te  + ?quartz) to ill| composit ions.  Again,  
this is consistent  with the mineralogical  composi t ion 
o f  these samples as determined by XRD.  

Ca lcu la ted  c lay- f rac t ion  compos i t i ons  were  ob-  
tained by subtracting SiO:,  A1203 and K20 f rom the 
bulk shale composi t ion in amounts  reflecting the nor- 
mat ive  abundances of  quartz and feldspar (Car| 
Bloch,  Hutcheon  and Longstaffe  1994). Calculated 
clay-fract ion composi t ions  (rT, l l )  are similar to the 
analyzed clay fractions. The h igher  Si/A1 values in the 
analyzed samples result  f rom clay-s ized quartz. T h e s e  
" impur i t i e s "  are difficult  to eliminate,  as detrital 
quartz may persist  to size fractions as small  as 0.05 
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Figure 2. Si/K vs. A1/K diagram for Belle Fourche Forma- 
tion (WCSB) clay fractions (A) and associated linear regres- 
sion (slope = 2; r 2 = 0.99), which intersects the bentonite 
field (• from the WCSB (inset; the WCSB sample repre- 
sented by �9 was not used to calculate the regression line). 
US Gulf Coast (USGC) clay fractions (~]) (Hower et el. 
1976) plot very close to the WCSB linear regression. The 
regression line is nearly parallel to the mixing line between 
muscovite and pyrophyllite ( - - - ) ;  the difference in the y- 
intercept could be caused by approximately 10% Mg substi- 
tution in octahedral sites (R. Ferrell, personal communication 
1996). 

ixm (or may even be o f  diagenetic origin). Never the-  
less, the close agreement  be tween  the calculated and 
separated clay-fract ion composi t ions  illustrates the 
utility and accuracy of  the normat ive  calculat ions 
(method described in Car| Blocb and Hutcheon 
1994). 

To better assess the relat ionship be tween  the ben- 
tonite and the matrix I/S composi t ions,  a plot  that 
widely  separates the 2 sample populat ions is used. Fig- 
ure 2 shows the l inear regression through the Bel le  
Fourche Format ion  clay fraction populat ion (A) in a 
plot o f  Si lK vs. A1/K. The  intersection o f  the clay frac- 
tion regression with the bentonite  data (Figure 2, inset) 
is interpreted to indicate that the shale matrix com-  
posit ion results f rom the mixing of  variable propor- 
tions o f  ashfal l-derived material  with detrital mica  and 
illite, and that the bulk chemis t ry  o f  the system is not  
affected by significant mass transport o f  soluble spe- 
cies (Car| Bloch,  Hutcheon and Longstaffe  1994). 

The O-isotopic  composi t ion  o f  the clay fractions 
(<0 .2  and <0.1 ixm) separated f rom Bel le  Fourche  
Format ion  shales and 1 bentonite  ( < 2  Ixm) varies be- 
tween +14.06  and +18.16%o. It is plotted in Figure  3 
as a funct ion of  K/A1 of  the clay fraction, a number  
which semi-quant i ta t ively relates to the illite content  
in I/S. 

The U S G C  Shale 

The U S G C  shale composi t ions  f rom the Ol igo-  
cene-Miocene  Frio and Anahuac  Format ions  publ ished 
by H o w e r  et el. (1976) and O-isotopic  composi t ions  
published by Yeh and Savin (1977), based on analyses 
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Figure 3. The ~'80 vs. K/A1 value for Belle Fourche For- 
mation (WCSB) clay fractions (<0.2 and <0,1 I~m) (A) and 
1 bentonite (<2 ixm) (• and USGC clay fractions (<0.1 
ixm) (~]) (isotopic data from Yeh and Savin 1977; K/A1 val- 
ues derived from data in Hewer et al. 1976). Note the large 
difference in absolute ~180 values between these 2 popula- 
tions. Degree of illitization is indicated by increasing K/A1 
values. 

of  cuttings from well CWRU6, are used herein as a 
comparison with the Belle Fourche Formation shale 
data. Because these studies have been widely referred 
to in the clay literature, background information about 
the USGC shale is not duplicated here in detail. A 
description of  geological setting, sample origin and an- 
alytical methods for the USGC data can be found in 
the original papers. Of importance, however, is the fact 
that the sampled interval was reported to be continu- 
ous and relatively homogeneous. The Frio-Anahuac 
boundary is intersected at about 2500 m depth. The 
Frio Formation consists of  thick (>2000 m) slope and 
basinal mudstones overlain by interbedded terrestrial 
and marginal marine sandstone and shale units, where- 
as the Anahuac Formation is interpreted as a trans- 
gressive, predominantly marine shale wedge that on- 
laps the Frio (Pye et al. 1986). 

The data collected from the USGC by Burst (1969) 
and subsequently by Flower and coworkers were the 
basis for the concept of  smectite illitization. This fun- 
damental concept was laid down first by the original 
authors themselves, and was subsequently refined by 
many clay scientists on the basis of  the same central 
data set or new data from the same area (Awwiller  
1993; Eberl 1993; Pollastro 1994). However, a con- 
sensus on the governing parameters and the detailed 
reaction mechanism(s) is yet  to be reached (for ex- 
ample, replacement vs. dissolution-precipitation; im- 
portance of  K, Si and AI in porewater; open vs. closed 
system diagenesis; and channelized vs. pervasive vs. 
minor porewater flow). 

Bulk-rock USGC shale data (Hewer et al. 1976, 
Table 6) are overlain on Figure 1 (~]). Overall, these 
samples are marginally more siliceous and, especially, 
less aluminous than Belle Fourche Formation shales, 

and therefore plot towards the higher end of  the Si/AI 
and K/AI ranges characteristic of  the Belle Fourche 
Formation samples. 

In Figure 1, the clay-fraction (<0.1 Ixm) chemical 
compositions reported in Hewer  et al. (1976, Table 7) 
are superimposed ([~-q) on the Belle Fourche Formation 
clay compositions. They are surprisingly similar to the 
Belle Fourche Formation trend described earlier, and 
are particularly close to the analyzed clay separates 
(A) from the Belle Fourche Formation. 

In Figure 2, the USGC data ([]) are superimposed 
on the Belle Fourche Formation clay-separate com- 
position and its derived linear regression. The USGC 
clay fractions fit this WCSB regression remarkably 
well, given the geographical and genetic differences 
between these 2 clay populations. 

In terms of  O-isotopes, a major and significant dif- 
ference between the WCSB and the USGC shale clay 
fraction emerges (Figure 3). The USGC clay fractions 
(<0.1 I~m, [~) are more enriched in '80 by 2 to 4%0 
with respect to the Belle Fourche Formation clay frac- 
tions (<0.2 and <0.1 Ixm). A trend of decreasing 8~80 
with increasing K/AI values (that is, illitization) is ap- 
parent for the USGC shales, and to some extent also 
in the WCSB data. 

DISCUSSION AND CONCLUSIONS 

The major element chemistry of bulk shales and 
clay fractions from the WCSB and USGC, as com- 
pared herein, are remarkably similar, yet their O-iso- 
topic compositions are clearly distinct. The Belie 
Fourche samples are bimodal (Figure 3): basinal (dis- 
tal) shales have higher 8180 (--> 16.6%o) and lower K/A1 
values (<0.16) relative to the pro-deltaic (proximal) 
shales (8'80<16.6%o and K/AI>0.17) (Caritat, Bloch, 
Hutcheon and Longstaffe 1994). The basinal shales are 
interpreted to contain smectite and I/S formed by low- 
temperature alteration of  volcanic detritus during early 
diagenesis. Pro-deltaic shales contain a significant 
amount of  detrital illitic clay formed from the alter- 
ation of high-temperature cratonic precursors, and thus 
have lower 8 '80 values and higher K contents (Caritat, 
Bloch, Hutcheon and Longstaffe 1994). There is no 
well-defined change in the isotopic composition of  I/S 
with either depth or thermal maturity. In contrast, 
USGC O-isotopic values do show a depth-related trend 
and are interpreted to represent significant illitization 
of  I/S, and resulting porewater and clay exchange with 
increasing temperature during diagenesis (Yeh and 
Savin 1977), The significant difference in 8 '80 values 
between the 2 data sets most likely reflects differences 
in source of  precursor material, weathering effects and 
the isotopic composition of surface and pore fluids at- 
tending weathering and diagenesis. The 2 clearly dif- 
ferent trends indicate the disparate conditions, and per- 
haps mechanisms, of  I/S formation. 
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The clay fractions from WCSB and USGC are 
chemically indistinguishable (Figures 1 and 2). Min- 
eralogical similarities are also observed, with trends 
from smectitic US to illitic I/S reported in both cases 
(Hower et al. 1976; Caritat, Bloch, Hutcheon and 
Longstaffe 1994). However, the modes of origin of the 
clays in these 2 settings are interpreted to be widely 
different. In the case of  the WCSB, Caritat, Bloch, 
Hutcheon and Longstaffe (1994) considered that pres- 
ervation of  depositional heterogeneities in chemical 
and mineralogical composition was the main cause of 
the observed geochemical and mineralogical trends. 
The composition of  the USGC clay fractions was in- 
terpreted to result from illitization of  smectite during 
burial diagenesis (metamorphism) of  an initially ho- 
mogeneous shale unit (Hower et al. 1976). Thus, ac- 
cepting the genetic interpretations for clays in these 2 
shales as argued in the original papers, the observed 
similarity in the geochemical and mineralogical char- 
acters of  these 2 shales implies that both 1) inheritance 
of  depositional chemical and mineralogical variability 
and 2) smectite illitization during burial can impart 
similar major element composition and clay mineral 
assemblages to shales. This similarity is a result of the 
mixing, regardless of its genetic origin, of  muscovite 
and pyrophyllite, which imposes a slope of  2 on the 
diagram of  Si/K vs. A1/K, for instance (the intercept 
of the mixing line will depend on the degree of Mg 
substitution in the octahedral sites of the minerals). 

As a consequence, identification of  an increase with 
depth in the illite content of I/S separated from shales 
does not necessarily indicate that smectite-illite reac- 
tion has taken place in the sediment. A detailed in- 
vestigation of the initial compositional (chemical, min- 
eralogical and isotopic) variability of  any shale under 
investigation should be undertaken, by taking a much 
greater number of  samples of  the unit than commonly 
done today (ideally, compositional homogeneity has to 
be investigated at different scales, vertically and lat- 
erally). Only when this has been done can the relative 
significance of  the depositional and diagenetic signals 
be assessed. From the comparison of these data sets, 
it is possible that the importance of  initial chemical 
and mineralogical heterogeneity may have been large- 
ly underestimated in previous studies of shale diagen- 
esis. 

Finally, it may be appropriate to comment on the 
difference in tectonic setting between the WCSB and 
the USGC. In a foreland basin such as the WCSB, the 
composition of sediments contained within any given 
stratigraphic unit will reflect depositional setting, par- 
ticularly proximity to the main source of detritus, the 
deformation front. Therefore, clay minerals such as 
muscovite and illite, derived directly or indirectly from 
high-temperature precursors, are expected to be more 
abundant in proximal environments, and progressively 
less abundant basinwards. Ashfall-derived volcanic 

material, which is deposited more homogeneously 
over the whole basin, is overwhelmed in proximal en- 
vironments by the quantity of  clastic material shed off 
the deformation front. We believe that tectonic setting 
and depositional environment are the primary controls 
on the observed compositional trends in the Belle 
Fourche Formation. 

The Cenozoic of  the USGS is characterized by high, 
but greatly variable, depositional rates (Yeh and Savin 
1977), and sedimentation pattems complicated by salt 
diapirism or growth faults (Culotta et al. 1992). De- 
tailed stratigraphic analysis of vertical sections is 
therefore requisite to the interpretation of  composi-  
tional trends. The depositional setting of  the USGC 
(shallowing-upward within the initially smectitic Frio 
between 5800 and 2500 m, overlain by predominantly 
marine Anahuac) will not, a pr ior i ,  result in a marked 
initial compositional trend of increasing illite content 
with depth (indeed, shallowing upward sequences may 
even produce an increase in illite content upward). In 
contrast, argillaceous sediments derived from the Cor- 
dillera and deposited in the western part of the WCSB 
would have contained less smectitic material, and con- 
stituted an illite-rich assemblage from the onset. 

If  bulk-rock geochemistry can yield similar signa- 
tures for shales having undergone contrasting evolu- 
tions, as shown here, how then can the depositional 
and diagenetic signals be distinguished? Specifically, 
can detrital illite be differentiated from authigenic il- 
lite? One promising possibility is the oxygen-isotopic 
composition of clay fractions. It appears that the en- 
vironment in which I/S formed can leave a durable 
and diagnostic O-isotopic signature in the clay frac- 
tion. Other procedures might include the analysis of  
bentonite beds (Hoffman and Hower 1979), illite po- 
lytypes (Velde and Hower 1963; Hower and Mowatt 
1966), trace and rare earth elements in clays (Awwiller  
1994; Cullers 1994; Fagel et al. 1994; Ohr et al. 1994) 
and illite dating (Mossmann 1991; Roden et al. 1993), 
together with facies/paleogeographic analysis. Most  
likely, only a combination of  several of these strategies 
will yield unambiguous answers to these questions. 

There is a need for improving our understanding of  
the initial, depositional composition and clay mineral 
assemblage(s) of shales as a function of depositional 
environment and tectonic setting. Mudrock sedimen- 
tologists and geochemists must work together toward 
this goal, if we are to discriminate the effects that de- 
positional and diagenetic processes impart to shale 
composition. Only then can we expect to unravel the 
details of the smectite-illite and concurrent reactions 
in argillaceous sediments. 
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