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SHALE DIAGENESIS: A CASE STUDY FROM THE ALBIAN HARMON 
MEMBER (PEACE RIVER FORMATION), WESTERN CANADA 
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Abstract-Shales have often been cited as the source ofauthigenic material that occurs in coarser grained 
sediments, but there are few comprehensive studies of diagenesis in shales that rigorously attempt to 
determine ifthey are sources for potentially mobile constituents or ifthey retain those constituents within 
the shale body. The silicate diagenesis of a Lower Cretaceous marine mudstone, the Harmon Member, 
was investigated by determining the bulk chemistry, clay mineral compositions and mineral modes using 
standard analytical techniques and linear programming. Changes in mineralogy are observed in hemi
pelagic laminated mudstones (LM) that are attributable to diagenesis despite relatively constant bulk 
compositions. These include authigenic kaolinite formation and illitization of detrital muscovite, K-feld
spar and authigenic kaolinite. No diagenetic trends in mineralogy are observed in rapid and episodically 
deposited transition zone (TZ) sediments because of primary (depositional) mineralogical variability. 
Diagenetic changes in mineral modes for shales ofthe Harmon Member are small, suggesting that silicate 
diagenesis proceeds under relatively "closed system" conditions. The occurrence of authigenic quartz 
suggests that much of the Si released from the dissolution of quartz and chert is precipitated within the 
Harmon Member. Al, Ti, and K apparently are conserved. Burial induced increase in temperature is 
inferred to be the primary control on silicate diagenesis within the Harmon Member. 

Key Words-Clay mineralogy, Quantitative shale mineralogy, Silicate diagenesis. 

INTRODUCTION 

Shales constitute the greatest volume of sedimentary 
basins, yet their response to burial and diagenesis is 
poorly understood compared to that of coarser-grained 
sandstones and carbonates. The source ofthe material 
that constitutes the authigenic phases in coarser-grained 
rocks is difficult to determine, and shales frequently 
are invoked as sources ofsilica (Sibley and Blatt, 1976; 
Land and Dutton, 1978; Boles and Franks, 1979; Land, 
1984; Longstaffe, 1984, 1986; Milliken et al., 1989; 
Tilley and Longstaffe, 1989), CO2 (Lundegard and Land, 
1986), Mg for dolomitization (Mattes and Mountjoy, 
1980) and organic acids (Crossey, 1985), among other 
constituents. Few studies (Perry and Hower, 1970; 
Hower et al., 1976; Powell et al., 1978; Boles and Franks, 
1979; Huggett, 1986; Shaw and Primmer, 1989; Sul
livan and McBride, 1991) have examined diagenetic 
processes in shales to establish whether they are in fact 
the sources of the components that are attributed to 
them. 

The initial compositional variation in shales must 
be recognized in order to understand subsequent dia
genetic effects. Traditionally, shales have been char
acterized by their bulk chemistry (Englund and Jor
gensen, 1973; Potter et al., 1980), but this approach 
neglects variations in mineralogy. Mineralogical stud
ies of ancient (Bj0rlykke, 1974; Schultz et al., 1980) 

1 Present address: Geological Survey of Canada, Institute 
ofSedimentary and Petroleum Geology, 3303 33'd St. N.W., 
Calgary, Alberta, Canada T2L 2A7. 

Copyright © 1992, The Clay Minerals Society 682 

and Holocene shales (Griffin, 1962; Shaw and Weaver, 
1965) have demonstrated variations in mineralogy and 
the composition of minerals that result from prove
nance, weathering, transport, and depositional envi
ronment. Recent petrologic investigations ofshales us
ing image analysis and high-resolution electron beam 
techniques (Ireland et al., 1983; Huggett and White, 
1982; Pye and Krinsley, 1984) indicate that shale min
eralogy may be extremely heterogeneous on a pore-size 
scale (several micrometers). These microscale differ
ences are important in interpreting diagenetic reactions 
and determining modal mineralogy within shales. 
Hower et al. (1976) demonstrated changes in the min
eralogy of specific size fractions of shales with increas
ing burial depth. These variations may reflect primary 
composition, and the mineralogy of different size frac
tions may not be representative ofthe bulk mineralogy. 

Other studies of shale diagenesis have focused on 
specific mineral reactions, particularly the smectite to 
illite reaction, and generally have not considered bulk 
chemistry or modal mineralogy (Schultz, 1978; Perry 
and Hower, 1970; Foscolos et al. , 1976; Pollastro, 1985; 
Burtner and Warner, 1986). Although the classic stud
ies of the Gulf Coast of the United States (Perry and 
Hower, 1970; Hower et al., 1976; Boles and Franks, 
1979) consider a number of different size fractions, the 
bulk mineralogy is not documented. To recognize the 
consequences of shale diagenesis, all mineral phases 
that potentially are involved in reactions should be 
considered. 

It is not always possible to identify directly the effects 
of diagenesis in shales using standard petrographic 
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Figure 1. Aptian-Albian stratigraphie nomenelature of the 
Peaee River FoothilIs (outerop) and Plains (subsurfaee), west
ern Canada Sedimentary Basin. 

techniques because of the fine-grained nature of these 
rocks and the fact that compaction destroys early formed 
fabrics, making it difficult to distinguish detrital from 
authigenic constituents. However, an indirect ap
proach can be pursued that determines 1) modal abun
dance of minerals, 2) chemical compositions of those 
minerals, and 3) diagenetic reactions that result in 
changes in modal abundance and chemical composi
tion. 

This study uses a combination of analytical tech
niques (X-ray diffraction, X-ray fluorescence, carbon 
and sulphur analyses and Rock-Eval pyrolysis) and 
linear programming to quantify, as far as is possible, 
shale modal mineralogy and composition. These data 
are used to interpret the paragenesis ofan il1itic marine 
mudstone unit, the Albian Rarmon Member of the 
Peace River Formation (Figure 1). This unit was cho
sen because of the availability of drill core and the 
variable maximum burial depths and degree of dia
genesis within a limited areal extent. Detailed studies 
(Bloch, 1990; Bloch and Krouse, 1992) have presented 
the stratigraphy and sedimentology as well as the early 
diagenesis of carbonate and sulphide minerals of the 
Rarmon Member. In this paper, element mobility and 
the controls on diagenetic reactions in shales are dis
cussed. 

GEOLOGICAL BACKGROUND 

Depositional setting and lithofacies 

The Harmon Member is a wedge of transgressive 
marine siltstone and mudstone (Figure 2) that was de
posited in a restricted basin about 102 Ma under pre
dominantly anoxie to dysaerobic conditions (Stott, 
1968; Stelck and Leckie, 1988; Yanagi et al., 1988). 
We have simplified the c1assification of Potter et al. 
(1980, Table 1.2) for shales as follows because bed 
thickness is highly variable: siltstone (> 65% silt-sized 

~::> TRANSfTION ZONE 

~L" 

Figure 2. Paleogeographie reeonstruetion ofHarmon Mem
ber lithofaeies in the study area. No eorreetion for thrust 
shortening. 

material), mudstone (33-65% silt-sized material), and 
daystone « 3 5% silt-sized material). The remainder 
ofthe rock is composed of day sized material «4 /-Lm 

in size). 
The Rarmon Member contains three lithofacies: 

lamina ted to bioturbated siltstone (LBS), laminated 
mudstone and claystone (LM), and interbedded con
glomerate-mudstone (ICM). A paleogeographic recon
struction is illustrated in Figure 2. LBS is the dominant 
lithology in basin-margin facies (west-southwest ofthe 
study area; A in Figure 2); and LM dominates in a 
distal, deeper-water, hemipelagic depositional envi
ronment (northeast; B in Figure 2). ICM occurs mainly 
as a thin, sheet-like unit that is transitional to the over
lying Cadotte Member near to off-shore sands (C in 
Figure 2). LBS and ICM lithofacies are collectively 
referred to as transition zone (TZ) sediments. 

It is necessary that primary depositional differences 
in bulk composition of shales be distinguished from 
changes in mineralogy due to diagenesis. A detailed 
description ofHarmon Member lithofacies (Bloch and 
Krouse, 1992) is used to ass ist in the interpretation of 
depositional vs diagenetic variations in mineralogy. 

Burial history 

The burial history of the Harmon Member in the 
study area is complex (Kalkreuth and McMechan, 1984, 
1988). The time-temperature history, based primarily 
on stratigraphie reconstruction and vitrinite reflectance 
data, indicate that the period of maximum burial was 
reached in the Eocene during the culmination of the 
Laramide orogeny. Burial historycurves (Figure 3) were 
constructed by linear extrapolation of the time-depth 
values of Kalkreuth and McMechan (1984, 1988) for 
the Late Aptian Gething Formation and the latest AI
bian Boulder Creek Formation, which bracket the Har
mon Member (Figure 1). The deve10pment ofthrusting 
during Laramide time results in westerly seetions (A 
on Figure 3) being deeply buried and then exhumed 
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Figure 3. Burial curves for the Harmon Member in the west 
(A in Figure 2), north (B in Figure 2) and south (e in Figure 
2) of the study area. 

after erosion. In the north (B on Figure 3), Harmon 
Member sediments were only buried to about 2 km. 
In the south (C on Figure 3), sediments were buried to 
approximately 4 km, the greatest depth observed in 
the study area. Variation in maximum burial depth 
results from an increased differential down warping to 
the southwest of the study area (Hart and Plint, 1990; 
Leckie et al., 1990). Approximate maximum burial 
temperatures for the Harmon Member were 110°C in 
the west (A, Figure 3), 70°C in the north (B, Figure 3) 
and 115°C in the south (C, Figure 3). This corresponds 
to depths of 3.8, 4.0, and 2.4 km, respectively. Tem
peratures are calcu1ated assuming a surface tempera
ture of 5°C and a geotherma1 gradient of 27°C/km 
(Kalkreuth and McMechan, 1988). This distribution 
of maximum burial depths and temperatures suggests 
that diagenetic grade should increase from north to 
south-southwest across the study area. 

So me measurement of diagenetic maturity is re
quired to assess the effects of diagenesis on mineralogy 
and bulk composition. Ifthe thermal history has been 
influenced by tectonic events, such as in the western 
part ofthe study area, depth is a problematic indicator 
ofmaturity. In terrestrial, organic-rich sediments, vit
rinite reflectance (Ro ) commonly is used to characterize 
sediment time-temperature exposure, i.e., as an indi
cator of thermal and diagenetic maturity. In marine 
sediments, vitrinite may not be present in sufficient 
quantities to obtain reliab1e reflectance characteristics. 

The parameter T rnax> obtained during Rock-Eval py
rolysis, provides an alternative diagenetic indicator. 
Rock-Eval pyrolysis (Espitalie et al., 1977) provides a 
temperature of maximum kerogen-hydrocarbon yie1d 
(T rnax) that reflects the maturity of the organic matter 
within the sam pie, and this value may be calibrated to 
vitrinite reflectance (Teichmüller and Durand, 1983). 
In marine shales T rnax therefore may proxy as an in
dicator of thermal maturity. 

METHODS 

Overview 

Shales contain a relatively large proportion of ex
treme1y fme-grained material, and direct measurement 
of the modal amount of minerals by standard tech
niques, such as point counting, is not possible. Further, 
the fine grain size does not allow electron microbeam 
methods to be used for quantitative analysis ofmineral 
composition. It is possible to get accurate bulk chem
ical compositions, approximate mineral modes, and 
the range of compositions for clay minerals. With this 
information, an optimization method based on a sys
tem of linear equations (linear programming) is used 
to determine more accurately both mineral composi
tions and modes (Pearson, 1978; Hodgson and Du
deney, 1984; Johnson et al., 1985; Slaughter, 1989). 

The information required to calculate mineral modes 
using linear programming includes the bulk chemistry 
of the rock, the minerals present in the rock, and the 
composition or range of compositions of those min
erals. In this study, the bulk chemistry is determined 
by X-ray fluorescence (XRF) and combustion tech
niques for total carbon and sulphur. Organic carbon is 
a major component (greater than 1 wt. %) in most 
shales and total organic carbon (TOC) is determined 
by Rock-Eval pyrolysis. Clay mineral compositions are 
calculated by linear programming using mineralogica1 
(XRD) and chemical analyses (XRF) of the less than 
2 ,um fraction. The calculated clay mineral composi
tions are then used to calculate the mineral modes in 
the whole-rock sampies. 

Chemical analyses 

Elemental analysis for ten oxides (Si02 , A120 3 , Fe20 3 , 

MgO, CaO, MnO, K 20, Na20, Ti02 , P 20 5 ) was done 
by XRF on 51 whole-rock sampies and 18 less than 2 
,um separates using standard methods (Norrish and 
Hutton, 1969; Baedecker, 1987). Two clay mineral 
standards, IMT-1 (Silver Hills illite of Hower and 
Mowatt, 1966) and Fithian illite (Weaver and Pollard, 
1973), were also analyzed by XRF. Analytical preci
si on on replicate sampies is less than 0.9 wt. % for 
Si02 , 0.5 wt. % for Na20, 0.2 wt. % for Al20 3 and 0.1 
wt. % for the other elements. Loss on ignition (LOI) 
was determined by combustion and precision is better 
than 0.7 wt. %. 

Total carbon was determined by induction-furnace 
combustion and thermal conductivity detector. Total 
sulphur was determined by combustion and infra-red 
detector. These methods are fully described in Bae
decker (1987). Analytical precision, as determined from 
standards and up to three replicate sam pie analyses, is 
better than 0.2 wt. % for carbon abundances up to 8 
wt. % and 0.05 wt. % sulphur up to 10 wt. % total 
sulphur. 

TOC analysis was done by Rock-Eval pyrolysis (Es-
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pitalie et al., 1977). Analytical precision for TOC, as 
determined from standard analyses, is better than 0.08 
wt. % and the reproducibility of T rnax values is within 
0.5% or approximately 2°C. Total inorganic carbon 
(TIC) was determined by difference between total car
bon and TOC. 

Qualitative mineralogy 

The mineralogy of 23 transition zone (TZ) and 28 
laminated mudstone and claystone (LM) whole-rock 
sampies was determined by XRD on non-oriented 
powder mounts using FeKa radiation. Operating con
ditions were 40 kV, 20 mA, scanning speed of 40 s/028, 
from 2 to 75 °28. 

Additional mineralogical data were acquired by 
backscattered-electron microscopy (BSEM) of pol
ished, epoxy-impregnated, carbon-coated sampies. 
BSEM was done on a Cambridge 250 scanning electron 
microscope equipped with a KE 4 kV-threshold an
nular solid-state detector. Operating conditions were 
20 kV with 0° tilt. Qualitative analysis for mineral 
identification was done with a Kevex-7000 energy dis
persive X-ray analyzer (EDX). 

Clay mineralogy 

Clay minerals were characterized by XRD on 48 
smeared, oriented less than 2 IJm separates using Fe
filtered, CoKa radiation generated at 40 kV and 30 
mA. The scanning speed v:as 1 °28/50 s from 4 to 40 
°28. Sampies were run at a relative humidity of ap
proximately 40%, glycerol saturated at 60°C for 8 hours, 
and heated to 550°C. Pretreatments included the re
moval of organic matter with a 6% NaCIO solution 
and the addition ofNa-metaphosphate to prevent floc
culation. 

The amount of expandable layers in iIIite was de
termined by the method ofSrodon (1984). HUte poly
types were determined on 18 non -oriented < 2 IJm sam
pIes using the method ofMaxweIl and Hower (1967). 
This method is semi-quantitative and cannot detect 
illite-2 M abundances lower than about 25%. 

Calculation 0/ clay mineral compositions 

Clay minerals are a major component of shales and, 
therefore, their composition must be known as accu
rately as possible to determine quantitative mineral 
modes from bulk chemistry. In the Harmon Member, 
a less than 2 IJm separate provides a mineral assem
blage with a limited number ofphases (less than five). 
These include illite, kaolinite, chamosite and quartz 
with rare potassium feldspar. With a chemical analysis 
ofthis fraction, accurate clay mineral compositions can 
be determined by linear programming. 

Equations that relate clay mineral composition, min
eral mode and the chemical compositions ofindividual 
silicate minerals are cast as inequalities and solved 
simultaneously. The possible solutions to the entire set 

oflinear inequalities can be optimized by minimizing 
residual values (Slaughter, 1989) to obtain the mode 
and the compositions of minerals because the mode 
and the composition of each mineral (which are less 
weIl known) must be consistent with the bulk com
position which is known to a greater degree of accuracy. 

The general cast! is: 

a;x + b;y + c;z < lOOk; (1) 

where a;, b;, and c; are the weight percentages of oxide 
"i" in minerals x, y and z, and k; is the abundance of 
oxide "i" in the sam pie. The occurrence of amorphous 
species requires special constraints. If the amorphous 
species have a different stoichiometry than the corre
sponding crystalline species, an inequality is required 
to apportion accurately the oxide compositions among 
amorphous and crystalline species. This is the type of 
contraint used for the oxides A12 0 3 , Fe20 3 , MgO and 
K 20. The residuals (the amount of oxide components 
"Ieft over" after the calculation) are minimized and 
generally approach zero for all oxides except AI2 0 3 and 
Fe20 3 • Residual A12 0 3 and Fe2 0 3 are considered to 
represent small amounts (less than 1 wt. %) of amor
phous Fe- and Al-oxyhydroxides that are commonly 
present in shales, particularly in the fine size fraction. 

Amorphous silica, if present, has the same stoichi
ometry as crystalline silica (quartz) and can be included 
in the total calculated for quartz. The sum of Si02 in 
all silica-bearing minerals, therefore, equals the silica 
content measured by XRF. The equation for Si02 is 
therefore cast as an equality: 

a;x + b;Y + c;z = 100ks;o, (2) 

where a;, b;, c;, x, y, and z are defined as above and 
ks;o, = the wt. % in Si02 in the sam pie. 

Additional constraints are provided by published 
chemical and XRD data that limit the range of element 
ratios or abundances for the compositions of illite and 
chlorite. These include the Si02/ A120 3 and K20 con
tent of illite (Hower and Mowatt, 1966; Weaver and 
Pollard, 1973), the FeO and MgO content ofchamosite 
(Foster, 1962; Petruk, 1964; Weaver and Pollard, 1973), 
and a range of oxide sums for both clay minerals 
(Weaver and Pollard, 1973). The composition of quartz, 
potassium feldspar, and kaolinite are assumed ideal 
Si02 , KAlSi30 8 and A12Si20 5(OH)4, respectively. The 
clay mineral compositions are then used in the cal
culation of whole-rock mineral modes. Examples of 
linear programming calculations are given in Bloch 
(1989). 

Calculation o/whole-rock mineral modes 

The bulk chemistry ofa sampie represents a mixture 
of minerals including silicates, sulphide and carbon
ates. Sulphide and carbonate mineral abundances may 
be determined from the sulphur and inorganic carbon 
present in a given sampie. 
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Figure 4. Diagnostic oxide plots for lamina ted mudstones 
(LM) and transition zone (TZ) sediments. Lines labeled bio
tite-K-feldspar, microcline and illite (C) represent the KI Al 
value for those minerals. 

Pyrite is the only sulphur-bearing mineral detected 
in the Harmon Member. All sulphur is, therefore, as
signed to pyrite and the stoichiometric proportion of 
iron (0.87 wt. % of sulphur; Gautier, 1986) is added 
to the weight of sulphur to give the abundance of pyrite. 
Similarly, all P20 S is assigned to an ideal apatite, 
CaS(P04)30H and a stoichiometric amount of CaO is 
added to give the abundance of apatite. All Ti02 is 
assigned to anatase. The bulk analysis is adjusted by 

subtracting the amount of each oxide used in the non
silicate minerals. 

Carbonate minerals in the Harmon Member gen
erally are disseminated and very fine-grained (Bloch, 
1990). Siderite is the dominant carbonate mineral, but 
most sam pies contain a mixture of siderite and dolo
mite with minor calcite or ferroan calcite. To account 
for the presence of carbonate minerals, CaO, MgO, and 
FeO are assigned to the TIC content to estimate the 
components CaC03, MgC03, and FeC03. The pres
ence of specific carbonate minerals is confirmed by 
petrographic and/or XRD data. This approach ade
quately accounts for the inorganic carbon present in 
the rocks but does not describe accurately carbonate 
mineral composition when more than one carbonate 
mineral is present. 

The remaining oxide abundances are used to cal
culate the silicate mineral abundances using linear pro
gramming, similar to the method described above. In 
the whole-rock calculations, however, the a;, b; and C; 

terms of Eqs. (1) and (2) are not variables, and only 
the mineral abundances-the x, y and z terms-are 
calculated. 

In addition to Si02 , A120 3, Fe20 3, MgO and K 20, 
equations for N a20 and CaO are used when plagioclase 
is present. Summing the sodium and calcium com
ponents gives a plagioclase composition when a single 
phase of plagioclase is present. The composition of 
muscovite and annite are assumed ideal 
KAI3Si30,o(OH)2 and KFe3AISi30,o(OHh, respective
Iy. 

The sum ofthe silicate minerals (~snkatcs) is assumed 
to be less than or equal to 100% minus the total ofthe 
non-silicates (~non.sn;catcs) and is expressed as 

100 - ~non.s;ucates ?: ~sn;cates > m (3) 

where m = a minimum value, generally 3 wt. % less 
than the 100 - ~non.s;ucates term. This allows for error 
introduced by compositional variability of the com
ponent minerals and the possible presence of small 
amounts (generally less than 3 wt. %) of amorphous 
oxides ofiron and aluminum and undetected minerals. 
Eq. (3) provides an additional constraint without add
ing an unknown phase. The amount of each mineral 
in a sam pie may be estimated from XRD and petro
graphic data. The estimated abundance of each mineral 
can be cast as a range of allowed values in the linear 
programming array providing additional constraints. 

To test the validity of the method and the accuracy 
ofthe results, the chemistry offour clay mixtures com
prising analytical standards was determined and the 
compositions and modes calculated. These mixtures 
contain variable amounts of purified (less than 2 /oLm) 
Upton, Wyoming, smectite (Ross and Hendricks, 1945); 
Silver Hills illite (Hower and Mowatt, 1966); Chester, 
Vermont, clinochlore (Foster, 1962); and Macon, 
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Georgia, kaolinite (Weaver and Pollard, 1973). The 
Silver Hills illite contains on average 7.2 wt. % quartz. 

RESULTS 

Bulk chemistry 

LM sediments are more homogeneous in eomposi
tion than TZ sediments, as shown by the oxide plots 
in Figure 4 and oxide data in Table 1. Si shows. an 
inverse eorrelation with Al (Figure 4A), while Ti and 
K show a high degree of correlation with Al (Figures 
4B and 4C, respectively). Clay-mineral-separate oxide 
abundance from XRF and Rock-Eval, total carbon, 
and sulphur data are given in Bloch (1989). Elemental 
whole-roek compositions are given in Table 1. 

Qualitative mineralogy 

Bulk XRD indicates that the Harmon Member is 
composed largely of quartz, illite, kaolinite, chlorite, 
and K-feldspar. BSEM shows that the detrital, non
clay minerals are dominantly quartz and ehert grains 
with subordinate K-feldspar and minor muscovite, 
chlorite, biotite and rare volcanic rock fragments (Fig
ures 5a-5c). Chert is distinguished from quartz by the 
microporosity present within grains (Figure 5c). Ac
eessory minerals, identified petrographically, include, 
in order of decreasing abundance, rutile, apatite, zir
con, and sphene. The matrix is composed primarily of 
mierometer to sub-microIT'eter size clay particles, and 
individual phases could not be identified petrograph
ically. EDX analysis of the matrix suggests that it is 
composed largely ofa K-bearing aluminosilicate, most 
likely illite, with variable amounts of Si, Fe, Mg, and 
Ti. 

Authigenic silicate phases include kaolinite, illite, 
quartz, and minor chlorite. Authigenic kaolinite forms 
from the breakdown of detrital micas and as a pore
filling cement (Figure 5d). Kaolinite cement comprises 
blocky, euhedral kaolin booklets that occlude between 
10% and 30% porosity in silt laminations (Figures 5d-
5f). The cement fabric shows no evidence of compac
tion. Authigenic illite may replace detrital K-feldspar 
(Figure 6a) and authigenic kaolinite; it occurs as well 
as a neoformed fibrous cement (Figures 6b and 6e). 
Authigenic illite also replaces authigenic kaolinite (Fig
ure 7a). 

While K-feldspar commonly is replaced by illite, it 
mayaIso be well-preserved (Figures 5a, 5b and 6c). 
K-feldspar-bearing, silt-sized volcanic rock fragments 
and discrete detrital K-feldspar grains frequently ex
hibit little or no evidence of alteration (Figure 5a). 

Authigenic quartz is observed as euhedral grains, 
generally less than 5 /-Lm in size, dis semina ted in the 
day matrix (Figures 6d and 6e) and as overgrowths. 
Quartz overgrowths are recognized by euhedral grain 
terminations (Figure 6a) and tripie junctions (Figure 
6c) and occur predominantly in siltstone or silty mud-

stone (Figure 5d). Authigenic quartz is also seen in 
voids created by the mechanical deformation of detrital 
micas (Figure 6f). 

Quartz and chert dissolution textures are pervasive 
in siltstones and mudstones. Quartz and chert grains 
show tangential and concavo-convex contacts (Figure 
5d), dissolution embayments (Figures 5c and 5f), and 
intensely dissolved grain margins in contact with illitic 
matrix (Figure 6f). 

It is not clear how much of the chlorite in the Har
mon Member is authigenic. Authigenic chlorite is in
terpreted to form from the alteration of detrital biotite 
(Figure 7b). However, this is a commonly observed 
weathering reaction ofbiotite; therefore, some chlorite 
formation may have occurred before deposition. 

Clay mineralogy 

The clay-sized minerals, as determined from the less 
than 2 /-Lm fraction , are predominantly illite with ap
preciable kaolinite, quartz, and chamosite. The pres
ence of chamosite is determined by the inereased in
tensity of even-ordered (002, 004) reflections and the 
oecurrenee of 1.40 and 0.71 nm peaks after heating to 
550°C. The iron-rieh composition of chlorite is also 
apparent from EDX analysis. The expandable com
ponent in illite is less than 5%, with the exception of 
two sampIes that have 5-10% expandable layers (Fig
ure 8a). The percent 2M-illite polytype ranges from 0% 
(in 11 sampIes) up to 60% (Figure 8b). No discrete 
smecite was identified in the day separates analyzed. 

Clay mineral compositions 

The calculated compositions for Harmon Member 
illite and chlorite are given in Tables 2 and 3, respec
tively. Illite eompositions are shown in Figure 9 and 
chlorite compositions in Figure 10. A comparison of 
the calculated compositions for Fithian and Silver Hills 
illite with published analyses are given in Table 2. The 
range of calculated eompositions (calculation error) is 
expressed as a compositional envelope about the struc
tural eomposition ofIMT-I in Figure 9. Contributions 
to error include analytieal uneertainty (Bloch, 1989), 
the range of possible solutions to the set of linear in
equalities, and the possibility of extensive contami
nation by amorphous oxides of Si, Al, and Fe. 

Harmon Member illite is heterogeneous in compo
sition (Figure 9), showing a range of tetrahedral Al 
(ApV) substitution between 0.05 and 0.6 and variable 
Fe and K eontents (Table 1). The high total interlayer 
charge values, greater than 0.6, are eonsistent with the 
absence, or very low pereentage, of expandable com
ponent (Figure 8a). The illite compositional hetero
geneity (Figure Sb) most likely reflects the mixture of 
detrital and authigenic components, calculation un
eertainty (see below), and some contamination from 
AI- and Fe-oxides; and it must be considered that in-

https://doi.org/10.1346/CCMN.1992.0400608 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1992.0400608


688 Bloch and Hutcheon Clays and Clay Minerals 

Table 1. Whole-rock oxide abundances for laminated mudstone (LM) and transition zone sediments (TZ). 

SampIe Sul-
no. Siül AI,O, Fe20) MgO CaO NazO K,O Ti02 P20~ MnO phur LOI Total 

Laminated mudstone 
112501 62.36 13.12 5.74 1.04 0.52 0048 2.315 0.669 0.233 0.02 5.10 10.00 101.57 
112506 69.50 12.72 3.60 1.25 0.58 0.54 2.675 0.654 0.222 0.02 1.71 7.67 101.14 
112511 64.12 14.22 4.35 1.27 0.44 0.57 3.111 0.656 0.205 0.02 2.90 8.96 100.81 
112512 66.67 13.84 3.58 1.43 0.51 0.60 3.115 0.681 0.227 0.02 1.56 7.77 99.98 
112515 68046 13.92 2.81 1.52 0.66 0.54 3.190 0.711 0.235 0.02 0.00 6.92 98.99 
062130 68.11 11.88 3.52 1.03 0048 0.00 2.599 0.645 0.206 0.01 1.60 8.02 98.10 
062131 65.83 13.10 4.09 1.19 0043 0.00 2.886 0.669 0.212 0.01 2040 8.84 99.66 
062132 63.64 13.18 4048 1.16 0042 0.00 2.871 0.668 0.204 0.02 2040 9.52 98.55 
011222 67.14 13.30 4.25 1.18 0049 0.35 2.732 0.705 0.255 0.02 2.20 7.77 100.38 
011223 67.21 14048 4.31 1.21 0040 0.54 2.835 0.681 0.220 0.01 2.27 7.60 101.77 
011224 70.73 12.82 3.25 1.27 0.55 0.62 2.667 0.685 0.226 0.01 lAI 6.72 100.97 
011226 72.14 11.23 3.93 0.97 0046 0.74 2.312 0.666 0.202 0.02 2.23 6.12 101.02 
011228 71.89 14.09 3.28 1.29 0049 2.67 2.913 0.679 0.225 0.01 1.33 6.29 105.16 
011230 65.02 14.30 4049 1.32 0047 0.33 2.973 0.673 0.215 0.02 2.32 8.61 100.74 
100311 73.59 10.94 3.89 0.95 0040 0048 2.229 0.593 0.220 0.01 1.80 5.57 100.66 
100313 70.07 12.88 3049 1.00 0049 0.52 2.597 0.709 0.209 0.01 1048 7.11 100.57 
100315 68.26 14.68 3.95 1.42 0.50 0.80 2.940 0.717 0.219 0.01 1.77 6.81 102.07 
102002 63.88 16.92 4.26 1.14 0046 0.84 3.317 0.806 0.253 0.02 1.93 7.08 100.89 
102003 70.78 14.28 3.15 1.16 0042 0.54 2.707 0.727 0.221 0.01 1.15 6.30 101.45 
102004 72.11 12.71 2.98 1.11 0046 0.39 20479 0.680 0.213 0.02 1.03 5044 99.62 
102006 73.15 11.90 2.97 1.07 0049 0.39 2.339 0.672 0.209 0.01 1.21 5049 99.91 
110103 59.91 9.08 12.08 1.10 1.50 0.38 1.789 00499 0.287 0.05 2.98 10.91 100.56 
110105 70.90 12.50 4.20 1.06 0043 0.22 20487 0.667 0.207 0.01 2.11 6.19 100.98 
110106 74.18 10.97 3.29 0.92 0045 0.60 2.086 0.604 0.189 0.02 1.35 5.24 99.89 
110108 75.19 10.96 2.74 0.98 0.51 0.37 2.130 0.621 0.196 0.01 1.03 5.29 100.03 
110110 75.27 11.12 2.91 1.05 0.58 1.23 2.147 0.686 0.199 0.02 1.11 5.28 101.59 
110112 69047 13.83 3.76 1.47 0.55 0040 2.756 0.694 0.197 0.01 1.70 6.79 101.64 
110114 74.52 10.69 3.12 1.22 0.77 0.26 2.106 0.590 0.183 0.02 1.37 5.80 100.65 
Mean 69.07 12.84 4.02 1.17 0.53 0.55 2.62 0.67 0.22 0.02 1.84 7.15 
Range 4.04 1.59 1.68 0.16 0.20 0048 0.38 0.05 0.02 0.01 0.88 1.50 

Transition zone 
062103 54.80 17.72 5.87 2.51 1.64 0.22 3.675 0.807 0.302 0.05 3045 10.52 101.57 
062107 55.55 17.50 6045 2.55 1.67 0.05 3.606 0.762 0.204 0.08 0.07 11.46 99.95 
062113 64.20 17.90 2.80 2.34 1.27 0044 3.729 0.811 0.173 0.02 0.04 7.84 101.56 
062118 58.17 19.29 3.50 2.38 1.47 0.00 4.053 0.827 0.185 0.04 0.08 9041 99040 
062123 54.71 18.27 5.65 2.10 1.03 0.11 3.953 0.832 0.276 0.05 0.13 12048 99.59 
062125 63.61 13.34 4049 1.23 0040 0.00 2.907 0.706 0.243 0.01 2.84 10.23 100.01 
062128 64.84 12.60 3.90 1.18 1.60 0.05 2.717 0.680 1.109 0.01 5.30 7.97 101.95 
100706 54.64 22.16 4.07 2.20 0.93 0.00 4.811 1.019 0.236 0.02 1.00 8.63 99.70 
100711 73.52 11.73 3.70 1.09 0.56 1.02 20433 0.644 0.242 0.03 0049 6.17 101.63 
101610 50.87 22048 6.24 2.23 0.83 1.54 40458 0.937 0.253 0.03 0.67 9.77 100.31 
101614 51.01 15.79 1!.S3 2.18 1.73 0.51 3.333 0.804 0.365 0.10 0.00 12.85 100.20 
011211 57.16 15045 6.05 1.37 0042 1.60 3.242 0.796 0.205 0.04 2.61 16.16 105.10 
011214 48.91 22.89 6.23 3.07 1.61 0.76 4.886 1.042 0.223 0.03 1.47 10.00 101.11 
011217 54.82 18048 6.97 1.94 0.95 !.S7 3.857 0.906 0.295 0.02 3.25 9.55 102.59 
011220 54.60 18.67 5.76 2.22 1.30 0040 4.108 1.042 0.308 0.03 1.16 11.02 100.62 
810211 78.82 9046 2047 0.91 0.50 0.09 2.159 0.562 0.197 0.01 0.31 4.04 99.52 
810213 83.34 8.72 1.95 0.75 0042 0.24 2.064 0.518 0.211 0.01 0.24 3043 101.90 
810215 73.05 11.77 3045 1.23 0.56 0.00 2.698 0.674 0.216 0.02 1.07 6.01 100.74 
810219 71.07 12.63 3.23 1.60 1.24 1.47 2.770 0.550 0.183 0.02 1.19 6.53 102048 
810222 65.91 14.04 4.32 1.81 !.S8 1.17 2.921 0.610 0.191 0.02 0.00 8.68 101.24 
810225 73.78 10.53 3.22 1.50 lAI 0.63 2.275 0.545 0.195 0.01 1.64 6.75 102049 
810227 62046 14.71 3.94 1.80 1.15 0.27 3.227 0.686 0.240 0.02 1.32 9043 99.25 
810228 69.74 8.33 5044 2.35 2.86 0.10 1.549 0.399 0.161 0.04 2.90 9.21 103.80 
Mean 62.59 15041 4.84 1.85 1.18 0.53 3.28 0.75 0.270 0.03 1.36 9.05 
Range 9046 4.24 1.99 0.59 0.57 0.56 0.87 0.17 0.190 0.02 1.38 2.80 

dividual analyses represent "bulk" sampie composi- et al., 1989). These results prec1ude a meaningful in-
tions. Because polytype determination is possible in terpretation of illite composition within a diagenetic 
onlya small number ofsamples, this mixture ofillites context, and there is no detectable change in illite com-
generally should be considered an Ad-polytype (Austin position with diagenetic grade. 
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Figure 5. BSE photomicrographs. (a) Well-preserved detrital K-feldspar (Ks) with quartz (Q) and volcanic rock fragments 
(arrow) that are composed ofbiotite, K-feldspar and quartz. (b) Typical mudstone containing detrital quartz (Q), K-feldspar 
(Ks), biotite (B), chlorite (Ch), and muscovite (M). (c) Quartz (Q) and chert (C). Dissolution embayment (arrow) is a common 
feature of detrital quartz grains. Bright spots in surrounding matrix are pyrite and Ti02 • (d) Siltstone composed of quartz, 
chert, authigenic pyrite (bright zones), and kaolinite cement (dark zones). Concavo-convex contacts of quartz grains suggest 
compaction induced dissolution. (e) Silt-starved ripple lamination in claystone with kaolinite cement (arrow). (f) BSE image 
of kaolinite cement superimposed on a secondary electron image of silt lamination in e. Kaolinite is euhedral and shows no 
evidence of compaction. Arrow indicates pressure solution of quartz in contact with illitic muscovite. 
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Figure 6. (a) Authigenic illite replaces detrital K-feldspar. Bright zones (arrow) yield EDX K-feldspar compositions. Quartz 
dissolution has occurred along remnant K-feldspar grain contacts indicating replacement after compaction. Quartz overgrowth 
(lower left) suggests conservation ofSiOz within this pore. (b) Authigenic kaolinite (K), illite (I) and siderite (S) in pore adjacent 
to quartz (Q). (c) Well-preserved K-feldspar (Ks) and quartz triple-junction (arrow). (d) BSE image of authigenic quartz in a 
non-compacted illitic matrix superimposed on a secondary electron image of authigenic pyrite aggregates that prevent com
paction. (e) High-magnification ofBSE image in d. Filamentous illite (arrows) appears to bind matrix constituents. Authigenic 
quartz (Q) is also present. (f) Authigenic quartz (arrow) fills void created in a deformed, almost completely altered biotite. 
Less altered biotite is at left. 
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Figure 7. BSE photomicrographs with representative EDX spectra. (a) Authigenic illite (I) replaces kaolinite. Siderite over
growth (S) on chert grain. (b) Remnant biotite lamellae (B) between illite (I) and authigenic (?) chlorite (eh). Siderite (S) rim 
on chert, as in a. 

Harmon Member chlorite is an aluminous magne
sian-chamosite with low octahedral site occupancy 
(Figure 10a) that, in composition, resem bles authigenic 
chlorite-l b described by Whittle (1986). The range of 
calculated compositions is represented by the shaded 
area about analysis No. 062105 , Table 3, Figure lOb. 
This limited range of compositions is consistent with 
the observed mechanism of chlorite neo-formation from 
the breakdown of iron-rich biotite (annite). Further
more, the chlorite compositions refiect an increase in 
Si IV relative to annite, suggesting a high activity of silica 
du ring chlorite authigenesis. Chlorite compositions are 
consistent with formation from the breakdown of bi
otite (Figure lOb), but this is not conclusive evidence 
for an authigenic origin for most chlorite in the Har
mon Member. 

Whole rock mineralogy 

Standard mixtures. The calculated abundance of min
erals using the chemical and XRD data ofthe standard 
mineral mixtures is given in Table 4. Five minerals are 
present in these mixtures. When the composition of 

a11 five minerals is known (line 5-5, Table 4), the cal
culated abundances are within 3 absolute wt. % for a11 
minerals. If the composition of one mineral, in this 
case i11ite, is considered to be unknown (lines 5-4 and 
4-3, Table 4), the accuracy of the calculated abun
dances is comparable to the previous case in which a11 
compositions are known. When the composition oftwo 
minerals, illite and chlorite, are unknown (lines 5-3 
and 4-2, Table 4) the errors in the calculated abundance 
of all minerals increases substantially-up to about 40% 
relative error for kaolinite. The composition of smec
tite must be known to calculate mineral abundances 
from the chemical data. These results are consistent 
with the observations ofPearson (1978), who suggested 
that the presence of significant quantities of clay min
erals of increasingly variable composition (il
lite < chlorite<smectite)-particularly chlorite and 
smectite or mixed-layer clay-reduces the accuracy of 
abundance calculations by linear programming. Be
cause the Harmon Member contains no smectite or 
mixed-Iayer clay and the compositions of i11ite and 
chlorite are accurately calculated, the calculated modal 
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Figure 8. Illite XRD data. (a) Percent expandable layers as 
determined by the method of Srodon (1984). 002 and 003 
d-spacings (nm) are determined from <0.6 !Lm EG-saturated 
separates. (b) Percent illite-2 M component in illite by the 
method ofMaxwell and Hower (1967). The data circle at the 
origin represents 11 sam pies in which no 2 M polytype was 
detected. 
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Figure 9. Calculated Harmon Member illite compositions 
plotted by layer charges, determined from structural formulae 
(Table 2). Analytical and calculation errors are expressed as 
compositional variation (shaded area) about the composition 
ofIMT -I Silver Hills illite. 
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Figure 10. Harmon chlorite compositions calculated from 
XRF and XRD data. (a) Octahedral site occupancy vs octa
hedral R +3 in excess oftetrahedral R + 3 (excess V'R + 3) . Trioc
tahedral chlorite data from Foster (1962). (b) Octahedral Fe/ 
Fe + Mg vs ,vAl. 

mineralogy of Harmon Member sampies is believed 
to be accurate within the range presented in Table 4. 

Harmon member mineral modes. The mean and range 
of mineral modes for Rarmon Member LM and TZ 
sam pies are given in Table 5. Ofthe six major mineral 
components, only quartz and illite show signiflcant dif
ferences in abundance. These values refiect the effects 
of depositional proeesses as weil as diagenesis. 

DISCUSSION 

Paragenesis 

The petrographie observations indieate the following 
paragenetie sequenee: kaolinite, illite, quartz, and pos
sibly chlorite. Some kaolinization of mieas occurs in 
association witb pyrite formation, indicating a very 
early genesis. Kaolinite cement occludes 10-30% po
rosity, also indicative ofan early diagenetie origin. Some 
K-feldspar was preserved during early diagenesis but 
underwent dissolution and replaeement by ilJite during 
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Table 2. Illite compositions and structural formuJae calculated from XRF data. 

Sampie 
Hlite compositions (wt. Ufo) 

no. SiOl Al,O, K,O Fe10 J MgO Na,O CaO H 101 Total 

112504 54.22 19.49 6.52 2.12 0.27 1.13 0.26 14.37 98.38 
062105 49.44 23.83 7.14 1.96 2.97 0.95 1.36 11.49 99.14 
062121 49.34 23.83 7.15 6.62 2.16 1.04 0.70 8.38 99.22 
062130 50.57 24.52 6.28 3.67 1.68 1.44 0.41 10.25 98.81 
062132 50.40 22.79 7.05 1.31 0.00 1.45 0.35 14.12 97.47 
100706 51.41 26.17 7.60 4.55 2.54 0.87 0.36 7.91 101.41 
101614 48.96 24.05 7.00 5.01 1.42 0.90 0.75 11.49 99.57 
011214 49.62 25.59 7.37 5.89 2.85 0.89 0.25 8.54 101.00 
011220 49.82 23.96 7.33 6.01 2.74 0.94 0.45 9.40 100.65 
011223 49.22 23.78 7.33 5.60 2.44 1.09 0.39 10.83 100.69 
011230 49.30 23.61 7.32 5.97 2.55 1.27 0.40 11.38 101.80 
100305 49.27 26.00 8.69 4.73 2.59 0.91 0.19 8.87 101.25 
100315 48.94 23.52 7.51 6.34 2.68 1.06 0.40 10.98 101.43 
102002 51.19 25.87 7.39 4.82 2.47 0.99 0.45 9.22 102.39 
102006 51.40 26.15 7.61 4.85 2.66 1.18 0.48 8.81 103.14 
110103 50.69 22.84 6.75 5.64 0.37 0.97 1.05 12.10 100.41 
810211 51.67 26.54 8.38 8.27 2.77 1.09 1.21 8.03 107.96 
810223 49.57 23.81 7.14 2.39 0.85 1.04 0.44 13.03 98.27 
FITHIAN 49.60 25.50 6.19 6.81 2.33 1.47 0.58 6.90 99.38 
FITHIAN' 51.74 23.98 5.59 5.56 1.99 0.36 0.97 9.32 99.51 
IMT-l 48.68 26.43 8.95 7.39 2.34 0.52 0.29 6.20 100.80 
IMT-P 48.60 24.00 8.02 7.20 2.44 0.15 0.35 -8.65 99.41 

Structural form ulae 

T etrahedral Octal)edral Interlayer 
Sampie 

no. Si Al Al Fe-+- 3 Mg Total K Ca Na' Total 

112504 3.95 0.05 1.63 0.12 0.03 1.77 0.61 0.04 0.16 0.81 
062105 3.56 0.44 1.58 0.11 0.32 2.00 0.66 0.21 0.13 1.00 
062121 3.46 0.54 1.43 0.35 0.23 2.01 0.64 0.11 0.14 0.89 
062130 3.56 0.44 1.59 0.19 0.18 1.96 0.56 0.06 0.20 0.82 
062132 3.76 0.24 1.76 0.07 0.00 1.83 0.67 0.06 0.21 0.94 
100706 3.46 0.54 1.53 0.23 0.25 2.02 0.65 0.05 0.11 0.81 
101614 3.51 0.49 1.54 0.27 0.15 1.96 0.64 0.11 0.12 0.87 
011214 3.39 0.61 1.46 0.30 0.29 2.05 0.64 0.04 0.12 0.80 
011220 3.46 0.54 1.43 0.31 0.28 2.02 0.65 0.07 0.13 0.85 
011223 3.48 0.52 1.46 0.30 0.26 2.01 0.66 0.06 0.15 0.87 
011230 3.47 0.53 1.43 0.32 0.27 2.02 0.66 0.06 0.17 0.89 
100305 3.41 0.59 1.52 0.25 0.27 2.04 0.77 0.03 0.12 0.92 
100315 3.45 0.55 1.41 0.34 0.28 2.03 0.68 0.06 0.14 0.88 
102002 3.46 0.54 1.52 0.24 0.25 2.01 0.64 0.06 0.13 0.83 
102006 3.45 0.55 1.51 0.24 0.27 2.02 0.65 0.07 0.15 0.87 
110103 3.62 0.38 1.55 0.30 0.04 1.89 0.62 0.16 0.13 0.91 
810211 3.35 0.65 1.38 0.40 0.27 2.05 0.69 0.17 0.14 1.00 
810223 3.63 0.37 1.68 0.13 0.09 1.91 0.67 0.07 0.15 0.89 
FITHIAN 3.39 0.61 1.44 0.35 0.24 2.03 0.54 0.08 0.20 0.82 
IMT-l 3.32 0.68 1.44 0.38 0.24 2.06 0.78 0.04 0.07 0.89 

I Loss on ignition. 
2 Na-saturated. 
3 From Weaver and Pollard, 1973. 

subsequent burial. Replacement ofK-feldspar by illite itationafter significant grain deformation (Figure 6f). 
occurs after some compaction (Figure 6a), suggesting These features suggest a relatively late origin for much 
that K-feldspar dissolution and replacement by illite of the authigenic quartz. 
followed kaolinite precipitation. Sub-micron size fi- Quartz and chert dissolution textures, however, are 
brous illite (Figure 6e) is also interpreted to have formed common, particularly where grains are in contact with 
after kaolinite cement because of the non-compacted matrix or are matrix supported. Some dissolution tex-
habit and limited pore-space that it occludes. Quartz tures suggest that compaction induced pressure-solu-
overgrowths are associated with compaction effects tion was the mechanism of quartz dissolution (Figures 
(Figure 6a), and some textures suggest quartz precip- 5c and 5d). Embayed grains (Figure 7a) show little 

https://doi.org/10.1346/CCMN.1992.0400608 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1992.0400608


694 Bloch and Hutcheon Clays and Clay Minerals 

Table 3. Chlorite compositions and structural formulae calculated from XRF data. 

Chlorite compositions (wt. %) 

Sampie no. Si02 AlP, FeO 

112504 31.76 25.80 20.76 
062105 31.85 27.40 23.30 
062121 31.76 26.00 22.44 
062130 31.35 25.66 22.06 
062132 31.18 26.38 20.93 
100706 32.85 27.56 20.05 
101614 31.45 25.64 22.02 
011214 31.63 26.36 21.14 
011220 31.67 26.37 22.81 
011223 32.21 26.91 21.63 
011230 32.23 26.93 20.81 
100305 33.40 28.15 18.37 
100315 33.34 28.03 16.98 
102002 31.26 25.97 23.64 
102006 33.41 28.12 18.42 
110103 31.41 24.25 21.27 
810211 32.04 26.75 21.63 
810223 32.26 26.75 20.23 

Structural formulae 

T etrahedral 

Sampie na. Si Al Al 

112504 3.16 0.84 2.19 
062105 3.18 0.82 2.41 
062121 3.14 0.86 2.16 
062130 3.17 0.83 2.22 
062132 3.14 0.86 2.26 
100706 3.17 0.83 2.29 
101614 3.15 0.85 2.18 
011214 3.17 0.83 2.28 
011220 3.14 0.86 2.21 
011223 3.15 0.85 2.25 
011230 3.17 0.83 2.28 
100305 3.18 0.82 2.35 
100315 3.21 0.79 2.40 
102002 3.13 0.87 2.19 
102006 3.19 0.81 2.35 
110103 3.23 0.77 2.17 
810211 3.16 0.84 2.27 
810223 3.18 0.82 2.28 

evidence of compaction efiects and suggest a chemical 
control on silica solubility. 

Diagenesis 

Effect on mineralogy. Figure 11 shows the mineral 
abundance for LM and TZ sediments vs diagenetic 
maturity (as indicated by increasing T rnax). Mineral 
modes in TZ sediments are generally more variable 
than LM sediments and show no trends with increasing 
buriaL This suggests that diagenetic processes that re
sult in changes in silicate mineralogy or bulk chemistry 
are masked by the initial heterogeneity that is induced 
by the rapid and episodic deposition of these sedi
ments. Similarly, the major constituents quartz and 
illite in LM sediments show no meaningful diagenetic 
trends. In this case, the amount of dissolution or min-

MgO H,O Total 

9.54 12.06 99.92 
5.69 12.01 100.25 
9.14 12.16 101.50 
8.11 11.88 99.06 
8.56 11.93 98.98 
9.48 12.45 102.39 
8.77 11.97 99.85 
8.21 11.98 99.32 
8.32 12.12 101.29 
8.78 12.27 101.80 
8.82 12.22 10 1.0 1 

10.03 12.59 102.54 
9.94 12.45 100.74 
7.88 11.99 100.74 
9.99 12.58 102.52 
8.48 11.66 97.07 
8.42 12.17 101.01 
9.06 12.19 100.49 

Octahedral 

Fe Mg Total OH 

1.73 1.41 5.33 8.00 
1.95 0.85 5.20 8.00 
1.85 1.34 5.35 8.00 
1.86 1.22 5.31 8.00 
1.76 1.28 5.30 8.00 
1.61 1.36 5.27 8.00 
1.84 1.31 5.33 8.00 
1.77 1.23 5.28 8.00 
1.89 1.23 5.33 8.00 
1.77 1.28 5.30 8.00 
1.71 1.29 5.28 8.00 
1.46 1.42 5.23 8.00 
1.37 1.43 5.19 8.00 
1.98 1.17 5.34 8.00 
1.47 1.42 5.23 8.00 
1.83 1.30 5.30 8.00 
1.78 1.24 5.29 8.00 
1.66 1.33 5.27 8.00 

eral authigenesis is small compared to the detrital 
abundance, and changes in quartz and illite abun
dances with increasing burial cannot be discemed. The 
occurrence of authigenic quartz suggests that much of 
the dissolved Si that is generated during diagenesis is 
precipitated within the Harmon Member. Chlorite 
abundances in LM sediments also show no distinct 
trends, again indicating primary heterogeneity or a high 
proportion of detrital to authigenic chlorite. 

Replacement of kaolinite by illite occurs with in
creasing diagenesis, and the loss ofkaolinite with depth 
is evident in LM sediments (Figure 11) from a maxi
mum of about 17 wt. % at 1 km present burial depth 
to 5 wt. % at greater than 2 km present burial depth. 
Detrital muscovite and K-feldspar are also consumed 
with increasing diagenesis. The loss ofkaolinite, mus-
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Table 4. Comparison of actual and calculated mineral abun-
dances in mixtures of standard clay minerals. 

Chlo- Ka- Smec-
SampIe no. rite JIlite olinite Quartz l tite 

CSM5A actua1 6.3 19.7 14.8 1.6 57.7 
5-5 7.3 19.7 12.2 1.0 59.9 
5-4 7.1 22.9 15.3 3.2 50.5 
5-3 9.8 23 .1 17.6 4.3 44.3 
4-3 6.5 20.1 13.4 1.4 na 
4-2 7.2 19.1 13.5 1.6 na 
CSM6A actual 10.2 28.0 20.2 2.2 39.4 
5-5 11.8 27.4 17.6 1.4 41.8 
5-4 9.8 28.5 21.1 2.5 37.7 
5-3 15.8 29.4 17.3 4.5 32.9 
4-3 9.5 31.3 17.3 2.0 na 
4-2 12.9 28.8 15.5 3.1 na 
CSM7 A actual 14.2 37.2 25.7 2.9 20.0 
5-5 16.4 36.5 24.6 2.4 20.1 
5-4 13.7 35.7 24.3 1.8 23.9 
5-3 23.0 30.4 21.9 3.2 21.4 
4-3 12.3 38.6 26.2 2.4 na 
4-2 18.3 40.8 16.6 4.1 na 
CSM8A actua1 2.1 59.5 22.8 4.7 10.9 
5-5 1.9 59.3 22.9 6.0 9.8 
5-4 5.7 51.0 24.4 5.0 13.7 
5-3 7.2 63 .2 16.3 4.5 8.3 
4-3 3.5 58.0 21.7 5.5 na 
4-2 3.9 66 .9 13.3 4.8 na 

I Present as a contaminant in IMT -1 Silver Hills illite. 

eovite, and K-feldspar with increasing diagenetie ma
turity indicates that significant ehanges in mineral 
modes can oeeur despite relatively eonstant bulk eom
position for LM sampies (Tables land 5). The ree
ognition and interpretation of diagenetie processes that 
occur within shales, therefore, requires detailed min
eralogieal characterization. 

Element mobility and pore fluid compositions. Petro
graphie observations of Ti02 in the matrix indieate 
that Ti precipitates locally when dissolution ofTi-bear
ing detrital grains oeeurs, suggesting that Ti is a eon
servative element. Ti enriehment in weathering profiles 
also suggests that Ti is immobile under most naturaHy 
occurring surfaeial (low-temperature) conditions 
(Brimhall and Dietrich, 1987). Al is also considered to 
be a conservative element in diagenetic environments 
(Boles, 1984); however, it has been suggested that Al 
solubility may be increased by complexation of Al with 

organie aeids (Crossey, 1985). In this study, Al and Ti 
show a high degree of eorrelation, suggesting that these 
elements are eonserved during Harmon Member dia
genesis. The seatter in the Al-Ti eorrelation is attrib
uted to multiple sources for Ti that may include non
Al-bearing oxides ofTi (rutile, brookite, ilmenite, and/ 
or leucoxene), sphene, as weH as biotite. However, if 
Ti is eonsidered to be immobile, the strong eorrelation 
between Al and Ti suggests that mobilization of Al is 
not significant. 

The K-Al ratio indieates that Harmon Member sed
iments contain excess Al relative to the dominant AI
bearing phase, illite. It is apparent that, in addition to 
the observed detrital assemblage, illite - K-feldspar 
- biotite +/- microcline, an additional non-K-bear
ing aluminosilieate must have been present in the sed
iment and was the souree of mueh of the authigenic 
kaolinite. This preeursor phase may initially have been 
present as detrital kaolinite, plagioclase, andlor amor
phous hydroxides of Al. 

The K-Al values show a remarkable degree of cor
relation, suggesting that K, although mueh more sol
uble than Ti and AI, is also conserved. The unlikely 
alternative is that K and Al are lost or gained at a 
eonstant proportion in both lithofacies. K is thought 
to be a mobile eonstituent during diagenesis (Evans, 
1989), and our results are at odds with this observation. 

Pore-fluid composition data from modern marine 
sediments provide eonstraints on dissolved constitu
ents for ancient shales where no pore-fluid data is avail
able. K eoneentrations in shallow marine pore fluids 
ofmarine shales are generally between 10 and 40 mM/ 
liter (Gieskes el al., 1990; Kastner et al., 1990). This 
eoneentration is reduced to less than 5 mM/ lilter at 
depths up to about 500 m (Zachos and Cederburg, 
1989) when approximately 50% ofthe initial sediment 
volume (pore-fluid) is lost due to eompaction and po
rosity is redueed to about 30% (Hamilton, 1976). As
suming similar pore-fluid and eompaction eonditions 
for the Harmon Member, it is inferred that after initial 
eompaetion, expelled pore-fluids eontained little dis
s01ved K. This is eonsistent with the observed early 
formation of kaolinite. While an increase in temper
ature favors an inerease in K solubility, low K eon
centrations in marine shale pore-fluids relative to sea 
water may be maintained by c1ay mineral uptake (Sayles, 

Table 5. Summary mineral modes of laminated mudstone (LM) and transition zone sediments (TZ) in wt. %. 

Quartz lIIite Kaolinite Chlorite K-feldspar Muscovite 

Laminated mudstone 
Mean (n = 28) 47 33 7 7.3 2 1 
Range 33-60 17-45 0-16 0-14 0-5 0-5 

Transition zone 
Mean (n = 23) 35 40 5 6 I I 
Range 10-70 20-65 0-17 0-25 0-4 0-7 
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Figure 11. Mineral abundances in weight percent vs the pyrolysis maturity indicator, T max. Transition zone sampIes (open 
circles) show no trends with increasing diagenetic maturity. The maximum abundances ofkaolinite, muscovite, and K-feldspar 
do showa decrease with increasing Tm., . Quartz, illite, and chlorite show no trends. 

1979). Pore-fluids ofthe Harmon Member are inferred 
to have had relatively low dissolved K contents (Figure 
12). Subsequent fluid expulsion is slowed by reduced 
permeability, and normally compacted sediments 
would be expected to continue dewatering slowly. When 
fluid-flow rates are low, mineral reactions dominate 
pore-fluid compositions (Abercrombie, 1988), and the 
mineralogy ofthe Harmon Member indicates that low 

dissolved K concentrations could have been main
tained by the mineral assemblage (see below). It follows 
that littIe K would be "exported" from this shale unit 
after the initial stage of compaction. 

The mineral assemblage kaolinite, illite (as musco
vite with an assumed activity of muscovite in illite of 
0.3), and K-feldspar can be represented on a phase 
diagram (Figure 12) of log aH.SiO. vs log a(K+ / H+) 
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generated {rom thermodynamic data (Brown et al., 
1988). The paragenesis suggests that the stable assem
blage during early diagenesis is kaolinite-illite-K-feld
spar; log aR4Si04 must, therefore, be greater than - 3.8 
or supersaturated with respect to quartz. An upper lim
it on the aR4 Si04 (assuming quartz saturation) can be 
imposed by the maximum burial temperature. The ka
olinite stability field at 25°C constrains log a(K+ /R+) 
to less than 5. At neutral pR, this would be equivalent 
to approximately 10 mM/ liter, similar to modern pore
fluids. This inferred range of fluid compositions falls 
within the illite stability field at maximum burial tem
peratures, consistent with the observed dissolution of 
K-feldspar and kaolinite and neoformation of illite. 

Controls on diagenetic reactions 

At a relatively constant fluid composition with re
spect to Si and K, the paragenetic sequence ofthe Rar
mon Member may be explained by the burial-induced 
increase in temperature. With increasing temperature, 
the illite stability field expands (Figure 12) until, at 
about 125°C, the fluid composition, as inferred from 
extrapolating modern pore waters and using the burial 
history of the Rarmon Member, is wholly within the 
illite stability field. This chemography is compatible 
with the observable changes in mineralogy (Figure 11) 
dicating that temperature is the primary control on 
diagenesis within the Rarmon Member. Morton (1985) 
invokes through-going fluid flow in a "punctuated" 
fashion to explain ilIite formation from smectite; how
ever, that study considers only the 0.05 /Lm size frac
tion. For the Rarmon Member, whole-rock composi
lional data and the observed mineralogy changes 
provide evidence that K, Al, and Ti essentially are 
immobile and argue against models that invoke large 
scale fluid flow through shales. 

CONCLUSIONS 

The diagenesis of Albian Harmon Member mud
stones has been investigated by synthesizing sedimen
tology, petrographie observations, bulk-chemistry, clay 
mineralogy, and calculated whole-rock mineral modes 
using linear programming. Rapidly and episodically 
deposited transition zone (TZ) sediments are hetero
geneous in composition relative to hemipelagic lami
nated mudstones (LM). The depositionally induced 
compositional variability of TZ sediments masks dia
genetic alteration of modal mineralogy. Within the more 
homogeneous LM, some diagenetic trends are dis
cerned. The abundances of authigenic kaolinite, detri
tal rnuscovite, and K-feldspar decrease with increasing 
diagenetic maturity. Mineral constituents (quartz, il
lite, and possibly chlorite) that have a large detrital 
component show no diagenetic trends because the 
amount of these minerals consumed or precipitated 
du ring diagenesis is small relative to the total abun
dance. These observations indicate that mineralogical 
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iIIite 

K-feldspar 

· · · · · · · 
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Figure 12. Log a H4Si04 vs log a (K + / H +) showing quartz 
saturation and the stability fields of illite (muscovite with 
component activity = 0.3), kaolinite, and K-feldspar at 25°C 
and 125°C. Shaded area represents the range ofinferred fluid 
composition during Harmon Member diagenesis, determined 
from modem marine shale pore-fluid data. 

analysis, in addition to bulk chemistry, is necessary for 
evaluation of diagenetic processes in shales. 

The bulk composition ofLM sediments remains rel
atively constant despite changes in the mineralogy sug
gesting that silicate diagenesis proceeds under rela
tively "closed-system" conditions. Al, Ti, and Kare 
apparently conserved during diagenesis. Quartz and 
chert dissolution occur, but quartz overgrowths are 
common, suggesting that so me portion ofthe dissolved 
Si is reprecipitated within the shale. Inferred pore-fluid 
composition and the paragenetic sequence kaolinite
illite-quartz, in association witb K-feldspar, indicate 
tbat the burial induced increase in temperature is tbe 
primary control on diagenesis witbin the Harmon 
Member. 
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