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' ABSTRACT

Nearly 3000 continuoug metres of Eureka Séund Formation sandstone§, shale§
and coals were _ekamined in outcrop along Kanguk Peninsula, A)'<e|‘ Heiberg Island,
N.W.T., in the present study. From thése rocks, diagenetic parametérs such as illite
crystrallinity, 1.0 nm peak sharpness ratios,. proportion of illite in illite/smectite mixed
layers, and ‘sandstone cement paragenesis have beén used in combinatioﬁ with
thermal modelling to :make inferences. about the thermochemical ‘evolution of the
strata and their contained porg vlvaters.-> |

The findings. from- both the thermal modelling and sandstone petrology .
suggest that a syn- or post-tectoﬁic heat flow anomaiy existed whereby heated
Na*'-enriched Waters'passed from diapir cores (where halite dissolution occurred) into
laterally adjacent permeable lithologies such as coals and arenites. This concept is
supported by an offset in'théA plot of'vit'rinite reflectance versus depth yvhereby the
_upper segment (based pvrimarily on coals) has higher reflectance values than the.
lower segment (based mainly on phytoclasts), and oﬁ the formation of the sodium
rich phase dawsonite as the last authigenic phase precipitated in the pores of the
sandstones. An examinatién_ of the chemical conditions under which halite dissolves
and dawsonite precipitates suggests that the Na* concentration may have been as
-vhigh as 105 g l".‘

Clay mineral aﬁalyses suggest that the major part of the clay variation in the
Eureka Sound Formation can be attributed to changes 'in detrital minerals rather than
"to diagenetic reactions between the clay minerals and their chemical environment.-

Textural relationships between the six principal authigenic sandstone cements
(calcite, ankerite, siderite, dawsohite, ikaolinite and quartz’ overgrowths) and dissolution
features in the aluminosilicates suggest that at least 7 episodes' of changing pore

fluid chemistry have occured since the strata were deposited.
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" Note on Nomenclature

During the 'fbi-nal stage of preparation of this _theéis thé formal status of thé_
Eureka Souna F.orrn'ation.- was changed fo the Eureka Sound Group (Miall, in press). .
Formations wi_thin‘ the renamed Eureka Sound Group.roughly cOrréspond to the
informal zones used in this thesis. Due to the timing of the change in the Eureka
Souhd nomenclature it was not possible to re-organiie this thesis to inéorpdrate the
new group .status and, therefore, the adthor. has retained the formation status for

the Eureka Sound strata throughout.
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" GENERAL INTRODUCTION

GENERAL STATEMENT

Diagenetic and thermal maturation studies are ‘important aspects of
sedimentoldgy in that they provide iinformation  about the thermal and chemical
evolution of strata. A number 6f characteristics of the Late Cretaceous-Early Tertiary
'Eureka Sound Formation along Strand Fiord on western Axel Heib}erg Island make
strata 'from this location of particﬁlar interest for diagenetic analyses; First, the nearly
3000 m of Continuoﬁs section proQides'an excellent data base with an opportunity
to examine changes in diagenetic and thermal maturation parameters - across a
number of different paleo-environments. Second, the ;Eundance of coal throughout
the Eureka So'und‘.FormationA along Strahd Fiord alloWs for cémparisons» to be made
between inorganic diagenqtic parameters and thérmal maturatiqn information. Finally,
localizgd heat flow compléxities in .bthe Strand Fiord area,providveA an opportuhity to

examine the’ effects of high heat flow on diagehesis and thermal maturation.

The présent sfudy looks at variations in co.al, sandstone and clay . diagenetic
parameters with depth and relates these variations to chemical and thermal-Achangesv-
that occurred during the evolution of the Eureka Sound ‘Forr-nation at Strand Fiord.
The primary parameters considered in;lude illite crystallinity, sharpness ratio ‘of illite :
peaks, percentage of illite in .illite-smecti‘te mlixed layer clays and vitrinite reflectance. .
. The Aprimary objectives of this study -are to:

1) determine variations in both shale and sandstone mineralogy and diagenesis
throughout ihe studied section;

2) determine th.e paragenesis of authigénic minerals;

3) estimate the geothermal gradient and maximum depth of burial of strata in the

study area;



]
4) examine the effect that chénges in paleo-environment has on -diagenesis and
thermal maturation; and

5) model the diagenetic. pore fluids and chemical’ environments.

STUDY AREA

Samples from the present study were collected from approximately 3000 m
of continuous section of the éureka Sound Formation that crops out along the
éopth shore of Kanguk Peninsula on western Axel Heiberg Island (Figure 1) The
studied section was measured along the south limb of a syncline exposed along -
the t“op of a ridge extending from 79°30’N latitude, 91°30’W Iongitdde to
79°14'N latitude, 91°03’ longitude. Relief in the area never exceeded 600 m. Figure
2 is -a generahzed geologlc map of Kanguk Penmsula shownng the location of the
studied section and associated geology. Geolpgical Survey of Canada map sheet
13071A— Strand Fiord, District of Franklin (Thorsteinson, 1971) should be consulted

for a smaller scale map of the study area.

GEOLOGIC SETTING

The Eureka Sound Formation . is a Late Cretaceous to Late Eocene,
predominantly non-marine. and nearshore marine clastic sequedce_that comprises the
.youngest strata of the S\t/erdrup Basin of the Cahadian Arctic Archipelago. The
Sverdrup Basin is a pericratonic structural'depressfon occurring adjacent ‘to the
northern margin of.the North American craton (Balkwill, 1978; Miall, 1984, in press).

At its depocenter, the basin succession is up to 13000 m thick. Regionally, the

Sverdrup Basin extends for approximately 1300 km along the north central part of
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tﬁe Archipelago. Sédiments of thevSVerdrup Basin range in age from Late Paleozoic
(Visean) to .Early Tertiary and represent deposits derived iﬁ part from Franklinian
Geosyncline strata uplifted by the Ellesmerian Orogeny (Devonian—Mississippian) and
cratonic sediments derived ffom terrains’ to the south and east of the Basin (Balkwill
“and Bustin, 1980; Ricketts and Mcintyre, 7985, written pers. comm.) The Sverdrup
Basin’s southern and eastern margin‘s.correspon'd rbughly‘to Ellesmerian structural
belts (Bélkwill, 1978).- The northern margiﬁs are reported by Meneley et al. (1975)

to have been defined by an intermittently positive tectonic ridge.

The studied section has been divided into a number of different
pall_eo-el.wironments by Ricketts and Mclintyre (7985, written pers. comm.) which form
the framework for the following discussion. Figure 3 'oﬁﬂinés the general stratigraphy
Aand correspondmg paleo environmental interpretations of the studled section. The
base of the sectlon is marked by "approximately 235 m of marine shale of the
Kanguk Formatiqn. The contact between the Kanguk shales and the overlying Euréka
Soﬁnd Formation has beéﬁ selected at the base of the first major sandstone unit.
v/.‘\ppro‘ximately 500 m of coarserjing upwards sandstone-sha!e sequeﬁces characterize
the basal lithofacies of the Eureka Sound 'For‘mation. Ea;:h éoarsening upwar'ds.unit
‘within the first 500 m of section is interpreted as an individual prograding lobe of
a wave d‘o‘m-inated delta st-rand plain. A thin iron stained unit marks: a major
.disconformity between the‘top of the ‘wave dominated delta faéies and the-
overlylng 265 m of marine shale. Approx:mately 1020 m of transitonal and fluwal
dominated delta facies overlie the marine shale These deltaic and transitional facies
comprise sandstone-shale coarsening upward sequences which represent
fnterdistributary bay subdelta-l.obes. The entire 1020 m represents a transitional facies

between the underlying wave dominated delta and ‘overlying fluvial dominated delta



AGE - 1
fHEIGHT ABOVE BASE (Metres) ]

GENERAL STRATIGRAPHY -
ROCK STRATIGRAPHIC UNITS' |
INTERVAL THICKNESS (Metres) |
‘ PALEO-ENVIRONMENT'

LITHOLOGIC DISCRIPTION

Zone

2780
Interbedded fine to medium grained quartz
arenites, coal (vitrain) and dark grey, friable shale;
sandstones are commonly crossbedded and contain
abundant chert and organics; shales are commonly
coaly; sandstone cements include dawsonite,
magnesium-poor ankerite, siderite, calcite, and
B 770 | kaolinite; dawsonite proportion generally increases
toward top of section; segment consists of
approximately 30 fining- upwards  sequences
commonly capped with coals; fining upward
packages range from 2 to 15 metres in thickness;
coal seams are S3 metres in thickness.

FLUVIAL

LOWER TERTIARY e
DOMINATED
DELTA

FORMATION

2020}
' fine to medium grained quartz arenites
interbedded ~ with dark grey, friable shale;
sandstones are well indurated and poorly to
moderately sorted; shales consist primarily of |
kaolinite, illite and some chlorite; major sandstone
cements afe magnesium-poor ankerite, calcite and
kaolinite; calcite proportion decreases toward top
41020 of section; minor coal seams of predominantly

vitrain are present; section  consists of
approximately 45 coarseping upward packages
ranging from 5 to 25 metres in thickness.

SOUND

TRANSITIONAL

1000 =
Moderately - friable carbonaceous shale; blue-grey

3| 2es on weathered surface; minor sandstone horizons
occur through out zone.

MARINE

7358

EUREKA

Interbedded very fine to medium grained, poorly
2 sorted quartz wackes, dark grey siltstones and

- carbonaceous shales; sandstones are moderately to
500 well  indurated; shales consist primarily  of
kaolinite and illite.

WAVE
DOMINATED
DELTA

IU. CAMPAINIAN

235

interbedded dark- grey shale and siltstone;
shale is moderately friable.

KAN-
GUK
Fm

238

<« UPPER CRETACEOQUS

1 Ricketts and Mclintyre (pers. comm., 1985)

Figure 3- Generallized stratigraphic section showing lithofacies -
interpretation (Ricketts et al, pers. comm.) and section

subdivisions (zones).



_ systems. The final 770 m of the se;tion are composed of a repétitionvof fining
,upWard sequenées commoniy capped With coals ‘and vertical accretion deposits.

These lithologies represent delta plain deposits of a‘ fluvial dominated delta. The
_Beaufort Formation elsewhere unconformably overlies the Eureka Sound Formation

although it is not present in the study area.

Loéally, in .the area of Kanguk Peninsula, broad northwesterly trending doubly
pluhging anticlines and synclines dominate the structure (Trettin, 1972; Thbrsteinson,
1971 ). Carboniferous evaporite diapirs océur over much of the area and are, for
the most part, localized along the axes _of anticlines (Gould and DeMille, 1964;
Thorsteinson, 1971.,-> Balkwill, 1978; Ricketts and Mcintyre, 7985, written pers: comm.). .
Gravity studies.by Sobczak et al. (1963) originally suggested that the diapirs of the .
Sverdrup Basin m;y be cofed with halite and, 'infact, later 'studiesbby Davies ,(1973)
éoﬁfirm‘ed the presence of halite in the subsurface. Previous field investigations,

. however, have'- been unable to find direct Aor indirect evidence in outcrop to

support the presence of. halite cores in the diapirs.

. PREVIOUS WORK

The stratigraphy of the _Eureka Sound Formation throughout the Canadian
Arctic Islands is described by Fortier. et al. (1963), Fricker (1963), Tovzver and
Thorsteinson (1964), Stott .(1969), Balkwill and Bustin (1975), Balkwill et al. (—1975);
vBustin (1977), Balkwill et al. (1982), Reidiger (1985), and Ricketts ana Mcintyre |
(7985, >written pers. comm.). In previous studies the base of the Eureka Sound
Formation - at Strand Fiérd has been considered Maastrichtian ‘(Bustin, 1977). Recent
palynolégical analyses by Ricketts and McIntyre (7985, written pers. comm.), however,

have determined that the Eureka Sound sediments at Strand Fiord were deposited as



early as the Middle and.possibly Early Campanian. Further east, at Fosheim
Peninsula, the base of the Eureka Sound Formation may be as old as Late
Santonian-Early Campanian- age, based- on the presence of the index fossil

Shenoceramus cf. patoontensiformis.

Coalification levels of the Eureka Souﬁd Formation have been determinéd '
from a number of localities in the Arctic Islands by Bustin (1977; in press) and
Riediger (1985)_'. A cursory ,examinatibn of variations in coalification levels with depth
was done by Bustin (in press) through a 2500 m thick section at Strand Fiord.

_ Bustin’s (in press) results indicate that no systematic increase in Romak exists with
'd'epth over the intervaj examined.. Busfin attributed this bhenomenon to the
ébundance of evapvorite d_iapirs in the area whose high therfnal conductivities -
interfered with the normal thermal maturation of the' coal. Regional coalification
mappiﬁg of the Canadian Arc{ic Archipelago by Bustin (in press) revealéd that
vitrinite reflectance values vafy from a lbw of 0.17% at Makinson Inlet to a high of.

0.70% at Strand Fiord.

Diagenetic analyses of sandstones and shales havé received a great deal of
attention over the bast few years. It has been demonstrated in numerous studies of
the',textura.l relationships- between authigenic phases that it is possible to infér from
rocks information about changes in porewater chemistry and physical conditions
through fime. Merino (1975), Boles and Franks (1979) and Hutcheon et al. (1980), .
for examplé, used texturall relationships to predict diagenetic reactions such- as the
. kaolinitization of chlorite, conversi;)n of dolomite and kaolinite to chlorite and
calcite, conversion of biofite to chlorité and the reaction of anorthife_with sodium
to produée diagenetic sodic .plagioclase.. Boles '(1978).also predicted the flu‘id

chemistry necessarybto facilitate the ankeritization of calcite. Recent work by Surdam



(1984), Moncure et al. (1984), Seibert et al. (1984), and Crossey et al. (1984) have
édd;eSsed- the mechanics of creating secondaryl porosity fhroﬁgh the dissolution of

- aluminosilicates. Wescott (1983) used d.iageﬁetic analyses to assess the reservoir
quality of the Cotton Valley Formation olf east Texas. FC_)ther recent papers; on
sandstoné diagenesis include those -of .Wilson and Pittman (1977), Hurst and Irwin

(1982) and Hutcheon (1983).

¥

' Thérmodynamic studies of authigenic asserﬁblaées and pore fluid chemistry
have previously -been done on strata from other locations. Merino (1975b) used a
distribution of species Aanalysi; to assess authigenic phase stabilities with respect to
fluid éhemistry from Tertiary sandstbﬁes Qf California. Hutcheon (1981) used
thermodynami.cs,v in a general sense, to examine clay and C).ther' apthigenic mineral
equilibria. Other papersv that consider the che‘m.istry and origin of" pdre fluids includé
thosé_ of Chave; (1960), Sievér et al. (1965), and White (1965). Problems associated ]
~with defining ;1 "stgblej sYstem" and in determining "the stoichiometry of the clay
‘phases involved in low temperature diagenétic reactions have prompted many

investigators in the past to avoid similar analyses.

' .Papers ‘by Sarkisyan (1972), Hower et al. (1976), Hz.incock‘ and ‘Taylor (1978),
Foscolos and Powell (1978), I;owell et al .(1978),' Hower (1981), -Bruce (1984),
Fos'co.los. (1984), - and Srédon and Eberl (1984) represent just a fraction of the
literature that has been .written‘ on shale diagenesis. ‘Diagenetic changes such as the
.progressive illitization of smectite with depth have been discussed by Burst (1969),
Foscolos and Kodama (1974) and Bruce (1984). Related studies .by Reynolds and
Hower (1970) and Srodon (1980) have developedﬂ relatively sophisticated ways of
calculating the relative proportions of illite  and smeétite in mixed-layered clays bésed

on XRD analyses. Changes in 1.0 nm peak éhape' from XRD analysés (developed by.


http://aluminosilicar.es

-Weaver (1961) "and Kubler (1966)) are commonly used (Foscolos et al, 1976) to
index and predict diagenetic stages in strata. Clay diagenesis of the Eureka Sound .

‘Formation has been briefly examined by Bustin and Bayliss (1979) in the area of

Fosheim Peninsula.
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ORGANIC MATURATION

Traditionally, pres_suré ‘and temperature information has been extracted from
strata by analysing organic and inorganic maturation parameters. Clay mineral
assemblages and related diagenetic parametérs were once thought .to reflect
- maximum ‘temperature and pressure conditiorjs‘attained (Burst, 1969) but it has since
been shown (De Segonzac, 1970; Foscolos et al., 1976, '197,8; Hower et al.,> 1976)
and is‘ now corﬁmonly accepted that clay minerals are equally aé sensitive to their
geochemical 'envir_onment (va, Eh, cation activities, etc.) as they are','to their .physical
environmment (pressuré and temperat‘ure);A seé folldwing chapter. As a result, the use
of stable(?) élay assemblages as geothermom-eter.s and/pr geobarometers is limited
“unless constraints 'on the geochemical é_nvironment are vknown (Hﬁtchéon. et al.,

1980).

A

.The preferred metHod for calcuiating the maximum temperature atiained in‘al
se'quence of strata is by measuring' the mean maximum reflectance (Romax) df
_ vitrinite and performing a time—temperature maturation analysis (after Lopatin’,’b‘l971;‘
Waples, 1980; Middleton, 1982). Unlike mineral metamorphism; vitrinite maturation
do"es not undergo retrégrade metamorphism and is, therefore, a relatively reliable
indicator_;)f the maximum attained temperafure. Studies by Lopatin (1977), Dow .
(1977) aﬁd Middletaﬁ (1982) have shown that Rgmax increases linearally and
‘exponenti‘ally with increases, respectively, in time éﬁd tempefa_ture. Recént studies by
Hutton et al. (1980), quii et al. (1982) and Price et al. (1985) have shown that
although coalificatibr{n‘ is generally considered to be unaffected by pressure (Hutton
et al. '(19_80)), increases in the H/C ratio of vitrinite and associated macerals may

suppress the reflectance of vitrinite.” As a result, if vitrinite reflectance is to be used

11
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as.a reliable paleothermometer close attention must be paid by the investigator to
the variations in microlithotypes (i.e., increases in exinitic component) and vitrinite

typés with depth.

* This chapter. examines the studied section for trends in coalification, estimates
the maximum depth of burial of the strata and the geothermal gradient and makes

inferences about the thermal and baric evolution of the section.
EXPERIMENTAL

Sample Preparation

Forty samples were chosén' fo,r‘Ronv\ax ‘an»alysis from the approximately 3000
‘m of séction. Both kerogen cbncentrates (phytoclasts) and coals were examined.
Romax measurements from. the upper half of the studied section were taken
primarily‘frorﬁ coals that_ were grab—sampled at approxima\tely 40—50 m intervals. The
relative absen;e of true. coal seams from the lower half of the section required

that Romax measurements be made on phytoclasts. Samples from the lower half of

the section were collected from approximately 100—150 m intervals.

Coal Pellets

Coal pelletsv were pfepared using methods modified from Bustin (1977). Thé v
-samples,were’.ir'\itially crushed with a mortar to reduce the coal fragment size to
approximately 850 um. The less than .850 um fraction was ‘then separated from the
larger fraction. by sieving with a 60‘.UV.S. mesh sieve. That portion that was.%iner

than 60 U.S. mesh- was collected and used in the pellets.
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A 1:3 mixture of.the <850 urh .coalAand Transopt_ic® powder was then
placed in a hydraulic Buehler Pnéur_net I1® pellet press: ‘and heated for 12;15
minutes.‘ Once a tehperature qf 100°C was attainedA a pressure of 35 KPa was
appiied and the mixture was allowed to cool .under pressure for 15 minutes.
Polishing Was Ieft‘ until immediately before the operator waé prep:.i;ed to proceed
with Rvomax‘measurements in order to minimizé the o.xid-'aition of the vitrinite. Once
polished, the samples were left in a desiccator under helium fbr no longer than 48

hours prior to being analysed.

Phytoclast Pellets

Phytoclast concentrates were prepared_ using “methods modifi-ed. frdrﬁ‘ Bostick
and Alpern (1‘97‘7). Shale samples were - initially crushéd in a mortar to reduce the
fragment size to‘ 1 mm?3. Samples were then placed in 1 litre buckets confai'niﬁg
100% hydrochloric acid and left for 24 hours fn 'orde.r. to remove any carbonates
present.‘ The HCI bath was followed ‘with 4 rinses with tap water separated by 24
Hour settling periods. Silica was next removed by leaving the samples in 48%
hydrofluoric acid for 3 bdays. Any residual coarse silica was removed by sieving the

product and retaining the  fine fraction. Pellet preparation followed the techniques

outlined in the preceding paragréphlon coal pellet prep_aratioh.

Analytical Techniques

All samples ‘were analysed in accordance with ASTM procedures.(ASTM
D2797, 1980). Polished pellets were examined on a Leitz MPV2 microscope
equipped with a 50x oil immersion objective, 10x ocular, stable voltage supply,

- photomultiplier, and computer assisted data collector. The size of the limiting
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“aperture used was 8 um. Measuréments were taken while the stage was rotated at
a rate of approximately 366°/7 ;e(:-onds. Immersion oil with a réfractive index of
1.515 was used. Fifty_ rﬁeasurerﬁents were taken per sample with the system being
recaiibrated against the standard after every 25 measurement‘s.flf the calibration was |
out by more than 0.02% at the end of a run, the run was discarded _and redone.
Mbst.Rorhax réadings weré taken from telocollinite with desmocoliinite being
measured if telocollinite proportions were low. Noa—spe_cific vitrinite was measured in
the shale samples. For a detailed description of the opticalv properties of vitrinite, |
the theory behind measuring vitrinite reflectance, and the mechanics of‘ the

reflectance microscope refer to Bustin et al. (1983).

Elemental Analysis

v A representativé sample from both the céais and the phytéclas.ts was chosen
for C H N .element-al analysis to determine if variations exist in the_H/C ratios of
the tWo sample groups. Each sample was analysed twice from .separate “masked"
vials to ensure accuracy within 0.5%. The tWo samples chosen for elemental analyses

are indicated on figure 5.

Time—Temperature ‘Model

One‘of ‘th.e methods used tb calculafe the ma*irﬁﬁm paleotemperat_ure
aﬁaihed in the studied strata is Lopatin’s (1971) time—temperature model (Waples,
1980). In applying Lopatin’s model to the Eureka Sound Strata at Strand Fibrd a
number assumptions. were made ‘regarding the tectonic history and thermal properties
of the strata..: First, for the sake of simplicity the rates of subsidence and uplift are

assumed to be uniform. Second, heat flow and thermal conductivities are assumed



to be constant -(Lopatin, ,>1971). Third, the activation energy for the entire range of
maturation is assumed to be éonstaﬁt. ‘The bgsic prerhise of Lopatin's TTI mo‘del
states that kerogen maturétion is simply a function of time and temperature. An
- increase in temperatﬁre of 10°C wil! result in a doubling of theA maturation level,

thus, defining an exponential relationship expresse.d _by the . equation:

Yy =

where, |
vy = factorbwhich relates the'ekponential depe;’ldence df-maturation
to t_emvperaturé.
r = factor by which the rate of ma-turation. increases for every 10°C

increase in temperature. r=2 if one assumes that each increase in
“temperature of 10°C produces a doubling .in the rate of increase in
maturation level (Waples, 1980).

n = temperature interval index value.

A linear relationship exists between maturation and the lengtlf of time that a
sedimentary package has’Abeen exposed to a given amount of heat. Doubling the
heating time will result in a two fold increase in maturation for any given

temperéture. Lopatin’s .equation for the total maturity (TTI) of any sediment is  given

by:
amax
m = I - (ATn)(r)
' i =nmin
where,
nmin = smallest n-index value encountered.

nmax = largest n-index value encountered.

15
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ATn = length of time speﬁt by sédiment in . temperature inten/a'll i. 
The computer model‘used- vin this stud‘y. uses the integrated form of Lopatin’s
‘(i971) model; expressed as follows: |
L4
T = L)'2(T(t)-105)/10 dt

where T(t) is the temperature (°C) as a function of time with t, being the time

_of'debosition and tp beihg‘ the time at present.
RESULTS AND DISCUSSION

Coalification Gradients

Coal rank was generally found to increase with increasil;lg depfh from
sub—bituminous A/high voIaﬁIe_ bituminoﬁ_sb C to high volatile bituminous ‘B. At
approximately 1400 m.above the base of>t>he section there is an apparent decrease
in the reflectance .'valpes and change in the coalification gradiént. Whether this

- change in the coalification gradient is real or not is discussed later.

A numberv of Rgmax versus depﬂ1 curves were lested té determine the ‘best
fitting’ coalification gradient for the measured gradients. Both arithmetic (Fig. 4) and
sémilog (Fig. 5) plots were analysed. In each case, the data were trééted as
representing first a single population and second two separate - populations of points;
'nam‘ely'coals in ‘th'e upper population‘ and phytoclasts »in the lower popﬁlatio_n. For °
both the semilog and the arithmetic treatments. ii was found that curve—fits were
improved when the data were a;éumed .t.o represent two separate pop_ulatio.ns of

2

points. For example, the r values for the data assuming a single population were

0.172 for the semilog treatment and 0.176 for the arithmetic treatment. By assuming
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two separate populations. the r? values for the semilog plot were 0.484 (upper
population) and 0.318 (lower population). Corresponding arithmetic values were 0.49

and 0.34, fespecﬁvely.

Statistical Considerations

Given the low coefficient—of—determination (r?) values and relatively small
_sahple sizes, depth and thermal modelling of the studied strata using any of the
"above'_mentioned curves yiéld résults with a good deal of uncertainty. Thé following
seciions, therefore, atfémpt to minimize this uncevrtainty by adjusting, Whér’e
necessary, the various gradients such that they are in relative agreement with

published local tectonic models.

A'literal interpretation of the r? statistic states that for an r? value -of 0.49 .
(i.e., as seen in the arithmetic fit of the upper population) only 49.9% of the
variability in Rgmax val;.x-es can be 'explained by the depth values. From‘thev present
study this suggests that, at best, 50% Qf‘the‘ variability_'ianomax must be explained‘
in terms of ‘some other ;/ariable(s). If the entire section was cons&deréd (r-2=0.172,
semilog) at least 82% of the variability in Rgmax would.have. to bé egpiained in
terms ‘of some variable other than dépth. The following sections diécuss a number
of factors Which are believed to contribute to at least lsome of the remaining

variability in observed Rgomax values.
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Consideration of Rymax Distribution with Depth

Arithmetic fits of the data were found to be consistently better than semilog
fits for an); given depth kinterval. Similar findings have been reported in studies by
England _(1984) and Moffat (1985) in areas with considerably different  tectonic
histories than Strand Fiord. In general, coalfﬁcation. gradientsv in these other areas
were found to be arithfnetic iny in areas where thermal disequilibrium ‘with
bagemeht heat fIU); was suspected. In addition,_ the afithmetic _'relationship between |
Romax and depth did not extend over the full range of Rgomax values but was
réstr’icted to . values below 0.35% reflectance. Such conditions were suggested to
-~ have been created by fapid basin infilling and short sediment residence times.
Thérmal disequilibrium may be possible at Strand Fiord but for reasons other t.han'
rapfd sediment Ioadfng and unloading as, althougH sediment accumulation rates were
relatively high '(éppr‘oximately 120 m per million years), residence times Were

~ generally long (Balkwill, 1978).

Thermal disequilibfium at Strand Fiord,l if it exists, is mqst likely related - to
the presence of ‘the numerous evaporitc_s diapirs in the study area. The concept of
_ hot dfapir intrusions affecting. their surréuhding sediment is not unique as indicated
by Balkwi" (1973) where the form.ation"of hornfels adjacent to diapirs is attribufed '
to such é phenomenum. At Strand Fiord, however, thermal disequilibrium between
the diapirs. and the coéls is suspected and beiievéd to have resulted in part from
répid emblacement and uﬁrooting of a diapir which would, theoretically, have a
similar local ‘effect as rapid de‘position' and unloading of sediments. Heat dérived
from depth while the diapir remained rooted would be trén_sfered through the diapir
'.'and into the surrouﬁding _rock..Upo_n'becoming unrooted, heat conduction from the

source at depth would cease and the temperature in the isolated diapir would
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"drOp. This theory is sub_stantiated by Selig and Wallick (1966) who find that as the
separation distance of an. isolated diapir from its source increases, the geothermal -
gradieht in thé sediments overlying the diapir decreases. If ;the process was .
‘suffi;:iently rapid,' thermal equilibrium with the surrounding rocks may never be
'attained;' The result wéuid be a tgeneral deviation of the coalification gradient from

the predicted Iog—linearAdistribuﬁon.

Another factor which v‘may contribute to the deviation of the coalification
gradient away from allog—linear distribut'ion may be seen in examining the
fun'dam'ental assumptions L.Jnuderlying thé. coalification process. Karweil (1956) defined
coalificéfion as a time/temperature process which could be explained in terms of
first order reaction‘kinetics, stating that _méturation (Romax) rate varies log—linearly
with .temperature. Lopatin (1971) also used first order‘. reaction kineficé’ to predict
maturation level. Recent studies by Price (1983) and Barker (1983) ha.ve sﬁggésted, :
howe\‘/er, that the maturation process is not properly explained using first order
_ kinetic’s and that coalificatién is more likely a ’multi—brder’ kinetics phenomena that:
is av function of . time 'only during thev early stages of the réaction.'Barker's (1983)
findings state that the therrﬁal maturation pfoceés is'rr‘nore stroﬁgly temperature
dependent than previously realized and thét maturation reactions may proceed- to N
completion in >as little as _1,006 to 10,000 yearé. In short, vitrinite reflectance is
‘_believed by these authors to be an absolu.te, ratHer than a timé, dependant,
geothermometer. There nevertheless refn‘ains a good deal of controversy as to
whether vitrinite’ reflectance is an absolute rather than time dependent |
geothermbmeter. If reflecténce is an absolute geothermometer, a log=linear plot‘of

Romax versus depth ~would only produce a straight linei'plo,t if each given depth

increment were to correspond to a constant temperature increment. This would only
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occur under conditibns of a coﬁstant .geothe-rm'al. gradient and uniform heat flow
throughout the section. As is discussed in _the following paragraph, uniformed

‘thermal conductivities and, therefore, a consistent geothermal gradient through the
Strand Fiord section is a poor assumbtion and, therefore, a log—inear co#lification

gradient is not to be expected.

Considerati_von of Shifts in Coalification Gradient

An examination of the Rgmax distribution with depth reveals a second
enigma which must be considered— how can the apparent shift in the coalification
gradient at 1400 m and apparently random distribution of Romax values below that

depth be explained? The following discussion recognises fluid migration of heated

diapir—derived waters as being the primary- factor in explaining the observed shift in

'_the coalification gradiént. This theory is supported by sandstone diagenesis findings

which are discussed in a later section. A number of minor factors which may
contribute to producing the observed offset in the coalification gradient are also

included in the following discussion.

Similar shifts in coélifi;:ation gradients have been ekpléined in other sfudy
areas - (Bustin, 1983.;‘ Ehglénd, 1985) by the presence of thfust_ faults. The occurren(;e
of a major.thrdst fault in the study area is highly improbable for a number of
reasdns. First, there is good lithostratigraphic continuity betWeen units both above
and below thé Romax break (Ricketts and Mclntvyre, pers. comm.). Second, there is
no structural evidence that would suggest a Vthrust fault through the studied section
or associated geology. Third, a thrust fault with a‘con‘siderable kamount of throw
would be réquired to produce the observed shift in the Romax gradient. ‘No field

evidence in support of such a structure was observed or has been previously
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reported in the literature..

: 'Lithology and fracture éontrolled migration bf fluids is believéd ‘to‘ e‘xert_the ~
primary control on the observed shift in the codlification gradient. The present |
model p‘rc‘)posesv selective horizontal migration- of heated poré fluids from diapirs info
_str'atigraphicélly adjécent 'perméable Iithologiés. Studiés by Hitchon -(1984)4and R
Nurkowskiv(1984) have ;uggeSted that‘ the heat carried by ground waters has a
significant effect‘ on the maturation of vitrinite. Civen that coal seams serve as
better aquifers than shales (from which the phytoclasts were extracted) the
maturation effect of the heated diapir;derived waters would be observed primarily in
,,v‘itrinite fromA lithologieé With 'the' greatest permeabilities; specifically, fractured coals
fzither than the tight shales. Again, if therr_nél equilibrium was not attaihed, the -
result wovuld be a‘shifting of the upper curve toward higher ‘reflectance values énd

a deviation from a log—inear curve.

The p;resenf study's. ire»sults from thé elemental analyses (Table 1) ‘of the coal
and phytdclast sample support the idea. that the ‘offset in the coalifiéatioﬁ gradient' ’
is éf_ a chemical, rather than compositional, nature.b l’n'fhe past, it has generally -
been regarded that there is no appr-eciéble'difference in Romak values extracted .
from coals and Romax_vaIAuesb obtained from associated phytoclasts, however, recent
studiéé by Price et al. (1985). and Fuji" et al. (1985) have shown that. this is ot
always true. lncréased exinitic components in coal and even increased proportions of
H/C in the vitrinite can‘ resﬁlt :in suppression of Rg. In the‘present study the coal
sample‘ was found to have a higher H/C ratio than the phytoclast of lower
réflectancé. Although these findings do support -the idea that the permeable coals
have matured preferentially as a result ofv being in - contact with heated waters tﬁey

also suggest that oxidative degradation of the coals associated with the horizontal
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TABLE 1

C H N Elemental Analysis of Organic Matter

(%)

Sample’

£ H N H/C

RAK—62—25 44.09 351 139 ©0.079
C 4414 350 1.37 0.079

RAK—27—25 69.95 474 101 0.067

70.41 4.85 1.02 : 0.068

migration of water may have occurred.

. A final contribution to producing the offset in the coalification gradient ‘may
come from the differences in thermal conductivities of the two segments of section
(Gretener, 1981). When complete .sedimentary packages are coﬁsidered, an a\)erage
thermal c_onductivity may' be assigned to the package based on the relative
proportions of sandstone and shale (assuming, of course, that thev avéragé thérmal
conductivity of a packagé is a linear combination of the conductivities of the
indiviaual lithotypes (Moffat, 1985)). Assuming that this is the case, the section
occuring below 1400 m, consisting of approxirﬁately 80—-90% shale- and only about
10—20% sandsfon"e,' would have a bulk thermal conductivity of 1.8-2.0 W/m°C.
Abov,e 1400 m,‘ -the.. séction is considerably richer in coal and s'.andstorje
(approximétely 60—65%) than shale (35—40%) thereby producing an average bulk
thermal con.ductivity of apbroximately 2.8—2.9 W/m°C. This difference in fhermal
conductivities would produce difference in the geothermal gradients between the

two packages of up to 20°C/km if it is assumed that heat flow is uniform
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~ throughout the’ séction}. lf the primary heat source is the diapir, _Whiclx is
“stratigraphically adjacent to, rather than benéath, the section it is possible to
envisage an offset in the coalification gradient resulting from non—uniformv horizontal
heat flow. The result is that the observed shift in .the. coalification grédienf is more
likély a function of the thermal_conductiViti.es and permeabiliiiés of th‘e two

packages rather than the tectonic history of the section. -

It was decided to model the coalification gradients determined from the
semilog plbts because the maturation model used later in this study assumes an
exponential increase in maturation rate’ (i.,e., Romax) with _incréasing temperature (i.e.,
- depth). The coalification gradient from- the studied section was, therefore, found to
be 0.127 %logRomax/km (r2=0.484) as determined from a semilog analysis of the .

upper population of points.

Paleo—depth of Burial

The pre—tectonic thickness of sediment from a section of strata has been
calculated by extfapolating the c;)alification gradient to a depth which corresponds
to a zero—maturity level. This zero;maturity level usually corfe_sponds t6 an ‘Roma_.x
value of 0.15% or 0.20% (Middleton, 1982). The present study uses a zero—maturity
-value of 0.15% Romax as a previous study by Bustin (in press) has determined that
Romax values as low as 0.15% do occur thro_ughout'the Canadian Arctic

ArEhip_elago.

Paleo—depth of burial calculations determined that as much as 4100 m of
sediment may have been eroded from above the studied section at Strand Fiord

(Figure 9). This would‘sugg‘est'a pre~—tectonic thickness of the Eureka Sound
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Formation at Strand Fiord of up to 6800 m.

Previously reported pretectonic‘thicknesses of syn¥ and post—Eureka. Sound
sediments are reportéd by .Bﬁstin .et al. (1977)> from Fosheim Peninsula and May
" Point where values of 3500 and 2500 m, respectively, wére>determined. Bust.in (in
press) reports Eureka Sound Formation depths of burial of up to 6000 m from
‘vMeighen Islénd.' At Strand Fiord preyious studies were unable to determine a
coalification.gradient and, therefore, a pré-—tectohic thickness bégiause of a general |
lack of data. Bustin (1977) estimated a Mid Eécene thickness  of apﬁroximately 3200
meters based on his paleo—reconstruction of the area. The present study’s findings,
>if corrécted fof t.He'dihpir—induced mafuration, are in partial agreement with Bustin’s
- (1977) model. Thé gradientbwas éor_rected for diapirfinduced maturation by shifting
“the coalification curve to the left until an Romax value of 0.50% corresponded td
a positibh in the section of 1460 m above vthe base of the section. This was
done in order to align the Qp_per coalification gradient with fhe lower coalification
gradient. In modelling the corr_ectéd gradient it was assumed that only the position, .
rather than the slope, of -the gradient was affeéted by the diapir. Sixty eight
hundred metres of burial would represent .tAhe absolute maximurﬁ possible depth' of
burial if the effects of high heat flow and, therefore, diapir—'induced thermal
.maturation were absolutely minimal. A minimum, and perhaps more realistic value for.
tHe r.naximu.m depth. of burial could bé éstimated by e>éarﬁininé the corrected -
g-r'adient‘which atfribut_es the positioning of the upper coailifbicati(')n gradient to heat '.
flow anomalies. The adjusted depth of burial, from which' the shalldwest possiblle
depth of burial was determined, was calculated to be approximately 2500 meters,
- which gives a total bre—téctonic thickness of 5200 m. This adjusted yz;lue is in

better agreement than the non—corrected value of 6800 m with previously published
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paleo—reconstructions of the Sverdrup Basin.

Maximum Pressure Considerations

A number -of assumptions regarding' the density and pressure distribution of
the overlying strata make it possible to estimate the pressure at the base of the
sect'ion.“ First, because sediment accumulation rate was relatively high (Balkwill, 1978)
and the modelled. heat source is diapir—derived waters it ‘was assu‘med that' the
pressure at depth was wholly hydrostatic‘ By mod_e‘l‘ling “the pressure to be entirely
hydrostatic it is assumed that there has been a relaxation of all creép related
'shearing stresées ét depth (Hobbs .et>al., 1976). The hydrostatic pressure at depth
(h) is equal td pgh where p is the density of -the oVerlying ‘rock andvg is tHé
acceleration due to gravity; ‘As the I.ithélogic proportions of the remdved}section are
“unknown the hydrostatic ﬁressure was calculated assuming thgt the'52.00 m‘ of
sediment consisted first o'f 100% sandstone with 10% .porostiy.(b=2.5 cm? (Cla;k,
1967)) and .second of 100% shale (p=2.25 cm?® at 2500 m depth, 2.38 cm? at -
4100 m depth and 242 cm? at 5200 m depth (Clark, 1967)). Given then that the
actual strata coﬁsisted of some combination of the two litholog'iesl, the actual
préssure would lie somewhere between these two values (Figuré .6). The results
indicate’ that the total hydrostatic pressure at the 1400 m mark ranges from 95
MPa for pure shale to 100 MPa for puré sandstoﬁe. Values from the top of the
~ section are 55 MPa and 61 MPa for pure shales and saﬁdstonés,‘ respectivély.
Maximum pressurés at‘thé base of the Evurekab Sound Formation are 123 MPa> (puré

shale) and 127 MPa (pure sandstone).
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Paleo;geothermal Gradient

-vTo model the paleo-géotherﬁ\al gradient using Lopatin’s methéd ‘the burial
history of fhe strata mﬁst be known. At Strand Fiord the basal strat;a of the éureka
Sound Formation were‘ deposited approximately 70 .M.a_ with basin infilling and :
subsidence occurring  up until 35 Ma. Befween 62 and 66 Ma depos‘ition ceased, aS
- shown by the disconformity between unit 2 (the wave dominafed delta strand plain)
and unit 3 (the marine shale) (Ricketts and Mclntyre, pers. " cOrﬁm.). Going down
section at approximately 35 .Ma regionai uplift and erosion terminated the infi"ing of
the Sverdrup Basin at Strand Fiord. Figure 7 outlines the tectonic history used to
calculate geothermal gradients (using Lopatin’s (1971)~ method) of the Eureka Sound
Formation at Strand Fiord. Figure 8 outlines the tectonic history using the corrected

depth of burial.

Predicted curves (geothermal gradients) geﬁerated from Lopatin’s mo;iel based
on the abdve mentioned dépoéitional and tectonic history of the -Eureka Sound |
Formation at Strand Fiord are.shown in figures 9. (noﬁ—corrected) and 10
(cAo.rrected).,The calcul.ated geothermal gradient frém the study Aarea’ is also plotté‘d
in Figures 9 and 10. A numerical value for the calculated geothermal gradient
(18.3°C/km) was determined by ‘perfdrfning ;'—1 least squa;es regression analysis of the
geothermal gradient (GTG).versus corresponding log .c.oalification gnradients (logCG).

The relationship between GTG and logCG at Strand Fiord is as follows:
GTG=160.40*(logCG)—2.0411, r¢=0.98

Ubsing the. previously calculated geothermal gradient, the maximum attained
paleo—temperature. was 75°C at the point where the shift occurs in the coalification

gradient (i.e., 1400 m from the base of the section) and 45°C at the top. The
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maximum temperature at- the .base of the se.ction was 95°C dsing Lopatin’s (i971)_
~TTI model. Corresponding fna‘ximum temperatures using Barker's (1983) method are
14°C (0.50% Romax) at the top of the section and 83°C _(0.8'0'% Romax) at the.
1;100 m mark; Discrepancies in the temperature values determined from the two
models can be attributed to a number of factors. First,. considering the poor fits
from the coalification gradients (i.e., r?=0.48) the depth of ’burial value is accurate
ét best to within +£1 km. As é result, the temperature value obtained from
Lopati‘ﬁ’s geothermal gradiént will also be subjectéd to additiona_j error. Second, the
bésic differences in the assumptions of Barker's (1983) and Lopatin’s (1971) models

will produce obvious- discrepancies in the reported temperatures.



SANDSTONE PETROLOGY AND DIAGENESIS

~ An examination of textural felétionghips between .authigenic phases has been
used to defermine fhe paragenetic sequence of cements énd estimate the fluid-
chemistry in the sandstones of the Eureka Sound Formation from Strand Fiord.
Textural information wa§ obtained from both SEMfEDS of gold coated, fractured
samples and the optical examination of thin §ections. Mineral identification of the
" coarser phases was based on optical examiﬁatioh of thin sections, SEM—EDS (energy
diépersive spectrometry) examination 6f carbon cblated polished thin sections and

XRD analyses of the <20 um fraction of the sandstones.

RESULTS

Petrology

'Petrolog;/ of the Eureka Sound Formation was dgtermined from Vthe anal;/sis

" of 16 thin sections of highly consolidate'd, fine and medium grained sandstones.
Sandstone samples from the lower 1000 m of section were ccﬂlected from major
sandstone horizons ~without observing any sbyecific sample interval. This samplvingv
procedure was done because of the relative scarcity of sandstones thréugh fhe
lowér part of the section. Above 1000 m, samples were taken at approximately 80
m intervals‘or as exposure and degree of consolidation permitted. Detailed sampling
of isolated horizons was not done as the samples u;ed in this study \&ere not
collected specifically for this study. Modél analysis of framewof_k grains was done by
point counting a minimum of 400 grains per sample to ensure that a .‘statistically
significant grain population was obtained (Solomon, 1963). Cement and porosity were -

calculated by identifying 400 grid p.oints per sampie as either framework, pore, or
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cement. Roundness and sphericity dete'rminations were done by corﬁparing the
shapes of 25 grains per sample with the tables of Krumbein et ‘al. (1963) and _
Rittenhouse (1943). Average grai‘n‘ sizes were determined byAmeasuring :the long axis
of 25 grains per sample. Sevén of the most textprally varied 'samplesblwere chosen
-for SEM—EDS analysis.while 6 of the more _Composition_ally complex samples were

chosen for XRD whole—rock analysis.

Thin section ahalysis of the 16 sambles revealed that all of the studied
rocks are compositionally very mature. Fifteen of the samples are quartz aren'ites,
and only one i; a quartz wacke with .approximately 15% clay in its matrix. Table 2
outlines the framework composition of each .sampble along with the number of °
grains counted per samble. Figure 11 demonstrates the .comp'os;itibn of the rock
clan ffom the Strand Fiord-section using Gilbert’s (1954) classification scheme

(Williams et al., 1982).

fhe majority of the quart# is monocrystalli.ne (.77% of framework on average)
and polycrystalline '(14% of framework on average) grains. Chert, also included with
- quartz, makes up 6n average 5% of the, frameWork material. Chert grains commonly
appear altered in thin section. Quartz—quartz grain contacts range fr.om fioating
grains (RAK—40) to $utured contacts (occurring primafil_y through ' the lower 1800 m
of the section). The bulk of the samples, however, display  primarily concavo—convex .
and long contacts indicating ”moderate amounts of pressure solution between both
(jugrtz.overgrowths and detrital quartz grains (Adams, 1964). Texturally, samples are -
mature to submature as is reflected by grain roundnesses and sphericities which
range from 0.3;O.G (mode=0.5) (Krumbein et al., V1963) and 0.53--0.91 (mode=0.75)

(Rittenhouse, 1943), respectively. Grain sorting is p>rimarily moderate. In general, grain

sphericity and roundness appears to improve as the sorting increases.
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TABLE 2

Framework Petrology of Sandstones

| Sample MxtlQ PxtlQ Plag - Kspar

SRF Orgs Chert  Counts
.~ RAK~7 66 19 Tr 1 ) Tr 4 414
RAK—10 64 32 Tr 1 2 S Tr Tr 407
RAK—13 74 12 2 Tr 2 3 6 436

RAK—18" 82 16 Tr 0 0 Tr 1 525 -
RAK—26 90 8 T . 0 0 1 0 410
RAK—34A 75 7 1 0 1 7 532
RAK—40 90- 4 Tr 0 0 3 2 411
RAK—49 88 9 Tr Tr 1 Tr © 2 453
RAK—63 88 7 T Tr Tr Tr . Tr 3 404
RAK—66 72 18 Tr T . Tr 0 9 413
RAK—90 71 16 Tr Tr Tr 3 10 452
RAK~96 72 - 14 1 T 0 3 10 412
RAK—97 72 - 14 . 1 T 0 1 3 402
RAK—118 88 14 1 Tr - 0 LI 1 . 422
0 0o . Tr 2 Tr. 410

RAK—127 77 20

MxtlQ (monocrystalline quartz), PxtlQ (polycrystalline, quartz), Plag (albite), Kspar
(potassium feldspar), SRF (sedimentary rock fragments), Orgs (organics/phytoclasts)

Detrital feldspars constitute no more than 3% of the total frarﬁe\«/ofk in any
of the samples. Plagioclase is 3 to 4 times as abundant as pdtassium feldspar. All
plagioclase grains display characteristic albite twinning. Plagioclase compositions were
calculated using tile Michel—Levy method (Kerr, 1977). Averaged extinction angle
pairs range in valAue‘frorn 12.5° to 18° indicating plagioclase compovsiti.ons between
An, and An,,. Degraded microcline is the dominant potassium ‘feldsp"a\r, but néver
occurs in amounts exceediné 1% of the total detrital fraction. All feldspars -appear
to be highly diégene‘tiéally altered showing_ evidence of kaolinitization, minor.

sericitization and extensive dissolution.
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Phytoclasts occuf' as disseminated, opaque fragments in most of the 16
- samples. Percehtages range from trace amounts in a few samples to as much as

8% in other samples (i.e., RAK—34A).

Primary porosity is absent from sandstones examiﬁéd in this _study'. Qversized,
irregular secondary pores (Shanmugan, 1985) commonly associated with chert and
h}ghly -altered feldspars are pervasive “through out the section. These oversized péres
‘ar'e.b_elieved to form by the dissolution of aluminosilicates and possibly
micro—pérous chert as is discussed in a later section. Many of these oversized
-pores have been reduced in size by the subsequent growth of quartz overgrowths,
kaélinite ‘and dawson.ite crystal -aggregates into theA pore spaces. Additional gecondaw
porosity is .présent'in those sandst-ones that contain abundanl't carbonaté:cement. in
thgse calcareous sandstones, the secondary .porosity appears in the form of partially
dissolved .carbonates‘ (éspecially calcite and ankerite). Total porosity values range from '
vitually 0% in the finer grainéd, and more poérly sorted sahdétones (e.g. RAK=7)

to as high as 25% in the cleaner and better sorted sandstones (e.g. RAK—118).

Cements and matrix generally constitute bétween 1% and 20% of the total
rock volume. Usually no more than one—@ixth of this 20% is matrix material such.
as détrital clayé. Table 3 outlines the distribuﬁbn of the observed cements through
the section. The following éection examines the occurrences  and mlorphology‘ of the

cements and authigenic minerals in more detail.
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Distribution of Sandstone Cements Through Section

QOG Carbonate Pyrite Clay

Sample
RAK 7 Xy - : X Xy
RAK 10 Xy ' - - = X4
RAK 13 X(Tr) 4 Ankerite ; Calcite , - Kaolinite ,
RAK 18 X4 : C—_- - —
RAK 26 X, - - X(Tr) 4
RAK 34A - Ankerite ; 5 5 X X(Tn) 4
» . CaICit91 23 ’ .
RAK 40 = Calcite ¢ 5 5 X X(Tr) 4
’ Ankerite 123 .
RAK 49 X, - Calcite y 5 3 - X(Tr) 4
: Ankerite, 23 . ]
RAK 63 X4 ‘ .= - -
RAK 66 X - ) — -
RAK 90 - Calcitey 3 . — Kaolinite 5 5
‘Dawsonite 4 3
Siderite(Tr) 4 5 3
Ankerite(Tr) 4 5 3 ,
RAK 96 X(Tr) Calcite 1 33 = X _ Kaolinite , 5
Ankerite 123 . "hte3
Dawsonite ; 5 3
Siderite 5 _
RAK 97 X4 ' Calcite , - Kaolinite 5 5
' Dawsonite 4 3 : llite 5
_ A Siderite 4 5 ‘
RAK 118 X(Tr) 4 Calcite 4 5 3 ’ X -
' Dawsonite ; 5 3
Ankerite1 23 . .
RAK 127 Xy Dawsonite 4 - -
* RAK 129 Xy . - Fe—=—Calcite,, - . —

Siderite 5

Other
FeO, -
FeO,
FeO,

FeO 1
FeO,

— FeO 1
Rutile 1

" FeO,

Analcime(Tr) 5
Rutile 3

1=Determined Optically; - 2=Determined using XRD;

Tr=Trace; -X=present; —=absent

3=Determined using SEM—EDS;
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Discription of Authigenic Minerals

A total of 13 authigénic phases 'vs_/.ere observed in the Eurek'a Sound
sandstones. Of the 13, only 6 were .present in proportions great enough to classify
them as principal authigenic minerals. Thé remaining . 7 authigenic minerals are
Vclassified, for the purposes of this paper, as accessory—authigenic mine'rals. Four .of
the 6 principal authigenic minerals‘ar.e ;:arbonates; calcite, ankerite, siderite, Aand
dawsonite. The remaining 2 principal auihigeﬁic phases éonsist of kaolinite, and
quartz overgrowths. The accessory—authigenic minerals occurring through the section
are illite, pyrite,_-iron oxide; rutile, sphene,.analcime(?) 'aﬁd chabazite(?). In general,
accessow&autlwigenic mine-lrals vmake up a less than 1% of the total amount of "

cement.

Principal Authigenic Minerals

Caléite CaCO 3~ Calcite occurs primafily as- a void and fracture filliné cement
. through most of the section. It was identified -optically by its'A extremely high
bi’refringencé (0.172) and characteristic {0112}vtwinning. SEM—EDS analyses revealed
that minor amounts of Fe are substituted for Ca. Well déveloped gubhedral'crystals
of caldte. were aiso visible in the pores of a number of samples. Calcite cement'

never -exceeds 10% of the total cement.

A‘nk.eri-te Ca(Mg,Fe)(COa)z— Ankerite is the dominant cement in a nu}ﬁber of
- samples. For example, in RAK—13 ankerite comprises up to 90% of the total
cement. Like calcite, ankerite occurs as fracture and void infillings. Ar;kerite is
.distinguished from calcite by having géﬁerally higher birefringence and brownish »

stains around its cyrstal boundaries and within the crystals as seen under plane



' plolarized.v light. Furthermore, when viewed in thin section ankerite crystals are
generally more corroded and anhedral than associated  calcite crystals. SEM—EDS
analyses show ankérite to be Mg free or poor and thus extremely Fe rich (Figure_
125. Ankerite’s . compdsition éenerally plots near. the Ca—Fe mid point 6n<l3 the

' Ca—-Fe;Mg carbonate ternary diagram (Figure 13).

Siderité_ FeCO 53— Discrete siderite was not recognized optically in thin
sections. Siderite identification was based on SEM—EDS analyses of polished thin'
sections and XRD analyses. Siderite displays characteristic diffraction peaks at 0.279
and 0.173 nm and produces an EDS pattern as seen in figuré (1.4a). Like énkerite,
siderite appears to be more anhedral thaﬁ associated calcite and occurs in
proportions less tl.1an 8% of the tdial cement. Siderite occ.urs as a primary pore

* filling cement (_Plate 1a).

Dawsonite NaAlCO;,(OH)z— Dawsonite was initially difficult to positively
identify in part due to the relative lackl of reported occurrences in other study
" areas. .The best known. and most studied occurrence of dawsonite is from the
GCreen River Formation oil shales of Colorado where .it occurs with other lacustrine
saline carbonates such as nahcolite (Meddaugh and Salotti, 1983; Smith and Young,
1975). Other occurrencés of aawsonite appear in weathered syenite tuffs in Olduvai
Gorge, Tanganyika (H>ay, 1963) and in rhyolitic ignimbrites near Terlano, Italy

“(Corazza et al., 1977).

Through the upper third of the section dawsonite is the most abundant
-sandstone cement; it comprises approximately 100% of the cement in sample
RAK—127. Dawsonite was only observed in the zone 5 and overlying sandstones.

The vertical distribution of dawsonite and ankerite appears to be inversely related. In

42
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‘Figure 13- Approximate ankerite composition range plotted on a
- CaO-FeO-MgO-CO2 ternary diagram. Compositions are only
~ approximations as determined by EDS analyses.
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general, the dawsbnite content per sample increases from the base of zone 5
toward the top of the section while the ankerite content correspondingly decreases
over the same range (Figure 15). The significance of this trend is believed to be

related to the proximity of the  diapirs as is discussed in a later section.

Under the o>ptical microscope dawsonite is recognized in plane polarized iight
(pph as clear, colorless aggregateé of radiating, acicular crystals. Its birefringence is
lower than tvhat' of calcite’s ~(_0.172.) but considerably higher_'t_han that of kaolinites.
SEM—EDS analyses are by far the most useful technidué for identifying dawsonite.-
Figure (14b) shows a tybical EDS pattern for dawsonite,‘showin.g roughly equal.
proportions of Na and "Al. Plate 1b is a typical back scattered image of dawsonite
and quartz revealing the 'differ_encé in average atomic ﬁumber of' the two minerals;
ADawsorilite’s vcrystal' and aggregate morphbldgy is shown in Pléte 2c, where it is
seen occupying a pore throat. Confirmation_ of dawsonite was made using the XRD
where »characteristic diffractio.n peéks o@cur at 0.570 énd 0.3385 nm. Dawsonite is
occasionally‘ observed with an ‘illitic’ intergrowth (plate 2d). whose chemi;al

significance is not wholly understood at this time.

Quartz SiO,— Syntaxial quartz oyergrbwths are most common in the medium
graiﬁed samples  which had either relatively high primary poro.sity or oversized
secondary porosity. Sambles with greater amounts of clay in the matrix generally
had fewer and smaller.' overgrowths than theb cleaner arenites. Thé average thickness
of the quartz overgrowths is approximately 3—5 um and the overgrowths can be
found on approximately 35% of. all d‘etritalbquartz grains. Overgrthhs comprise up
to 106% of the total cement in samples RAK—18 and 26. Evidence fvc‘)r‘.additio_nal
: quarfz cement is manifested as either or both concavo-—cqr;vex and sutured grain>

contacts in most samples.
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PLATE 1

~ Morphology, Textural Relationships, and Back Scattered Eliectron lma'gé Appearence of
Dawsonite and Associated Minerals

A. | Scanning electron micrograph of siderite (Sd) and quartz (Qu). Siderite
: occurs as a primary pore filling cement; polished thin section; back
scattered electron image; RAK—97-25.

B. Scanning electron micrograph of dawsonite (Dw), quartz (Qu), calcite (Cc)
and plagioclase (Pg). Crey shade difference reflects the difference in
average atomic number between these minerals; polished thin section;
back scattered electron image; RAK—96—25. '

C. = . Scanning electron micrograph of acicular dawsonite (Dw) occupying a
pore; calcite (Cc) occurs adjacent to an oversized pore; Dawsonite is
associated with quartz (Qu) and potassium feldspar (Ks); secondary
electron image; polished thin section; RAK—118-25.

D. Scanning ‘electron micfograph.of dawsonite (Dw) intergrown with illite.
Dawsonite (Dw) can also be seen replacing calcite (Cc) (see arrow); back
scattered electron image; polished thin section; RAK—96—25.
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kaolinite Al,Si,04(OH),— Kaolinite booklets are visible in many of the
samples as revealed by SEM analysis. The bookiets éorﬁmonly occur as pore fillings
(Rlate 2a) and,_ in a number .of instances, are dosely associated with. resorbed‘
K—spar and Na—'pla'gioclase_. Optical identification of kaolinite was based on its
vermiform habit -and very low birefringence (Plate 2b). Individﬁal kaolinité crystals

- range in’ size from 3 to 4 um.

Accessory—authigenic Minerals

lllite— Like kaolinite, illite is a late stage diagenetic mineral as revealed by
its occurrence . in pores and. as sporadic grain coatings. lndividdal illite crystals
occasionally occur as graih dustings. As was mentioned previously, illite(?) also

occasionally occurs as an -inter growth with dawsonite.

Pyrite FeS,— Pyrite occurs in only a few samples through ‘the section.
‘Euhedral’ pyrite crystals'were observed both with the binocular microscope and in
thin section. The crystals are generally very small, ranging in size from 3 to 11

um. In. plane polarized light the pyrite crystals appear slightly translucent (Plate 3a).

Iron Oxides/hydroxides FeO, — Reddish brown iron.oxides/hydroxides are
recognized in a number of thin sections under plane polarized light. In most cases .

it is closely-associated with ankerite.

Rutile/Anatase(?)/Brookite(?) TiO ;— Rutile occurs as small euhedral crystals in
‘association with» calcite and less commonly with ankerite. ldentification of rutile was

based solely on SEM—EDS analysis of polished thin sections (Plate 3b).
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PLATE 2
Morphology and Appearence of Kaolinite

Sc‘anningv' electron micrograph of kaolinite (Ka) lining pores; secondary
electron image; fractured sample; gold coated image;' RAK—96—25.

Micrograph of authigenic vermicular kaolinite (Ka) occluding a pore space;
associated with quartz (Qu); plane polarized light; RAK—96—25.
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PLATE 3

Morphology and Occurence of Pyrite and Rutile
Cubic pyrite associated with dawsonite (Dw) and quartz (Qu) as séen in
- plane polarized light; horizontal field=0.19 mm; RAK—118—25.

Scanning el_ectron‘ hicrograph of rutile (Ru) associated with ankeriteA(Ak);
polished thin section; back scattered electron image; RAK—96—25.
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Analcime N_aAISizds-ZH 2.0— Analcime has 'previously} Been reported in thé
sfudy area by Bustin (1977). In the pre'se'nt study, however, the Voccurrence of
analcirﬁe is uncertain as it was identified in only one sample based on an EDS
battern'analysis from a single grain. Never was analcime observed. in thin section or
in SEM fracture samples. XRD analysis also failed to indicate the presence of
analcime in any of the‘ samples. Certainly, if analcime is present it only exists in

extreme trace amounts.

DISCUSSION

Textural Relationships

Textural relétidnships bet'Ween authigenic minerals, where present, are outlined
below. Unfortunately, .not all aﬁth;'genic minefals dispiay textural associations. with all
other authigenic phases and, therefore, some ambiguities exist in the paragenétvic
sequence. A number of relationships are, however, revealed -by cement aslsociations,

with quartz overgrowths.

Syntaxial quartz' overgrowths coated with kaolinite Bookléts or dawsonite
crystals commonly project into pore spaces (Plate 4a, b) suggesting that quartz
overgrowth. formation pre—dated both kaolinite and dawsonite genesis. Quartz
oyergrowthé are also seen projecting into the oversized pores created'v by the
dissolution of feldspars and chert grain;. Veneers of illite .occur as coverings on
quartz- ovérgrowths. Strong evidence for calcite cementation post—daﬁng quartz‘
overgrowth formation can be seen in plate 5a,b, which shows calcite cément
replaéing a quartz overgrowth and its nucleus. Note that the clay dust rim between
the overgrowth and the‘ nucleus has not been replaced by the calcite. Both

“embayed contacts and quartz ‘islets’ within calcite and ankerite are extremely

55



A.

- PLATE 4
Mbrp_hology and Textural Relationships Between Dawsonite and Quartz .Overgrowths

Scanning electron micrograph of dawsonite (Dw) post—dating quartz
overgrowth formation. Note acicular and radiating habit of dawsonite;
fractured sample; gold coated; secondary electron image;RAK—96—25.

Thin section micrograph under crossed nicols showing same relationship as
in plate 6a; dawsonite (Dw), quartz overgrowth; crossed nicols; horizontal
field=0.77 mm; RAK—90—25.. :
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common. ‘Th‘e relative timing of formation of siderite and ankerite is uncertain due
to inconclusive textural relationships. Ankerite,.however, most likelyv forrﬁed after the
formation of quartz overgromhs as it replaces calcite crystals wfthin overgrowths
(Platé 6a, b). It is therefore concluded that at least two stages of quartz
overgrowth formation existed during the evolution of the studied strata, early in the
parageneticA sequence prior to the 'precipitation} of calcite and after the dissolution
of the framework aluminosilicates but prior to thé precipitation of kaolinite and

dawsonite.

Additioﬁal textural information i§ drawn from examining the relationships
between thev carbonates and the other. diaggnetic bhaées. Euhedral calcite and FeO
were corﬁmonly observed in association with anhedral ankerite. Although not
conclusive, this relatioﬁship suggests that a Iatér'stage calcite and‘FeOX' are.products
in an ankerite dissolution reaction.'PIates 7a & b shows resorbed calcite encased in
‘dawsonite crystals suggesting that the tw;.) are either contémpdraneous or, more
probably, thz;t the calcite pre—dates the dawsonite. Kaolinite booklets were al.so.
occasionally observed on ‘euh.edral calcite crystals within pore spaces.- This evidence
éupports the theory that calcite predates the kaolinite. Ankerite precipitation/formation
occurred bgforé the dissolution of the framework aluminosilicates as ankerite cement
boundaries are .coincident with  "ghost" aluminosilicate grain and oversized poré |

boundaries.

Plate 8a demonstrates the relationship between illite and dawsonite. Dawsonite .

can be seen both with an illitic covering and as an intergrowth with illite(?).
Kaolinite booklets and dawsonite can be seen in Plate 8b. The observed relationship
between kaolinite and dawsonite ‘suggests that dawsonite and kaolinite are either

syntaxial or the kaolinite pre—dates the dawsonite. Figure 16 outlines a paragentic
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PLATE 5
Textural Relationships Between Ankerite and Quartz Overgrowths

Micrograph of ankerite (Ak) replacing quartz overgrowth and the quartz
nucleus (Qu). Notice that thé overgrowth ‘dust rim’ (see arrow) is
preserved in the carbonate; crossed nicols; horizontal field=0.77 mm;
RAK—49~25. o ’

Enlargement of plate 5a; horizontal field=0.19 mm.
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PLATE 6
Textural Relétionships BetWeen Calcite, Ankeritg, and Quartz Overgrowths
- Ankerite (Ak) altering to Calcite (Cc) euhedra within a quartz overgrowth

crossed nicols; horizontal field=0.58 mm; RAK—49-25.

Enlargement of plate 13a horizontal field=0.19 mm.
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PLATE 7
Textural Relationship Between Dawsonite and Other Carbonates

Scanning electron micrograph of dawsonite (Dw) surrounding a corroded
ankerite (Ak) crystal. Textural relationship suggests that the ankerite
predates the dawsonite; gold coated fractured sample; secondary electron
image; RAK—96—25. ) : :

"Thin section micrograph similar to plate 14a showing dawsonite (Dw) -

replacing a calcite (Cc) crystal; crossed nicols; horizontal field=0.85 mm;
RAK-96—25. .
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 PLATE 8
Textural Relationships Between . Dawsonite and Other Silicates

Scanning electron micrograph displaying textural relationship between
kaolinite (Ka) and dawsonite (Dw). Relationship suggests that kaolinite is
either pre— or syn—genetic with dawsonite; gold coated fractured sample
secondary electron image; RAK—96—25

Scanning electron micrograph of dawsonite (Dw) replacing both calcite
(Cc) and plagioclase (Pg) and occurring with illite(?) (arrow). polished thin
section; back scattered electron image; RAK—96-25.
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sequence based on information derived from total combined textural information.

Fluid Chemistry

Cﬁemical considerations of the observed authigenic mineral assemblage -
suggest that numerous episodes of changing pore fluid chemistry have gxisted in
ihe Eureka Sound strata since the time of their deposigion. The presence of siderite
and pyrite, for example, suggests a period when Eh was low (ie., <0.35 v»l(Curtis
and Spears, 1968)) and Fe?* acti\)ity relatively high. In order to facilitate the
forfnatioﬁ of both pyrite and siderite, however, sulfide activity had to vary with time
and/or depth. For exémpief' pyrite is . reported to vform under conditions of
non—réstricted watef circulation and elévated sulfur activity (Curtis and.Spears,A.1968)
while sidérite formation is favored by coﬁditiohs .of‘ restricted water circulation,
elevated Fe?*:Ca?*, aﬁd very low sulfide activity (Matsumoto et al., 1981). Pyrite
is, therefore,v suggested to be an earlier phase than siderite, although text>ural
information in support of this is inconclusive. It is b‘elieved that the anaerobic
reduction of sulfate, iin the presence of excéss Fe?*, near the sediment/water
interface created conditions favorable for pyrite formation. Pyrite formation is believed
to give way to siderite f‘ormation with increasing depth as CO, acti\}ity increases -
and s’ulfide activity decreases. Changes in both the CO, and sulfide activities are
bélieved to be mainly controlled‘_by the biochemical degradation of. organic matter

during. early ' diagenesis.

Initial quartz overgrowth precipitation is thought to have occurred at relatively
shallow depths early in the paragenetic sequence when silica solubility is generally
- low. At the low temperatures of shallow burial the solubility of quartz is

approximately 6 mg 1=, significantly lower than the amount of silica present in



Paragenetic Sequence

"Quartz Overgrowth e ——
Calcite | ' '
Side.rite : . ___—___v?
Ankerite ‘ |
Pyrite :  —— )
Feldspar Dissolution

Dawsonite

Kaolinite

Figure 16- Diagram of paragenetic

sequence
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ihear.<surface and fluvial waters .- Under the(se”shallow burial conditions where silica
solubility is Iow'quartzv will generally precipitate in quantities proportional to the
“volume of fluid moved through the rock. With increasing depth and temperature,
however, more siliéa is required to be in solution té precipitaté quartz as the
’solﬁbility of quartz increases by an' order of magnitude from 6 mg 1-' at 20°C to
63 mg I at 100°C (Ehlers and Blatt, 1980 (original source not referenced)). The
first episode of quartz overgrowth précipitation. isv,v thel;efore, Believed to have
bccﬁrred dUring shallow burial when temperatufes were <20°C and near surface

water circulation relatively unrestricted.

Although the silica necessary to precipitate the eaﬂy quartz.over.growths.i's
believed to have been- derived from external fluids, later stage' ovérgroMHs are |
thought to have precipifated from locally derived silica which may have been
pro'duced. by a combination of sources including:

i) the‘ dissolution of frame_work aluminqsilicafeé aﬁd micro—porous chert;
2) silica- released during ‘compaction as a result of pressure solution; -

3) silica released during the illitization of smectite in adjacent shales.

The dissqlution of the framework aluminosilicates, p.recipitation of kaolinite
and dawsonite and the presence of calcite may be explained by considering the
‘effects of organic diagenesis on inorganic dialgenesisA The thermal maturaﬁon of
or’ganic‘matter» is now commonly accepted to result in the cleaving: of functional
groups from phenols, volaﬁles, carboxylic acids, and short chained aliphatics from
the Iargef aromatic, alip'hat.ic and alicyclic parentvm;)lecules. In rock; where there. are
Iargé amounts of coal and disseminated organics, such as those with in the Eureka

Sound Formation, carboxylic acid concentrations can be exceedingly high. For

example, Carothers and Kharaka (1978) demonstrated that carboxylic acid
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concentrations can exceed 5000 mg I~ ' in some oil f;'eld formation waters.
Carboxylic agids, when in the presence of AI‘3*, are known to bond with the
AI3* to form water soluble complexes. Thé mobility of Al** in solution is
enhanced by an order of mag‘nitudevwhen complexed with acetic acid and by 3
'orders‘of magnitude when complexed with oxalic acid (Surdam et al., 1984), Thé

" net effect ofAincreasing thg mobility of Al®* in solution is to enhance the removal
of aqueods Al3* from the gystem and, thereby, destabilize the aluminosilicates to a
point where 'they ‘begin to dissolve. As these A_l"—complexed fluids migrate
through the rock they eventually~ encounter Azones .where the Al3* complex i§
believed to destabilize (possibly due to changes in solution pH‘ (Si)rdém et al.,
1984) and resuit in the precipitation of kaolinite. and possibly déw/sonite (see

following section -on Dawsonite: chemical constraints).

surdam et al. (1984) have also demonstrated that the'presénce of ‘organic
acidé in solution has a profound effect on the carbonate chemistry. While the
presence of carboxylic acids tends to - destabilize aluminosil_iéates the same acids can
‘_decrease the solubility of calcite yvith increasing }Pcoz'.v 'by buffering the pH. In the
absence of cérb_okylic acids the reverse is true: calcite solubility increases with
increasing'pCoz '(Holla'nd and Borcsik, 1976). The pre.sence of dissolution features’ in
the aluminosilicates and presence of pref—alumihosilicate-;dissolution _carbonates
(ankerite a‘nd_ Fe—calcite) in the Eu'r‘eka Sound‘ sandstones sugges'ts‘ that the Pcoz
was relatively high (Surdam et al., 1984) and that carboxylic acids were buffering
carbonate precipitation and destroying aluminosilicates. The iron necessary fof the
formation of ankerite may have a number of sources: Fe released during the

transformation of smectite to illite, the dissolutioﬁ of siderite, the reduction of,

colloidal iron oxides, and the dissoliution of biotite and amphibole. Following the



.
dissolution of the aluminosilicates it is believed that enough organically complexed
~AlI®* remained in the syétem to favor the precipitation of

post—aluminosilicate—dissolution kaolinite and dawsonite.

Dawsonite: Chemical Constraints

The thermochemicalr data hecessafy to caléulate the stability of da\;vsonite are
drawn from a number of sources. First, the heat capacity (Cp) aata used to derive
coefficients for the Maier—Kelly heat capacity function:

| C_p=a+bT+c/I.'2
" were taken from Ferrante- et al. (1976). Fligure 17 shows the heat cap'ac‘ity function
fit to Ferrante et al’s data. The molar volume of d»aw.sonvitebvxlfas} calculated using
the crystallogr'aphic data .of Corazza et al.” (1977). The-standard state (298.15°K,
0.1MPa) enthalpy of formation (H®) a'nd entropy (S°). were taken from Robié et al.
(197'8); Free énergies»bof formation (G°) for the additional sodium carbonate phases
c_onsidéred in t};e partial preésure and activity—activity diagrams weré collected from
Garrels and Christ (1965). 'Thermochemical -data for all remaining phases were draWn
-fro'mv Helges’oﬁ (1969; 1978). Before the HO of dawsonite could be used with >the
Helgésoﬁ data set it had to be adjusted in order' to provide consistency wjth the
other 'phases in the data ‘set. Helge;on adopted a value fbr the H® of cqrumdumn
of -1661655.0 jhsupminus',suph_ir} Acontrast‘ to tﬁe calorimetrically derived value
of -1675700.0 jn= ' (Robie et al., 1978). In order to provide for internal
consistency, the ..dawsonite H°-'vwas adjusfed by this difference. Table 4 presents the

thermochemical data for dawsonite used in the following distribution of species
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‘calculations.

The s.tability of dawsonite rglaﬁve to other sodium vcarbonates was examined
in é series;,of activity—activity and partial pressure diagrams prior to performing the
distribution of speciés calculations. Due to the absenceA of heat capacity coefficients
.for the sodium carbonates considered these stability analyses are limited to. 298.15 °K
and 01 MPa (Table- 5). Balanced reactions, logK values and the free energies of
_. the various rea;tions revprvesented' in F'igures 18, 19 and 20 are listed in Tables 6
'and 7. Figures 18 through 20 demonstrate thé control that variations  in A3 */H*
ratios, Pcoz’ Na*/H* ratids, and activity of vvvater‘have on. >th_e tobology of the
dawsonite stabiIAity field. Figurés 18 through 20 may, in fact, suggest that dawsonite
is more commonu»nde‘r ’Iow temperature geolggic Pcoz’ 'aHZO’ éAI:’*' aNa;
conditions than prE\l/iously realized (see following. section re: distribution of sp"ecies).
'l-;or'example, a recent personal c_omﬁunication (B. Rotteﬁfusef) ‘has shown that
previously undetected dawsonite has beeﬁ identified in the sample§ of tHe Cething
Formation of ‘the Peace' ‘River Oil Sands. Other factors, however, such as thé
,5i0, undqu_btedly have some confrolling effectb on the distribution of dawsonite,
but this has not been pursued in this study. ’Stability conditions of dawsonite are,
however, strongly influenced by pH and the activity of Al3*. Figure 19 to 21
demonstrate .that an increase in 1 IogéH, unii reults in a significant increase in the- '
: ~size ‘of the dawsonite field with respect tg‘ Pcéz and aHzO' The» chemistry of sea
water and the fluid. chemistry of a number of 4forrhation waters a}e plotted on
figures 18, 19 and 20 to illustrate the chemical _domain of a few natural systems.
H* spate.

within Pco 2—aH 20—aAl R NI

The reason for performing a distribution of species on the authigenic

assemblage was to approximate "the activities of aqueous species and gases in -
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TABLE 4

Standard Enthalpy and Entropy of Formation of Dawsonite with a, b and ¢ Heat

Capacity Coefficié_nts

- AH°(298) JIN - SO JINK® a . b <
—1956947.5 132.0 ©14.8213156 . 0.37051717 1563478.4

Heat capacity function: Cp=a+bT+c/T?2

equilibrium with the rock. Distribution of.species‘ calculations were done using a
combu_ter p_rogarﬁ (THB2:PATH.O, Brb?vn» and Perkins) that treats the chemical system
és a-vgrand matrix of inter;—dependant reactions 'anAd solves all .équations |
simultaheously. A formal description of the theory is presented in Perkins ('Masters
Thesis). Limitations do exiét, howevér, regarding thé vérsitility of thé computer
program. For example, non;trivial factors such as reaction kiﬁetics are not |
considered iﬁ the computer program. In. additibﬁ, solid solution phases such as
albite—anorthite and ankerite cannot be handled directly b.y. the program. When

~considered, the free energies of such phases had to be hand calculated and added

to the program s_eparafely. Distribution of species calculations at temperatures higher -

than 298.15°K were also not possible with albite and ankerite . without éstimating
" their respective Cp- values. Such a treatment was beyond .the' scdpe of this project.
As a result, runs at 298.15°'K>serv_ed as firstﬁ approximations for aqueous species
activities used at higher températures. Pure albite _aﬁd pure calcite replaced Ang

and -ankerite for runs at temperatures greater than 298.15°K.A The free energies of

AN and ankerite at 298.15°K were calculated using the following formula of ideal
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TABLE 5

Names, Chemical Formulae, and Free Energies of Formation of the Sodium

Carbonates Considered in the Included Activity/Activity and Partial Pressure Diagrams

Mineral - Formulae ' Free Energy (Kcals)

~ Natron : Na2C03 +10H,0 : —819.54, -
Trona Na3H(CO,), ~2H ,0° -—=570.40,
. Thermonatrite . Na,CO4+H,0 . =307.49,
Sodium Carbonate o Na,CO , —250.4,
Nahcolite ) NaHCO 4 —203.6 4
@ Na,CO, +7H,0 _ —649.12,
Dawsonite NaAKCO 3)(OH) , ' v —426.864

* Trona also commonly reported as NaZCOa-NaHCO:,-ZH 2O
- 1. Rossini et al. (1952) .

2. Saegusa (1950) _— ' ‘

3. Garrels and Thompson, unpublished (Garrels and Christ, 1965)
4. Robie et al. (1978) -

mixing:
u=Zuixi+anT(Zx,.Inx'.)

"“where: K, = the free e.nergy of the end member i

X, = the mole 'fraction of end member i

n= numbe; of solution sites (2)

‘R= 8.417 joules/moie °K

T= 298.15°K '
All computer runs are isothermal and isobaric with pressﬁres restricted to 0.1 MPa.
Eqﬁilibrium within the considered system is assumed to ékist between all phases
and species within" that system. It is’>imp0rtant to note that the followiﬁg treatment

is only intended as a first approximation calculation as the fluid chemistry of the
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TABLE 6

System: H*—Al*?—Na*—H,O

- Reaction

‘ AG LogKeq
Trona+Na*(aq)=2Na,CO;+H *(aq)+2H,0() 18.809 —13.790
Trona+Na*(aq)=2Thermonatrite +H * (aq) 18.009 -13.203
Trona+Na *(aq)+18H , O()=2Natron+H"* (aq) 14.329 -10.505
Trona+Na*(aq)+12H ,O()=2Na,CO,; - 7H,O+H *(aq) 15.029 -11.018
Trona+2Al‘3(aq)+2H o= 2Dawsomte+Na (ag)+5H*(aqg) —2.529  1.854
- Nahcolite+Na*(aq)=Na ,CO 3 +H *(aq) 15.789 —11.576
Nahcolite +Na*(aq)+ H , O(l) =Thermonatrite + H * (aq) 15.389 —11.282
Nahcohte+Na*(aq)+10H 2O(h=Natron+H *(aq) 13.549 —9.933
Nahcolite+Na*(aq)+7H ,O()=Na,CO 3 «+ 7H,O+H* (aq) 13.899 -—-10.190
‘ Nahcohte+Al*3(aq)+2H O(h=Dawsonite + 3H * (aq) 5120  —3.754
Na,CO 3 +H ,O(l)=Thermonatrite —0.400 0.293
Na,CO ; +10H ,O(l)=Natron’ . =2.240 1.642
Na,CO;+7H,0(H=Na,CO;-7H,0 : " —1.890 1.386
Na,CO 3 +Al* 3(aq)+2H ,O(l)=Dawsonite +Na * (aq)+2H* (aq) —10.669  7.822
Thermonatrite + 9H , O(l) =Natron —1.840  1.349
Thermonatrite +6H ,;O()=Na ;CO 3 + 7H,0 ~1.490  1.092
vThermonatnte+AI‘3(aq)+H O(l)=Dawsonite+Na * (aq)+2H (aq) -10.269  7.529
Natron=Na;CO 3 +7H,O+3H , O(l) ~0.350 —0.257
Natron+Al* 3 (aq) = Dawsonite +Na* (aq) + 2H *(ag) + 8H , O(l) —-8.429 6.180
Na,CO ; » 7H ,O+Al * 3(aq)=Dawsonite +Na*(aq)+2H * (aq) + 5H zO(I) —8.779 6.436
Trona+H *(aq)=2Nahcolite+Na * (aq)+2H20(l) ~12.769  9.361

‘considered system is very poorly constrained and many of the thermodynamic and
computer program limitations may reduce the system to a state of unrealistic
simplicity. By considering the assemblage listed in Table 8 it was possible to

C¢ . H ’ H . . PP ’
;onstram the Pcoz’ CINERS éNa" pH, .aS|O,,’ and carbonate species actlvytles for

any given molality of Ca?*. Calcium molality was chosen as the independant

variable because its activity was the only one of all the species considered that was

not fixed by the assemblage considered. By varying the molality of Ca?* it was,

therefore, possible to determine aqueous species activities under conditions where
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TABLE. 7

System: Al*3—H*—H,0-CO,

Reaction : ' . AG

Trona+ CO ,(g)=3Nahcolite + 1H , O(l) —2.831
2Trona=3Thermonatrite + 2H , O()+ CO 5 (g) ' 10.691
2Trona+ 25H ;O(l)=3Natron+ CO ;(g) 5.171
2Trona+16H,0O()=3Na,CO ;3 + 7H ,0+CO ,(g) 6.221
Trona+ 3Al* ¥(aq)+ 5H , O(l) + CO ,(g) = 3Dawsonite + 9H * (aq) ‘ 12.529
Nahcolite +Al* 3(aq)+2H ,O(l)=Dawsonite + 3H * (aq) 5.120
Na,CO 3 +H ;O()=Thermonatrite . —0.400
Na,CO 5 +10H ,O(l)=Natron : —2.240
Na,CO 3 +7H,0()=Na,CO;+7H,0 . —1.890
Na,CO ; +2Al E 3(agq)+5H,0()+CO 2,(g)—2Dawsomte+6H (aq) ' 4.380
Thermonatrite+9H ,O()=Natron - _ - —1.840
Thermonatrite +6H ,O()=Na ,CO 3 «+ 7TH,0O ‘ i —1.490
Thermonatrite + 2A1 * 32@ag+Co 2(g)+4H O(I)"2Dawsonlte+6H (aq) 4.789
Natron=Na,CO 3 +7H,O0+3H,0O() : 0.350
Natron +2Al* 3(aq)+CO ,(g)=2Dawsonite + 6H * (aq)+ 5H 20(1) 6.629
Na,CO ; « 7H ,0+2Al* 3(aq)+ CO ,(g) = 2Dawsonite+ 6H * (aq)+2H oy 6.279
2Nahcolite =Na,CO 3 +CO 4(g)+H ; O(D) 5.851
2Nahcolite +9H ,O(l)=Natron+CO ,(g) : 3.611
2Nahcolite+6H ;0()=Na,CO 4 + 7H,0+CO ,(g) -3.961
Thermonatrite +CO ,(g)=2Nahcolite _ —5.451
2Trona=3Na,CO 5 +CO ,(g)+5H , O(}) ' 11.891

LogKeq
2.076

—7.838
—=3.791
—4.561
—9.185
-3.754
0.293
1.642
1.386
—3.218
1.349
1.092
—3.511
—0.257
—4.860
—4.603

-—4.290

—2.647
—2.904
3.996
—8.718

halite (i.e., the source of Na* for dawsonite) begins to go into solution (i.e.,"

where -IOEQhalite>IogKhalite) and thereby approximgte an upper limit on solution

salinity.

Post tectonic/late stage pore waters within the Eureka Sound Formation at

Strand Fiord were theoretically determined to be highly saline. Results from the

analysis are presented in Table 9. Sodium concentrations as high as 95 to 105 g

.|-1

are proposed at mid section with Peo values as high as 0.14 atm. Similarily
2 A
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TABLE 8

81

Components Considered 'in_ Distribution of Species Analyses

T=298.15°K P=0.1 MPa
Components Formula
Dawsonite NaAl(CO 3)(OH) ,
Alpha Quartz N SiO, ‘
Kaolinite . Al,Si,05(0OH),
Ankerite CaFe(CO3) 4
Alblte—90 Na;Ca 1Al1 1Si2 9030
Calcite CaCO, :
Water H,O
Calcium ion Ca?*
T=333.15°K P=0.1 MPa .
Components Formula
Dawsonite NaA(CO 3)(OH) ,
Alpha Quartz SiO 5
 Kaolinite Al,Si,O5(OH),
Calcite CaCO,
Water H,O
Calcium ion Ca?*

high Na* concentrations are common primarily in saline lakes and formation water

brines formed from such lakes. Sodium enrichment in the Eureka Sound strata is

believed to result from the liberation of Na* upon the dissolution of halite from

“adjacent diapir ' cores. The presence of dawsonite is, therefore, believed to be

attributed to the enrichment of -Na* in combination with relatively high Peo.’ low
: ! )



silicic acid activities, and the eventual destabilization of the carboxylic acid—Al3*

complex.

Distribution of species results also indicate that for each run the

logQ

. >logkK .. irrespective of temperature. Reasons must, therefore,
paragonite paragonite _ :

Be_ considgred to explain paragonite’s absence fr_om'a systerﬁ which |
thermodynamically favours its presence. As was noted earli'er, the program used in
this study does not take reaction kinetics into considération. Reactionv kinetics may,
in this case, exert some control on the absence of pa‘ira‘gonite.althbugh
quanbtification of “this theor).( is beyond this bstudy_. Organic inhibitors, asvwell, may in

some way retard the nucleation of paragonite from solution.

RéSU&S' from the preceding thermodynamfc énalysis suggests 2 possible
insights. First, ’déwsonite may be more common in sedimenta-ry rbcks than is'
suggested by its relative scarcity from the literature. The preceding ‘ac.tivity/acti‘vity
and partial pressure diagréms have shown that the chemical conditions necevssary to
promote the precipitation c')f‘ dawsonite a.t‘standard state temperature and pressure
(STP) are found in a range of Apresentv day sedimentary and surficial environments.
Barring the effects that .those chemical factors not considefed in this stludy (i.e., Eh,
silicic acid activity, etc) have on the stability of dawsonite it appears reasonable to
assume that dawsonfte is more abundant in the ‘rock record than previously
believed. It may ’be quite possible ﬂ1at dawsonite’s; 'presence has previousiy been
either disregarded, misidentified or completely overlooked. This statement is

substantiated by personal communications with other investigators who have identified

dawsonite in strata where it has previously been overlooked.
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TABLE 9 -

Comparison of Eureka Sound Formation Fluid Chemistry with the Fluid Chemistry of

other Natural Systems (mg I~ 1)

* Location Na* Al LogAl 3} *  pH HCO_-,_" LogP;Ql | Ref.
Ocean Water 10,560 1.9  0.27 81 - 140 -3.07 2
GCreat Sa!t Lake, Utah 83,600 = — ? . 7.4 251> I 1
Danby Lake, Calif. 137,580 - — - r ? 1
Saline Valley, Calif. 103,000 — : 735 614 2 T
Frio’ Sandstone 9,450° 1.7 03 70 415 o 2

Blairmore Sanvdstone .'31,500 4.1 .0.61“ : 68 14’0.- ' ;-2~5 2
Shannon Sandstone 16,300 0.6  —0.22 7.6 .01« =17 2
* . . * * | * * * * »*

Upper Eureka Sound 117,000 0.0 883 71 - 661 ~1.99  Exp.
Mid Eureka Sound 99,000 0.0 663 58 297 0.14 Exp.

1. Eugster and Hardie, 1978
2. White, 1965

.The second implication of the prepedin'g thgrm_odynamic treatment is that the
presence of dawson'ite in the Eureka Sound strata supports the findiﬁgs of otherb
investigators who suggest that the evapérite di.apirs ih the Arctic Archipelago are
cored with halite. in this study, halite is modelled as the source of Na for the
dawsénité. ;ﬂ\s the studied séndstohes contain only 1 authigenic Na-rich phase it was

possible to calculate the prevailing chemical conditions which™ allowed dawsonite to
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precipitate whilé keeping ‘all other Na-rich phases in solution (i.e., halite). The results
show that at the point where halite Begins‘to go infovsolution and dawsonite
precipitates the Na coﬁcentration in solution is as high as.th'at in many present. day
séline lakes and formations. In addition, only those phases which are present in the
sa-lmplesv have thermodynamic stability under the‘ conditions calcﬁlated by the
distribution of species program. In other words, with the exception of pyrophyllite,
the chemical conditions calculated in the distribution. of species program do not

favor the precipitation of any phasés other than those observed in the samples.
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SHALE MINERALOGY AND DIAGENESIS

CIQy ‘mineral analyses méy yield valuable genetic and diagenetic. information

N about strata. In stﬁdie§ by Burst (1969),"De Segonzac (1970), Millot (1970), |
Folscolés et al, (1976) and Howe_r et al, (1976) it has been shown that
relationships exist betheen*dépth of burial and various aiagenetic parameters relating
to clays. For .example, studies .by Burst (1969), Foscolos (1973), Eberl ‘and Hower
(1976), and Foscblos et al (1976)‘ha've shown tﬁgt as'deptﬁ of bﬁria( increases so
dpes the sharpness ratio and crystallinity of illite._ Perry' (1969), Reyﬁolds and Hower
{1970), and Hower (1981) have shown that as depth of burial increases thg .
pbercentége of smectite present in _illife/sme'ctite mixed layers generally decreases. In
~other studies (Wilson and Pittman, 1977; Perry and Gillot, ‘1‘..)79;‘ Sedime‘ntology "
kResearch Group, 1A981;.Al'mon' and Davies, 19815, the détriméntal ‘éffects‘» of detrital"_-
and éuthigenic clay minerals on reservoir recovery charact.eristics have increased the

" need to better understand the role that clays play in reservoir mechanics.

This chapter examines the clay mineralogy and variations in a number of .

diagenetic parameters through the studied section.
EXPERIMENTAL

Clay Sample Preparation

Twenty five shale samples were chosen from 100 m intervals for x—ray

diffraction analyses. Each sample was initially ground in a rock crusher to reduce

3

rock fragmenf size to approximately 5 mm3. The samples were then washed in

S~
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"de~ionized wéter' to remove any’ clay copt'amirjants which may have been introduced
" by the r-ock crusher. Alth.ough care wasvtaken vwhen-cleaning the crusher between
samples, the design of the rock crusher made it impossible to guarantee that somé_
clays were not passed from one sample to the next during sample preparation.
Once dry,l each sample was gr.ound to a fine powder in an agate mortar énd
placed in a one litre bucket filled wfth de—ionized water. The clayé >w.ere dispersed
in -the water by stirring.ana then allowed to settle fdr a period of 8 hours. After
eight hours the top 8 cm of supernaiant, containing the <2.0 um fraction (Jackson,
1569), were syphoned off into é separate container and left to stand for 10 to 14
days. Oﬁce the clays had settled completely out of the solution the supernatantv
was discarded and the remaining slurry was vset aside for cation ekchémge treatment

and further size fractionation.

Before the clays were safurated with'. a cafion each sample was separated
into coarse (0.2 to 2.0um) and medium (<0.2um) size fractions via centrifugation.
- One hundred bml plastic 'vtest‘ tubes were filled to 1 cm with the clay sample
solution and '/top)‘ped to 10 cm with de—ionized water.. Samples were then
centrifuged at 2000 rpm for 50 minutes using an IEC® centrifuge with a number
240 head (after Brown, 1965 and Jackson, 1969). After centrifuging, the supernatant,
containing the less than 0.2 um fraction was syphoned off‘and reserved for later

treatments.

'I"he coarse fraction of evachb'sampl‘e was again separated into three portions
that were subsequently: |
1 Ief‘t untreated;
2) saturated with K* and;

3) saturated with .Mg?2*.



Cation exchange was accomplished by following technfques outlined by Br.own
(1965) and Jackson (1969). Twenty to 25 mg of sample Was ‘placed_ in a 15 ml
test tubé an.d flocculated in a 1N cation—chloride solution (i.e., KCI or MgCl,).
Cation saturation was completed by successively centrifu.ging and decanting the
vsuspension four times in the 1IN -cation—hloride solution. .Finally, excess salts were
removed from vthe'§ampleb by w;;shing in 50% methanol, 95% methanol and -two
sﬁccessive washings in 95% acetone. It was necessary - when saturating a sample with
Mg?* to first acidify the solution in order to évo.id precipitatjﬁg Mg(OH), out of
solution upon addition of Mg?™*. Acidification was ‘accbmplished by adding> 0.1N
H‘Cl drop \A;ise to the initial solution until the pH was betweenb 3.5 and 4. fen N

magnesium acetate was used in place of MgCl, in the first cation—solution bath.

- Oriented Sémples

Once cation 'saturatiqn was complete an equal volume of water was added
to the remaining volume of the clay slurry. This thinned slurry was then pipetted
onto a glass slide and allowed to dry at’ room temperature. Once dry, each slide

was x—rayed and then giycolated.

Clay samples were glycolated by pfacing the slides face—up iﬁ a vacuum
desiccator over ethy\ené glycol for approximately 24 hours. The samples were
- x—rayed .immedivately after being removed from the desiccator in ofder to minimize
the amount of interlayer glycol -lost through evaporation (Kunze, 1955; Srodon,

1980)..

~ Finally, clays saturated with K* were placed in an electric furnace and heated

for 2 hours at 500°C. At the end of this time the samples were removed and
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placed in a desiccator where they were left to cool. This procedure'minimized the
amount of atmospheric water resorbed by clays upon cooling. Once -cool the

samples were again x—rayed.

Unoriented Samples

" Unoriented samples were prepared by scraping the dried material off of
oriented sample mounts with a razor blade and re—crushing the ‘clays to create a
fine powder. This powder was then poured into a "welled" aluminum -sample holder

and x—rayed.

Instrumental Techniques

All clay samples were x—rayed ‘6n a Philips® >{—-ray diffractometér using a
CuKa source ‘and Ni filter. The scan speed used on all samples other than those
saturated with Mg?* was 2° per minute with a time constant of 2 seconds.
.Voltage and amperage were set at 40 kV and 20 mA, respectively. All oriented
sample preparations were scanned. between 3—18° 26. Those samples that had been
exchange saturated with Mg2* and glycol were scanned between 3—18° 26 and |
42—48° 26 at a scan‘ speed of 1° per minute with a time constant of. 1 second. ‘
Thés'e.bsvam-ple.s were also scanned at 1/é° per minute betweén 17 and 18° 26 ln
order to determine a more precise (002)10/003)17 reflection location for calculating
the percentage of illite in illite’smectite mixed layer clays. The K* saturated samples
were used to examine for variations through the s'ection in the illite crystallinity |
“index (Kubler, 1966) and sharpness ratio of the 1.0 nm peaks (Weaver, 1961).
Mgé‘—glycol saturated samples were used for percent illite determinations and

discrete layer- silicate identification.
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Unoriented sample preparations were scanned between 50-58° 26 at 2° per

minute in order to examine the (060)10 reflection. The position of this reflection

was used to differentiate between di— and trioctahedral 2:1 silicates (Jackson, 1956).

‘Analytical Techniques

Analytical techniques used for specific clay mineral analyses have be'en‘divided
iﬁto the following categories: N |
- Clay- mineralogy. ‘
- Semi—quantitative mineralogy.
— Mixed Iayér analyses.'

— Sharpness ratio and illite crystallinity index.

 Cla y Mineralogy -

Identification of clay nﬁnerals was based on changes in diffraction peak
locations following different sample treatments. Ider?tification. criteria were as follows:
1) ‘Kaolinite—-v has (00/) d—spacings" of '0.,715 -nm and O.35A nm wHich are unaffected

by cation saturation and glycolation. These peaks dissappear upon heating at
500°C for 2 hours.

2) lllite—-A has a (001) d—spacing of 1.0 ﬁm which varies slightly depending on the
amount of smectite present (Reynolds & Hower, 1970): The 1.0 nm beak
increases in intensity and sharpnesé upon saturation with K*. Heating té 500°C
leaves this. peak unaffected. jacksqn (1956) reports that dioctahedral illite
producés a (060) reflection at 0.15 nm while trioctahedral illite has a (060) peak

in the 0.1525—0.1534  nm range.
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3)

4)

5)

6)

Chlorite— has (00/) spacings of 1.4 and 0.715 nm which can be confused with

vermiculite and kaolinite. It is distinguished from all but non—Al®* vermiculite

~(Brown, 1969) by’ saturating with K*. Upon treatment with K*, non—Al3*

vermiculite collapses to 1.0 nm ‘while chlorite and Al3* vermiculite persist at 1.4
nm. After heating to 500°C for 2 hours all 1.4 nm vermiculite will collapse to
1.0 nm while the 1.4 nm chlorite peak will increase in intensity.

Vermiculite— has a (001) d—spacing of 1.4 nm when saturated with Mg?* at a

relative humidity of approximately 40% (Bfinaley, v1980). This d—spacing increases

to rougﬁly 1.52 nm when glycolated and collapses to 1.0 nm when heated to
50.0°C; for 2 hoﬁrs. |
Smectite— Iike.v‘ermiculite, smectite Collapses to 0;95—1.0 ﬁm when heated for.2
hours at 5_00°>C.' Brindley (1980) demonstrates how :saturéfion_ With 'different |
cations will res.ult in different (00/) d—spacings. - .For'the purpoée of- fhis study,

smectite (001) d—spacings at 40% relative humidity are approximately 1.1-1.25 nm

2+

and 1.1 nm for Mg and K* saturated samples, respectively. Glycolated samples

expand to approximately 1.69 nm.

_Mixed layer clays— the identification of illite/smectite mixed layers' is discussed in

a later section.

Semi—quantitative Mineralogy

Semi—quantitative estimates of the relative proportion of each clay type in

each sample was determined by methods outlined by Bayliss et al. (1970). The

height of the reflections at 0.7 nm (kaolinite), 1.0 nm (illite), 1.4 nm (vermiculite),.

1.4 nm (chlorite), and 1.7 nm (smectite) were measured on Mg?* saturated

samples. A correction factor of 8:8:2:2:2 was then multiplied by the respective peak
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. heights to compensate for Lorentz polarization (Bustin and Bayliss, 1979).

.The above mentioned. procedure qu.;:lﬁtifies only the proportions of each clay
type present in a sample but says nothing about how those clays are distributed
between mixed layered and discrete clays. To qﬁantify the distribﬁtion of discrete
smectite, discfete illite, and rﬁixed l;yef illite/smectite present fhe following techniqﬁe
wa§ employed: |
D Diffractégrams of Mg saturated clays were examiﬁed for reerActions in the

15.65—17.65°h 28 range. If discrete smectite’ and illite Were present there would
be reflections at 15.78° and 1?.65° 26, respectively (Reynolds and Hower,
1970). | |
" 2) Th_q ratio of illite to smectite in 'illite/smectite‘rﬁixed layers V(SIVee following section)
wés calculated for eacH sam(plé». Thi's' value was then normalized to 1 smectite

value_ of - this term will be referred to as 'XI’.

(i.e., X~i"ite:1)._The X,
3) If, from the diffractograms, it was determined there was no discrete smectite

llite

present it was assumed that of all the smectite from the total clay calculations

was tied up in the illite/smectite mixed layers. This value of total smectite (Sto)

t

was then multipied by X to determine the percentage of illite (i) i the 1/S

mixed layers. The sum of I

ix xi'(thé percentage of smectite in I/S)

and S .
mi

gave the total perceniagé of I/S mixed layers present. The difference between

i and the total percentage of illite in the sample Uit represented the

percentage of illite that occurs as discrete illite.

4) If iy Was greater. than Lot Itot was. assigned completely to /S mixed layers

and a new Smix was calculated. Intuitivly, the new Smix would have to be less

than or equal -S The difference in S_. and S would, therefore, be
mix tot

tot”

unaccounted for if it had been previously determined that discrete smectite was
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" not present. This ‘residual’ smectite would have to be attributed to errOr,‘ other
smectite mixed layers (i.e., chlorite/smectite) or the presence ‘of discrete - smectite
in such small proportions that the (002)10/(003)17 reflection was too weak to be
recognised. This ;pproaéh producéd values for the maximum possible percentage
of both I/S‘rnixed 'Iayers and discrete smectite and a minimum _possible -
percentage of discrete illite that could have been present in each sample: -

Mixed layer Analyses

Both mixed layer illite/smectite and mixed layer chlorite/smectite were
analysed in the current study. It was attempted to determine the percentag.e“ofv
" chlorite in mixed layer ,chlori_te/sméctite By using the teéhniqUes of Reynoids and
Hower (1970), who used ‘shifts fn the locaﬁon of éecond and third ‘order peaks
as a measure of % chiorite in glycolated ‘samples. Due "to the presence of
vermiculite at approximate‘ly 1.4 nm and kaolinite at 0.71 nm the true positions
of the chlorite/smectite peaks were masked and the determination of % chlorite

in chlorite/smectite mixed layers was, therefore, not possible in this study.

Two different method§ were considered for determining the‘percen.tage. of
illite in the illite/smectite ‘mixed layers. The first followed the method of Srodon
(1980) where the difference in 29 between two reflection§ in the 42;48°_ 26
'regionA was used as a measure of the proportion of illite. The second method
determines the proportion of illite basedv on the positioning of the
(002)10/(603)17 peak (Reynolds and Hower, 1970). The former method is believed
by ihe ‘author to be a more accurate measure of %—illite as the latter neglects
to take ‘small ‘domai'n size’ into ;_acéoun;( (domain size being that volume of'a

“structure which scatters x—rays coherently (Srodon, 1980)). Srodon (1980) reports
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that a small domain size Will contribute to shifting of the (002)10/(003)17 peak

_location and thus introduce additional error to the analysis.

Problems associated with Srodon’s (1980) method are that for mixed
‘layers containing >80% illite two refleétions in the 42—48° 20 range cannot be

differentiated due to overlap of the peaks.

'Using Reynold and Hower’s v(19-70) method, the ;;ropvort’ion of illite in
illite/smectite mixed ‘layers was determined by comparing the diffra;tbgrams
obtained from the clay analyses with the data of Reynolds and Hower (1970)
(Table 10). |
fhis method required performing a Iinear-interpolation of Reynolds and Hower's
data. "I;he ’objectfve of this irjterpolation was to express their data as a -series of
linear equations. from which illite proportions coUIa be determine‘d’giveh tvhe.
position of the (0l02)10/(003)17 peak. Although the data of Reyndlds and Hower
(1970) appearé to have a sigmoidal distribution ‘with respect to illite proportion
and the positibning of the second and third o-rd‘er reflection peaks there is no
theoretical' justification. for fitting higher order polynomials (i.e., cubic) to the
data. in addition, as the experilnehtal error associated with the ‘data was not

reported it can only be assumed that the relationship is at best Iine‘ar.v

Example

A diffractogram indicates that no reflections occur
at 15.78° 26, therefore, no discrete smectite is present.
Mixed layer percent—illite calculations reveal that mixed
layers are composed of 85% illite and 15% smectite.
Therefore, :

llite/smectite ratio=  85:15
Normalized ratio= 5.66:1



(002)10/(003)17

2 Theta

17.7

@ data of Reynolds and Hower (1970)

Y 1§ r .57 . L 71 — Y Y LA
50 ‘60 70 80 90 100

o 10 20
%lllite in I/S Mixed-Layers

LR
30 40

Figure 21- Plot of variations in (002)10/003)17 illite peak location
with variations in %illite in illite/smectite mixed-layer clays.

94



~ TABLE 10

Positions of the (002)10/(003)17 Diffraction f’eak_for Various % lllite in IIiite/Smectite

Values
% Iite in S ‘ (002)10/(003)17: 26
0 , ' 15.78 _
20 _ : 15.87
40 - 16.15
60 , } 16.58
80 ’ 17.19
90 : - 17.50

100 _ . 17.65

Data of Reynolds and Hower, 1970

X|= 5.66
Total—clay calculations reveal that the 'sample is composed of: -

55% kaolinite
40% illite
4% ' smectite
. 1% vermiculite
‘therefore, -
liot= 40
Stat= Smix= 4
: Imix= Smix™X= 23
and, therefore, :

Total % 1/S mixed layers= lmix+tSmix= 27%
Total % discrete illite= lygt—lmix= 17%
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Sharpness Ratio and lllite Crystallinity Index

Two 1.0 nm peék shape parameters are used in this study to approximate
theA degree of éhale diagenesis in the studied section. These parérﬁeters are
 Weaver's (1961)_ sharpness ratio which cofnpare‘s the height of the p‘eak_at 1.0 nm
t‘c.> the height'of the reflection at 1.05 nrﬁ and illite crystallinity, which is measured
using Kubler’s (1964) 'illitev crystallinity index” where the (001) ‘peaki width is
vmeésured at half height. As scan speeds and chart speeds can“ vary from one étudy
to another it is more convenient to report illite crystallinity valuesv in degrees A26

rather than millimeters.
‘RESULTS

Clay Mineralogy |

Appendices 1—3 show the diffraction peak' locations for all samples with each
different treatment.. From an examinatioﬁ of these tables the clay mineralogy of each
sample and the section in géneral was aetermined. The resultsAindicate that
kaolinite, illite, and possibly'vermiculite persist through the entiré section. There is,
however, some variation in the relative 'proportion of illite (see following .section){
Chlorite is apparent]y restricted to zone 4 while smectite is apparently less abundant
through zone 4 than elsewhere. Di—octahedral 2:1 silicgtes persist through the entire

section (Table 11)..



TABLE 11

Variations in Smectite (060) d—spacing (in nm) Thrbugh Section

Height Di—octahedral Tri—octahedral
(0.149—0.151) ‘ (0.152—0.153)
656 . 0.149 : -
748 _ : , 0.1505 S -
892 , -~ 0.1510 - -
919 0.1507 - : -
1058 - 0.1496 -
1070 0.1499 -
1120 : 0.1512 : -
1268 S - 0.1497 ' -
1330 N - S =
1551 - . - . 01511 ' C—-
1699 ’ 0.1510 ‘ ‘ -
1830 0.1507 4 -
2100 0.1502 ' - -
2173 , - 0.1505 -
2243 0.1510 S
2358 - - ‘ : B
2419 0.1492 - : -

2967 ' : 0.1501 - : -

Semi—quantitative Mineralogy

Semi—quéntitative results of total—clay percentages through the studied se;tion'
are listed in Table 12. General trends inaicate that as the percentage‘ of kaolinite
'decreaéed with increasing depth through zone 4, tﬁe percentage of total illite
increased. At the boundary between zones 3 and 4 there is a -sharp reversal in
their relative_proporﬁons. Through zones 2 and 3, kaolinite and illite proportions

remained approximately constant. The major point of interest with respect to
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smectite is that through the upper 2/3 of the studied seétion thé percentége of
smectite was low (<2%) and remained approximately constant with incr'easin‘g depth.
Beiow zone 4 there. was a sharp increase in the percéntage of total smectite to
approximately 4%, which remained high to thé base. Figure 22 demonstrates

grap‘hically how the sample compositions vary with depth.

' vTable 13 outlines the ‘distribution_ of clay—types through the the studied .
section. The main trend to note here was that both discrete. illite and chlorite were
restricted to zone 4. Mixed layer illite/smectite was reléiively abSent through this
same' interval. Figure 23 indicates gfaphically how the. th-e.relative proportions of clay.

vary with depth.

Percent Smectite in lllite/Smectite Mixed layers

An examination of the diffractograms from the present study revealed that
only one peak was present in the 42—48° 20 range in all samples. The absence
of two: peaks in this range suggested, using Srodon’s (1980) method, that no

‘where in the section did the Y%—smectite in illite/smectite mixed layers exceed 15%.

In a 'separéfé attempt to determine a value for the .%—smectite it was
assumed that the domain size of all samples through the section was large enough
‘to.r_ninin’\ize the amount of error‘ét_tributable to small domain size. This assumption
permitted the application of Reynold and Hower's (1970) metho'a of %—illite

determination.

Figure 24 illustrates the variations in " the péfcentage of illite with depth that -

were calculated through the section using Reynolds and Hower's (1970) method. in
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" TABLE 12

Semi—quantitative Mineralogy of Studied Section with Undifferentiated lllite

(%)
Heigh a/b Kao LI Chl " Verm Smec
656 69 29 0 2 0
748 75 19 0 3 3
. 892 70 23 0 3 4
1058 76 18 0 3 3
1070 54 40 4 ? 2
- 1120 55 . 42 4 ? 0
1268 56 39 3 ? 2
1490 54 44 3 ? 0-
- 1551 57 39 3 ? 1
1699 60 37 3 ? -0
1755 60 36 3 ? 1
1830 60 - 36 4 ? 0
1866 62 35 3 2 1
2100 79 18 1 ? 1
2173 84 13 0 2 1
2243 67 29 0 2 -2
2419 71 27 0 1 1
2967 64 30 0 3 2
Height a/b= height. above base (metres), Kao= kaolinite, Ill= total illite, Smec=

total smectite, Verm= vermiculite, Chl= chlorite

general, the percentage of illite at the top of the section (T'88%) increases to

approximately 100% at the base of zone 4. Below zone 4 there is a. relatively

sharp increase in the percentage of smectite and decrease in ‘the percentage of

illite. Within zone 3 the illite percentage again increases toward the base of the

section.

102



TABLE 13

Semi—quantitative Mineralogy of Studied- Section with Differentiated lllite

(%) -
H ab - Kao Hi(d) Smec(d) Chl Verm All/Smec
656 69 29 0- 0 2 0
748 75 20 0 0 3 0
892 70 0 4 0 3 23
1058 76 0 3 0 3 18
1070 54 41 0 4 ? 0
1120 55 42 0 4 ? 0
1268 56 43 0 3 ? 0
1490 54 44 0 3. 2 0
1551 57 0 1* 3 ? 39
1699 - 60 37 0 3 7 0
1755 60 0 1* 3 ? 36
1830 60 36 0 4 ? 0"
1866 62 35 0 3 ? 0
2100 79 0 1+ 1 2 18
2173 84 0 1% 0 2 13
2243 67 0 2+ 0 2 29
2419 71 0 1+ 0 1 27
2967 64 -0 2* 0 3 31

" H ab= height above base (metres), Kao= kaolinite, lli(d)= discrete illite, Smec(d)=
discrete smectite, Verm= vermiculite, Chl= chlorite, Ill/Smec= illite/smectite mixed

layers

" Illite Crystallinity Index

(*) indicates maximum pdssible value .
i.e., (002)10/(003)17 reflection at 5.62—5.66A- was weak or absent.

Hllite crystallinity values were found to decrease with increasing depth through

the upper 2/3 of .the section. Crystallinity values decreased from approximately 0.85

A26 at the top of the section to approximately 0.33 A26 at the base of zone 4

(Table 14). Within zones 2 and 3, the crYstalIinityv'of illite appears to show no
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‘relationship to 'ihcreasing "depth (Figure 25). Whether this random distribution -of illite.

crystallinity throughout zones 2 and 3 is real or not is discussed in a later section.

Sharpness Ratio -

Sharpness ratio values show a simillar trend to that of illi.te crystallinity. .The
“ratio increases more 6r less linearly from approx'imétely 1.20 at the tob of the

section to apprbximate'ly. .1.60 close to the base of zone 4 (Table ._15). Below zone
4, howéver, the sharpness ratio decreases linearly to approxirﬁately 1.05 at the. base

of zone 2 (Figure 26)..

. DISCUSSION

Shéle analysed from the domain. of dia_genesibs usually contains both é detrital
and diagenetic clay‘ component. Only after low grade metamorphic pressures and
temperatures are attained will the majority of the detrital clay component no longér
e'xiét in a form__Wl1ich has beenv unaffected .by ifs physical and' chemical environment

(i.e., increasing temperature and pressure, variations in pore water chemistry, etc.).

Care must, therefore, be taken when interpreting clay analyses to differentiate results

attributable to the detrital component from those attributable to the diagenetic

component..

An examination of the shale composition plots (Figures 22 and 23) indicates
that paleo—environments and provenance, rather than authigenic mineralogy, exert
primary .control on producing the observed distribution of clay minerals with depth.

This does not, however, totally dismiss the presence of a diagenetic component .
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Figure 25- Plot of variations in illite .crystallinity' through section and
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- TABLE 14

Variations in lllite Crystallinity with Depth

Height above base (m) : ~ llite Crystallinity index
: 656 . 0.55
: : 748 | 0.85
: 892 . | | 0.77
919 ‘ : 0.50 .
1058 : o ' 0.65
1070 - 0.34
1120 v ' . 0.45
1268 - - _ : 0.49
1330 ’ 0.46
1490 : ' i 0.40
1551 R 050
1699 S - , 0.45
1755 - ‘ | 0.49 -
1830 ‘ 0.49
1866 | 050
2100 | : 0.70
2173 ‘ 0.75
2243 ' 0.73
2358 v - 0.67
2419 ’ 0.55

2967 0.65

In these plots it can be seen that the gross changes in mineral‘ogy and reversals in’
clay proportion trends oécur primarily at zone (lithofacies) boundaries. For example,.
chlorité is restricted to zone 4, kao!iriite c_ohtent decreases through zone 4, and.
smectite and kaolin_ite proportions increase sharply at the boundary between zones 3
and 4. Enigmatic shifts in illite crystalliﬁity values, ISharpryess ratios and the

percentage %f illite in 1/S mixed Iéyérs at zone boundaries (i.e., zones 3 and 4) a]so

suggests that lithofacies exert control on trends in clay diagenesis parameters.
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TABLE 15

Variations in Sharpness Ratio with Depth -

" Height above base (m) Sharpness Ratio
656 _ . 1.060
748 1.108

- 892 . : . 1.289
919 : : 1.220

1058 . 1.429
1070 ‘ ' - 1.631
1120 : 1.444
1268 1.478
1330 : S 1.444
1490 1.427

1551 : 1.316
1699 : ‘ T 1.364
1755 } 1.383
1830 e 1.347
1866 o 1.324
2100 _ . 1.225
2173 1.194 .
2243 , 1.356
2358 1.291
2419 : : 1.219

2967 1.219

. Control, in this case, coming from variations in either detrital mineralogy or fluid

chémistry unique. to each zone (ie., [cation]).

PH zO" PCOz’

Within each zone, and in some cases  through adjaéent zones, there is
evidence to support ,ther diagenetic overprinting of the detrital mineralogy. For
example, the increases in illite cryétallinity, sharpness ratio values and %illite in 1S
from the top of the section to the base.of zone 4 supports diagenetic alteration.

of illite. Similarily, coincident increases and "decreases of different clay minerals over
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specific intervals suggests’ that possible diagenetic reactions may be taking place.
“Before e'xamining the diagenetic trends and some of the associated problems,
however, it is first necessary to identify the "diagenetic facies" that is represented

by the Eureka Sound strata along Kanguk Peninsula.

Diagenetic Facies and Sub—facies

Although there exists no universally accepted definition of diagenesis the

1980 Glossary. of Geology (Bates et al., 1980) defines diagenesis as:

‘chemical, physical, and biological changes undergone by

a sediment after its original deposition...exclusive of

surficial alteration and metamorphism.... It embraces

thc”  processes...that occur under pressure (up to 1

kilobar) and temperature (maximum range of 100°C to

300°C) that are normal to the surficial or outer part of

the. earth’s crust.’
The temperature and préssure constraints used in this definition may be misleading,
however, because they imply that the lower limits of metamorphism are absolute
(i.e., P>1Kb) and defined without regard to phase stability fields. Because
metamorphic facies are delineated in P—T space by the mineral assemblage stability
fields, a pré_ferred criteron for marking the diagenetic/metamorphic boundary is given
by Winkler (1967).

" ‘Metamorphism has begun and diagenesis has ended

when a mineral assemblage is formed which cannot

originate in a sedimentary environment.’
Although Winkler's definition méy‘ perhaps be preferred it is still not without fault.
For example, if it is assumed that a ’sedimentary environment’ extends no deeper
‘than the sediment/water interface then diagenesis has ended once pyrite begins to

precipitate just below the sediment/water interface. I, therefore, now becomes

apparent that in having to define a ’sedimentary environment’ a certain degree of



. J
eyclicity is introduced into trying to define diagenesis. Winkler's definition of
'diagenesis couid perhaps be improved if it contain'ed: a more rigorous»definition of
a ’sedimentary environment’. Figure 27 indicates" the deliniation of diagenesis in P—T-

- space relative to metamorphism.

Attempts to establish ba pre—-metamorphic facies subdiws:on scheme (ie.,
ankizone and diagenesis) based on 1.0nm peak morphology parameters have beeh
relatively unsuccessful. This is primarily ..due to the fact that previous investigators
- have defined pre—metamorphic facies in terms of mineral assemblages (i.e.,

_ ankizone=illite, laumonite, laWsolnite, prehhite,‘pumoellyite) and then attempted to
4delir.1eate the facies in terms of ’sorrie other parameter that is a function of more
than just temperature and pressure (i.e., illite crystallinity values) As a result, a
range of illite crystallmity values as varled as the chemlstry of the units from which
they were derived have been used to mark the diagenesis/ankizone boundry (i.e.,_
0.32426 (Sagon and de Segonzac, 1970)‘, 0.43A26 (islam and Hesse, 1983),"
0.56A29 (Frey et al, 1980), 0.64A26 (Chennaux et al,v 1970)). . Using the
temperatures and pressures derived from the previous chapter on coal (i.e.,
maximum of 95°C and 1.27Kbars) the studied strata appear to lie vvithinv diagenetic,

rather than ankimetamorphic, P—T space (Figure -27).

Traditionally, the . crystallinity of illite, sharpness ratios and proportion of
smectite in illite/smectite mixed layers have been used to deiineate diagenetic
substages. Ohé hanometre peak morphology parameters, however,- have recently been
shown to be- less;thanqeliable ihdicators of pressure a_nd. temperatu’re due to their
maturation dependence on factors such as variable cation activities (Eberl and
»Hower 1978). Inaccuracies are especially prevalent in pre—ankizone stages where

water and cation C|rculation is Iess restricted. For example, variations in [K*/other
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cations] are known to have a significant effect on clay diagenesis parameters. Low
[K*/Na_*+Ca2‘] are suggésted by Eberl and Hower (1978) to retard th'é illitization
of smectite while the crystallinity of illite is said by Hower et al (1976) to be

directly. related to the activity of K* in solution.

Additional prdblems arise when using clay diagenesis parameters to delineate
diagehetic sub—stages. According to FoscAoIosi et al (1976) and Foscolos (1980)
variations in expandable layer chemistry and source rock coﬁtributions of micaceous
‘material may contribute to the 1.0 nm peak morphology dﬁring the early and
middle stages of diagenesis. Weaver and Broekstra’s (1984) findings supplort this
observation noting that at temperatures Iéss »lthan 360°C the .width .of the (001)
peak is affected by the amount and compoéitiqn of tﬁe I/S component present
(Srodon, ‘i978, 1984; WeaQér ‘et .al., 1984; Srodon and Eberl, 1984). lt‘ is, thereforé,
suggested that variations in 1.0 nm peak morphology parameters with deptﬁ are
simply reflections of variatibns in the §mectite content of the mixed layers and,
therefore, refiectibns of Variatiéns in formation fluid and lithology chemistry. Thus,
bécause illite crystallinity and sharpness ratios are a function of more than justA
temperature, assigning rocks to a maturation—temperature based classification scheme

‘based on 1.0 nm péak mdrphology parameters would be in error.

Diagenetic sub—facies are less commonly delinéa.ted using Romax criteria.
Because of the extreme temperature'dependence and cétion independence of
vitrinite maturation on organic matter, a diagenetic sub—classification scheme defin.ed‘ '
by Romax values appears to be supérior. The present study, therefore, uses the |
 classification scheme of Foscolos et al. (1970) to define the diagenetic sub—facies at
Strand Fiord. As was mentioned previously; the mean maximum reflectance at the

base of the section is approximately 1.0%. Near the top of the section the Rgmax



113

~decreases to a »mi‘nimum‘ of appro‘ximately- 0.48%. These Rgomax brackets correspond
'tcs ebdiagenesis (i.e., whefe Romax <0.5%) to early mesodiagenesis (i.e., where:
Romax=0.5—1.5%). For comparative purposes thAeA diagenetfc stage defined by the

clay paramet.er's ti.e., billilte crystallinity of up to 0.4 A26) correspond to late meso—
(i.e.,‘ Romax= 1.0—-1.5%) to early telo— (Romax21.5%) diagenesis. As was mentioned
earlier, because thermal disequglibrium with the coals exists the Romax values are
believed to be. slightly retarded. It, therefore, seems reasonable that the measured
'Ro-max values would correspond to a lower—-thgn—-true diagenetic stage and that the
clay parameters may, in fhi_s case, approach a more accurate measure of the

diagenetic stage.

Consideration of Shifts in Clay Parameters with- Depth

An examination of figures 24, 25 and 26 indicate that a number of
problems exist regarding clay diagenesis parameters that must be considered. These
. problems inclﬁde: |
1) Why.is there a decreasé in. the sharpness ratio and increase’ in illite crystallfnify
index below zoné 4. (Such trends are the opposite to what is generallyv
expected with increasing depth). | |
»2) How is the sharp decrease in illit'e proportion in the I/S mixed Iayeré accounted -
for ét the boundary between zonés 3 and 42
Both of tﬁesé questions can be answered in part by Considering the effects of

_detrital clay variation with depth.

The primary factors believed to be responsible for prdducing ‘the observed

shifts in clay diagenesis paramgters are hlgher PC02 and PHzo in the zone 3

shales than in overlying units. Previously proposed theories, such as a shift from
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‘dioctahedral'smectite to trioctahedral smectite between two units (Bustin, 1977) -must
. be discounted in this case as an examination’ of (060) peaks indicates that

trioctahedral 2:1 silicates are absent from the entire section.

Late diagenetic décarboxylation of _o;ganic mattér is generélly .accepted to
increase the acidity of an environment through the production of CO, . Foscolos
et ai (1980), Hurst 'énd Irwin (19‘82) and Srodon and Eberl (1984) suggest that illite
responds to invcreasing' acidity_ by ‘opening’ its interlayer spaces. The result of
‘opening’ illite is that bonds between fnterlayer cations and tetrahedralv sheets are
weakeﬁed whereby inteflayer K* may be lost or substituded with. o_thér cafions. In
order to preserve charge neutrality, elemental rearrangemént within the tetra— and
octahedral layers _co’uld favor the retrograde conversion of illite to illite—smectite
under" sufficiently hydrated aﬁd_ sodium—rich ;onditiéns. An increééé m PCbz’

" therefore, can pfoduée changes in the illite c}ystal lattice which “will be reflécted in
illite crystallinity, sha_rpnesﬁ ratio and the proportion of illite in'_I/S values given that
the cation éhemistw is correct. The increase -in kaolinite proportions within zones 2

and 3 supports the idea that the environment was acidic and K*— oor as kaolinite
pp _ p

is known to be stable under low pH, low [K*/H*] conditions.

A second theory which may account for the observed shifts in clay

parameter trends is the presence of a possible P differential between zones 3

_ H,0O
and 4. Studies by Eberl and Hower (1978) have suggested that smectite will resist
illitization under conditions of elevated Py o Denoyer de Segonzac (1970) also

' 2
notes that under sufficiently hydrated conditions smectite will resist being

transformed to illite. Low [K*/other cations], supported by the persistence of

kaolinite through zones 2 and 3, may also .retard the illitization of “smectite.
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Consideration of Variations in Sample Mineralogy with Depth

As was mentioned prévious!y, due to the coincidence of clay boundaries and
paleo—environments it is. believed that the trends in bulk shale mineralogy represént
trends in detrital mbineralogy rather th;an the diagenetic production of one clay at
the expense of another. Chemical microenvironments may, however, exist which
- produce authigenetic variations in clays within each separate zone. Likewise,

" intrazonal trends in mineralogy which appear to represent diagehetic'reactions with
depthl may be nothing more than changes in _paleo—environment such as deepening

of the basin, dissipation of flow. energy and competence.

A good deal of evidence suggests that the .chlorite occurring . through zone
4 is of detrital rather than authigenic. origin. First, 'authige.:nic chlorite was not
detected in the zone 4 san_dstones'.v Granted that the fluid chemistry could have
differed some what betvvee,;n the sandstone and adjacent.‘ shales, both the absence .
of chlorite from, and presence of Mg—poor/free ankerite (see previous chapter) in,
the séndstdnes may suggest that the bulk formation fluid chemisty was depleted in

Mg

Second and third, pfeviously reported diagenetic chloritization reactions are said to
occur under conditions of higher temperature and Mg activity than observed at
Stra.nd Fiord. Fér example, Boles and Frank (1979) found, in a study of the Wilcox
Croup of southwest Texas, that the following chloritization reaction occurred dver a'

temperature range of 150—200°C vs the 54—100°C range at Strand Fiord.

3.5Fe?*+ 3.5Mg2*+ 9H,0+ 3Kao= Chlorite+ 14H*
The Mg2* and Fe2?* necessary for the conversion of kaolinite to chlorite ‘was

believed to be derived from the illitization of smectite. Magnesium concentrations in



the: Eureka Sound strata ‘from Strand Fiord are believed to be too low to promote
the diagenetic formation of chlorite as ankerites from the section are found to be

2* poor (e, <5% Mg in Fe—Mg solution sites). A’

‘Mg?* void to extremely Mg
second chlofiti,zation reaction which produces the observed trends in clay mineralogy
| through zone 4 is presented by Hower et al (1976) where by smectite is
converted to illite and cﬁlorite as fbllows:

smectite+ K* = illite + quartz+ chlorite
This reaction, as well, must be discounted as the previoﬁs section modelled that

Jow K* activity may have contributed to producing the problems in clay diagenesis

parameters.

A final factor wHich supports the "detrital origin ofb chiorite is ,that the
c.hlorite is restricted to, and of constant >propo:rtion bthrough, zone 4..The chlorite is
‘also associated with a lesser amount of kaolinite than occurs elsewhere through the
secti‘on which may suggest a change in either source rqck or provenance from
bumid to arid or temperate conditions (i.e., minikmal leaching of the soil, moderate
pH). Additonal kaolinit‘e, in this case, could come from neoformation in a an
environment of low [K*] and a high ALSi r.atiol (Zen, 1959; Rex and Martin, i966).
An alternatively humid source terrain could also produce the observed trends in
.chlorite and kaolinite through zone 4 if the chlorite source terrain was close to thé’
depositional environment whereby transport time and distance would be short.
Alternativély, if transport distances were greater and degraded 2:1 ‘silicated were
delivered to a Mg—ehriched_environment chlorite could still form from-‘the.
aggradation of Mg?* by the degraded 2:1 silicates. A study by Perry and Hower

(1970) found a trend in mineralogy similar to that thrpugh zone 4 in a well from

the Gulf coast that was interpreted as reflecting only detrital mineralogy. Basically,
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an increase in the chlorite and discrete illite content was found to correspond to a

change in depositional environment from middie and outer neritic to offshore.



" SUMMARY AND CONCLUSIONS

General Summary

1) The offset in the coalification gradient in the study area is attributed primarily to

2)

3)

The major conclusions drawn from the present study are as follows:

the preferential horizontal migration of heated Na*-—enriched waters into
permeable units (coal seams and sandstones) from stratigraphically adjacent diapirs.

Additional minor contributions to producing the observed offset are thought to

come from bulk thermal conductivity differences between the lithologies that

contain the organic matter.

Low r? values from the coalification gradients are attributed to the cessation of
high heat flow from the diapirs before thermal equilibrium with the organic‘
matter was attained. This reduction in heat flow is thought to be associated

with the unrooting of diapirs with . their source at depth.

The pre—tectonic thickness of Eureka S_ound, and possibly Beafort, Strata is

thought to lie between 5200 and 6800 m. Low r? values from the coalification

~ gradients subject these thickness values to a moderate degree of uncertainty,

however, these thicknesses are in relative agreement with previously proposed

tectonic models.

4) Time-température modelling of the coalification gradients suggeét that a

geothermal gradient of 18.3°C/km is recorded in the studied strata. Temperatures
at the top of the section were calculated using methods of Lopatin (1971) and

Barker (1983) to be 45°C and 14°C, respectively. Mid—section maximum .
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temperatures of 75°C and 83°C, respectively, were calculated using these same
methods. Again, due to the low r? values from the coalification gradients these

calculated temperatures only serve as first approximations of actual temperatures.

5) Six principal authigenic phases were detected in the sandstones from the studied .
section. These include: dawsonite, ankerite, calcite, siderite, kaolinite and quartz
overgrowths. Also present are a number of accessory authigenic phases which

include pyrite, _Fer,- illite, rutile and sphene.

6) Two generations of quartz overgrowths are recognized in the studied sandstones.
" The first formed early in the diagenetic sequence prior to the initial precipitation
of calcite. The second formed after the dissolution of the framework

aluminosilicates but prior to the precipitation of kaolinite and dawsonite.

7) Two genératibn’s‘of calcite preéipitatioh are also 'recognized. Initial calcite
precipitation occurred relatively early in the diagenetic seéuence after the
précipitation,of first generation- quartz overgrths but prior to the precipitation
of ankerite. Second generation calcite formed late in the diagenetic cycle
(possibly post tectonically) prior ‘to the precipitation of kaolinite and dawsonite

but after the precipitation of ankerite.

8) The precipitation of dawsonite is synchronous with thg precipitation df kaolinite.
Both minerals are thought - to precipitaté as thé Al* 3—organic complexes
responsible for the dissolution of the aluminosilicate . eventually destabilize and
release free Al*? back into solution. The Na* necessafy for the precipitaﬁon of
dawsonite is ‘thought to originate from the dissolution of halite in adjacent

diapirs.
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9) The distribution of clay minerals with depth is believed to reflect primarily aetfital

and chemical variations between lithofacies rather than the diagenetic alteration of
clay minerals. However, within the separate lithofacies there is evidence to-
support the diagenetic alteration of illite -and ‘illite/smectite mixed layers with

depth.

These above mentioned conclusions are used in the following section to

summarize the diagenetic and. sedimentologic developement of the Eureka Sound

‘. Formation at Strand Fiord.

Discussion

Diag_e‘netic analyses from the previous 3 chapters suggest that 6 separate bio- -

and physiochemical events are recorded in the Eureka Sound strata at Strand Fiord.

These events include:

1 'Subaerial_ Weathering— Although poor control is had on the paleogeography of

2)

thej Eureka Sound Formation source area at Strand Fiord it is believed, due to
the high percentage of kaolinite in the shales, that erosion of the sediment
source occurred under predom-inantly humid conditions. As a result, the only
majdr clay typés other thaﬁ kaoliﬁite to be ‘delivered to the ;basin would hayt;
been degraded 2:1 and 2:1:1 silicates. A possible exception, however, is seen iﬁ p
zone 4 where the chlorite méy be of‘detrital origin if its tfansport distance had

been relatively short and subaerial degradation minimal.

Subaqueous Aggradation and Neoformation- Prior to the deposition and burial
of the degraded clay minerals within the different sedimentary environments a

number of modifications occurred to these minerals while still in the water



column and at the sediment/water interface. First, in zones 2, 3, and 5§

f'aggre_dation of Na*, K*, and Ca*? by the degraded 2:1 silicates occurred to-

3)

form sméc_tite and illite in Mg* 2.poor, K*+Na* enriched environments. Second,
in zone 4 aggredation of Mg*? Aby the degraded 2:1:1 silicates in a Mg +2
enriched K* depleted environment lead to the production of chlorite. Rapid
flocculation and possible neoformation of kaolinite also occurred in zone 4 there

was a high Al*3/5i* % ratio and low K*/H* ratio (Figure 28).

Sediment/Water Interface Reactions (Diagenesis A)- Both pyrite and siderite

formed during diagenesis A under near surface conditions where the Eh was

- relatively low (<0.35v and Fe*? aétivity relatively high. Pyrite and siderite did

4)

not form ‘syn_chrohbusly, however, but rather the former gave way to the latter

with depth as sulfide attivity decreased. and P increased on passing from

CO,
the zone of sulfate reduction to the zone of methanogenesis. Eventually, as the

concentration of Fe declined the precipitation of siderite ceased.’

Shallow Burial (Diagenesis B)- As sediment compaction pro.gressed presﬁure
solution resulted in the the early mobilization of silica and, in this case, the
subsequent formation of first generation quartz. overgrowths. Also vduring the early
stages of shallow burial the smectite-illite transformation was still primarily in the-
first sfage of smectite dehydrafion where little or no lattice rearrangement was
occurring. As a result >very little, if any, Fe*? was being IiBerated by the illite
into the formation waters at this time. First generation‘ calcite which precipitated
at this time formed, therefore,'. under conditions of reduced Fe*? activity and

elevated CO, partial pressure.
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5) Deep Burial (Diagenesis C)- During the deep burial diagenetic stage, just prior
to the 6nset of the Eurekan Orogeny, the studied strata were buried to a
maximum depth of between 5500 and 6800 m. Hydrostatic- pressures at this time
were close to 127 MPa at the base of the‘section. with temperatures o_f up to |
95°C. It was under these condétions that porosity enhancément within the
sahdstonés began ‘to occur as increased ‘carboxyiic acid activity resulted in the
dissolution of the framework aluminosilicates through organic ‘com.plexing with
Al* 3. Second generation calcite cementation also occurred during this stage in
association with the framework aluminosilicate dissolution (Figure 29). Prior to the
dissolution of the aluminosilicates, however, . ankerite precipitated at the expense
of the previous generatioh carbonates in iresponse to increasing Fe .2 assqcia‘fed

With the illitization of smectite and continued high CO, partial pressures.

Within - the shales during diagenesis C, intra-zonal variations in fluid

chemistry and permeability lead to the following phenomena:

a) Zones 2 and 3- retardation of smectite-illite transformation due to elevated
Py o and low [K*/Na*2+Ca*2). Possible retrograde conversion of smectite to
2 o

illite due to elevatedl P and [H*/K*].

CO,

b) Zones 4 and 5- conversion of smectite to illite due to lower PH o than in °
- 2
the previous stages. Conversion of previous carbonates to ankerite through the

liberation of Fe*? in the smectite-illite transformation.

Toward the end of diagenesis C second genération _quartz overgrowths
formed as silica continued. to be released into solution through the progressive

illitization of smectite in the associated shales.
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_ 6) Syn-/post Orogenic Réaptions (Diagenesis D)- It is the syn- and post-orogenic
_diageﬁétic .events-that leave the most prominent ‘impri.nt"on the many diagenetic
parameters of the Eureka Souna Formation at Strand Fiord. Up until this point;
“the theﬁal maturation of the strata had b_eeﬁ relatively uniform and free from
compliéations created by heat flow andmalfes. However, with the progression of
the _Eurekaﬁ Orogeny and associat'ed diapir ‘mobilization ;iia_genetic conditions were
c_reatéd in the strata which altered the strata’s reiativély simple paragenetic
history. Heat flow .banomo'lies created by proximit); of the strata -to the diapirs in
the area produced a significanf alteration of the maturation signature on the
organic matter. - Not- only did the circulation of the heated waters from thev diapir
tend i_o selectively mature that'vitriniie in the sequenée which was associated
with the most permeable strata (i.e., the coals v.s. bt-he pﬁytdclasts) but the
waters also left a miﬁera!ogic traée of their presence in the sandstones. Due :to_
- the water’s. source of origin (i.e., the halite core of the diapirs) - they werev
greatly enrichéd in Na*. Aluminum concentrations as well began to increase as
‘the organically complexed Al*2? produced dqring the deep burial diagenes& stage
began to destabilize with changing pH and liberate Al*3 back into solution. Th‘e
‘n’et result was to create ‘an environment that was enriched in both Na* and
Al*+3 under a s-u‘fficien‘tly high PCO2 to fayor the near synchronous prgécipitation )

of dawsonite and kaolinite (Figure 30).

Hydrostatic pressufe during diagenesis D was lower than dﬁﬁng .diagenesis
C as -u'plift and erosion resulting from the Eurekan Orogeny tended to reduce
the thi;kness of the overlying strata. Temperatures, on the other haﬁd, remained
sufficiently high for that period immediately following uplift while the 'diapirg

remained rooted to their source at depth. The strata began to cool only once
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the diapirs began to>separate_ from their source and ‘migrate further upwards

toward shallower depths.
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APPENDICES



Preparation: K saturated

SAMPLE 7.0- 7.9 .8.0- 8.9 9.0- 9.8 10.0-10.9 11.0-11.9 12.0-12.9 13.0-13.9 14.0-14.9 15.0-15.9 16.0-16.9

RAK  9-25 7.19 - - 10.10 - - - 14.02 - -
RAK 15-25 7.22 - - " 10.04 - : - - - - -
RAK 20-25 7.25 - - 10.10 - C - ) - - - -
RAK 23-25 7.19 - - 10.46 - 12.99 - - - -
RAK 30-25 7.15 - - 10. 16 - - - - - -
RAK 33-25 - 7.17 - - 10. 10 - - - -14.25 - -
RAK 38-25 7.22 - - 10.10 - - - 14.25 - -
RAK 42-25 7.18 - - 10.11 . - - - 14.25 - -
RAK 43-25 . 7.22 - - 10.10 - B - 14.25 - -
RAK 45-25 7.18 - - 10.10 - - - - - -
RAK 46-25 7.22 - - 10.10 - - - 14.14 - -
RAK 50-25 7.22 - - 10. 10 - ’ - - 14.25 - -
RAK 53-25 7.20 - - 10. 10 . - - : - - 14.25 - - -
RAK 57-25 7.10 - - 10.10 - - ‘ - 14.25% - -
RAK 60-25 7.19 - - 10.10 - - - 14 .48 - -
RAK 67-25 -7.19 .= - 10.10 Co- - - - - -
RAK 68-25 7.22 - - 10.52 - - - - - -
RAK ~71-25 7.22 - - 10.16 - - . - - ) - -
RAK 76-25 7.19 - . - 10.10 11.05 .- - - .- -
RAK * 78-25 7.22 .- - 10.10 - . - - - - -
RAK 112-25 7.05 - 9.50 - - - - - - - -
RAK 125-25 7.19 - - 10.10 - - - - - -

Preparation: K saturated + ethylene glycol

SAMPLE 7.0- 7.9 8.0- 8.9 9.0- 9.9 10.0-10.9 11.0-11.9 12.0-12.9 13.0-13.9 14.0-14.9 15.0-15.9 16.0-16.9
RAK  9-25 7.22 - - 10. 10 - - - - - -
RAK 15-25 7.22 - - . 10.04 . - .- ' - - - -

.RAK 20-25 7.25 - - 10. 16 - - - . - 15.36 -
RAK - 23-25 7.2% - - 10.22 - - - 14.25 - e
RAK 30-25 7.19 - ) - 10. 16 - - - - - - -
RAK 33-25 7.17 - - 10. 10 - - - 14.25 - -
RAK 38-25 7.22 - - - 10. 10 - - : - 14.25 - -
RAK 42-25 7.19 - - 10.10 - - - 14.25 - -
RAK 43-25 7.22 - ’ - 10.10 - - - 14.25 - .-
RAK 45-25 7.19 - - 10. 10 - - - . 14.26 - -
RAK 46-25 7.22 - - 10.10 - - - 14.25 - -
RAK 50-25 7.22 - - 10. 10 - - - 14.48 - -
RAK 53-25 7.10 - - 10. 10 .- - - 14.48 - -
RAK 57-25 7.22 - - 10. 11 - - - . 14.37 - -
RAK 60-25 7.20 - .- 10.10 - . - - 14.25 - -
RAK 67-25 7.25 - - 10. 11 - - - - .- -
RAK 68-25 7.20 - - ) 10.10 11.40 - Co- = - -
RAK 71-25 7.28 - - 10. 16 - - - 14.48 - -
RAK 76-25 7.20 - : - 10. 10 - - i - - - -
RAK 178-25 7.19 - - 10. 10 - - - - - -
RAK 112-25 7.05 - - 10. 10 - - - - - -
RAK 125-25 7 ) ’

.25 - - 10.10 - - - - - -
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Preparation: Mg saturated

SAMPLE

7.0- 7.9 B8.0- 8.9 .9.0- 9.9 10.0-10.9 11.0-11.9 12.0-i2.9 13.0-13.9 14.0-14.9 15.0-15.9 16.0-16.9 17.0-17'9

RAK

10.10°

RAK 9-25 7.19 - - 10. 11 11.63 - : - 14.25 - - -
RAK 15-25 7.19 - - 10. 10 - 12.62 - 14.25 - - -
RAK 20-25 7.25 - - 10.34 - - = 14.72 - - -
RAK 23-25 n/s n/s: n/s n/s n/s n/s n/s n/s n/s n/s n/s
RAK 30-25 7.19 - - t0. 16 - - - 14.72 - - -
RAK 33-25 7.19 - - 10. 10 - - - 14.25 - - -
RAK 38-2%5 7.22 - - 10.10 - - - 14.25 - - -
RAK 42-25 7.19 - - 10. 10 - 12.81 - 14.25 - - -
RAK 43-25 n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s
RAK 45-25 7.21 - - 10.10 - 12.27 - 14.25 - - -
RAK 46-25 7.22 - - - 11.78 - - 14.73 - - -
RAK S50-25 7.19 - - 10. 10 11.05 12.62 - 14.48 - - -
RAK 53-29% 7.20 - - 10. 10 11.78 - - 14.48 - - -
RAK 57-25 7.19 - - 10. 11, - - - 14.37 - - -
RAK 60-25 7.20 - - 10.10 - 12.27 - 14.25 - - -
RAK 87-25 7.19. - - 10.10 11.94 12.80 - 14.72 - - -
RAK 68B-25 7.20° - - 10. 10 11.78 ! - - 14.72 - - -
RAK T71-25 7.19 - - 10.10 - 12.27 - 14.25 - - -
RAK 176-25 ‘n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s
" RAK 78-25 7.20 - - 10.04 11.78 - - 14.25 - - -
RAK 112-25 - - - - - - - - - - -
RAK 125-25 7.22 - - 10. 10 - 12.62 - 14.97 - - -
Preparation: Mg saturated + ethylene glycol
SAMPLE 7.0- 7.9 B8.0- 8.9 9.0- 9.9 10.0-10.9 11.0-11.9 12.0-12.9 13.0-13.9 14.0-14.9 15.0-15.9 16.0-16.9 17.0-17.8
RAK 9-25 7.19 - 9.40 10.04 = - . - 14 .72 . i - -
RAK 15-25 7.22 - - 10.04 - - - - 15.23 16.36 17.67
RAK 20-25 7.25 - - 10.28 - -. - - L. 16.99 17.67
RAK 23-25 n/s n/s n/s n/s n/s n/s n/s . n/s n/s n/s n/s
RAK 30-2% 7.20 - - 10.19 - - - - 15.36 16.99 -
RAK 33-25 7.20 - - 10. 16 - - - 14.60 - 16.83 -
RAK 38-25 7.22 - - 10.10 - - - 14.25 - - -
RAK 42-25 7.19 - - 10.04 - - - 14 .25 15.78 - -
RAK 43-25 - - - - - - - - o= - -
RAK 45-25 7.19 - - 10.10 - - - 14 .22 - - -
RAK 46-25 7.23 - - 10. 11 - - , - 14.48 - 16.99 -
RAK 50-25 7.10 - - 10.10 - - - 14 .48 - 16.06 -
RAK §3-25 7.19 - - 10.10 - - - 14. 14 - - 17.67
RAK 57-25 7.22 - - 10.10 - - - 14.48 - - -
RAK 60-25 7.19 - - 10. 11 - - - 14.72 - 16.99 -
RAK 67-25 - 7.10 - - 10. 10 - - - . 14.72 - 16.09 -
RAK 68-25 7.22 - - 10. 10 - - - J14.72 15.23 16.99 -
RAK 71-25 7.22 - - 10.10 - - - 14.25 - - 17.32
RAK 76-25 n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s
RAK  78-25 7.20 - - 10.04 - 12.27. - 14.25 - 16.99 -
RAK 112-25 - - = - - - - - - - . -
125-25 7.18 - - - - - - - 16.99 -
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A Preparation: Non-cation saturated

9 17.0-17.9

. SAMPLE 7.0- 7.9 8.0- 8.9 9.0- 9.9 10.0-10.9 11.0-11:9 12.0-12.9 13.0-13.9 14.0-14.9 15.0-15.9 16.0-16.
RAK  9-25 7.19 8.84 - 10. 16 - - - 14.14 - .- -
RAK 15-25 - - - . 10.28 11.78 - - - - - -
© RAK  20-25 7.19 - - 10. 10 - : - - 14.48 - - -
RAK 23-25 7.19 - - 10. 16 - - - 14.72 - - -
RAK = 30-25 . 7.18 - .- 10.16 - . - - 14.14 - - -
RAK 33-25 7.10 - - 10.10 - - ) - 14.48 - - -
RAK 38-25 7.19 ° - - 10.10 - - - 14.25 . - - -
RAK 42-25 7.22 - - 1C. 10 - - C- 14.25 - - -
RAK 43-25 7.25 - - 10. 11 - - - 14.25 - - -
RAK 45-25 7.19 - - 10.04 - - - 14.27 - - -
RAK 46-25 7.22 .- - 10. t1 - - - ‘14. 14 - - -
RAK 50-25 7.19 - - 10. 10 - - - + 14.48 - - -
RAK 53-25 7.20 - - 10.10 - - - 14.48 - - -
RAK §7-25 7.15 - - 10.10 - - T 14.37 - - -
RAK 60-25 7.19 - - 10.10 - - - 14.25 - - -
RAK 67-25 7.20 - 9.60 10.10 - - - - - - -
RAK 68-25 7.20 - - 10.10 11.33 - - .- - - -
RAK 71-2%5 7.20 - - - 10.10 - 12.27 - T 14.25 - - -
RAK 76-25 7.20 - - ) 10. 11 - - - - ¢ - - -
RAK 78-25 7.22 - - 10.10 11.78 - - - - - -
RAK 112-25 - - - - - - - - - - -

RAK 125-25 7.20 : - . - 10.10 - - : - -

Preparation: Non-cation saturated + ethylene glycol

SAMPLE 7.0- 7.9 8.0- 8.9 _9.0- 9.9 10.0-10.9 11.0-11.9 12.0-12.9 13.0-13.9 14.0-14.

RAK  9-25 7.16 - - 10.04 . - - - -
RAK 15-25 7.22 - - 10.04 11.05 - - 14.48
RAK 20-25 7.19 - ) - 10.10 - - - : - 14.72
RAK 23-25 7.22 - - 10.10 - - - 14.72
RAK 30-25 7.19 Co- - 10. 16 - - - 14.02
RAK 33-25 7.10 - .- 10.04 - ’ - - 14.25
RAK - 38-25 7.11 - - 10. 11 - - - " 14.24
RAK 42-25 7.22 - - 10. 11 11.48 - - 14.25
RAK 43-25 7.19 - - 10.10 - - - 14.25
RAK 45-25 7.19 - - 10.10 - - - 14.25
RAK 46-25 7.22 - - 10.09 - - - 14.14
RAK 50-25 7.10 - - 1011 - - - 14.48
RAK 53-25 7.20 - A 10.10 -, - - : 14.48
‘RAK  57-25 7.15 - - 10.10 - e - 14.25
RAK 60-25 7.20 - - 10. 10 - - R 14.48
RAK 67-25 . 7.20 - - 10. 11 - . - 13.19 14.72
RAK 68-25 7.22 - - 10.10 ) - 12.27 - -
RAK 71-25 7.20 - - 10.10 - - - -
RAK 76-25 7.25 - - 10.10 - - - -
‘RAK 78-25 7.22 - - 10.10 - 12.80 - -
RAK 112-25 - - . - - - _ - -

RAK 125-25 7.20 - S 10.10 - - - -

9 15.0-15.9 16.0-16.9 17.0-17.9

16.83
16.06
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Preparation: K saturated + 500 degrees C for two hours

0-12n9'15.0-13.9 14.0-14.9 15.0-15.9 16.0-16.9 17.0-17.9

RAK 125-25

SAMPLE 7.0- 7.9 8.0- 8.9 9.0- 9.9 10.0-10.9 11.0-11.9 12.
RAK 9-25 - - - 10. 11 - - - 14.14 - - :
-RAK 15-25 - - - :8.?2 - - - : : _ N
A 20-25 - - - . - - =
' :Aﬁ 22-25 n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s
' - - - - 10. 16 - - - - - - -
::i gg-gg n/s n/s n/s n/s n/s n/s n/s . n/s n/s n/s n/s
RAK 38-25- n/s ‘n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s
RAK 42-25 - - - 10. 10 - - - 14.25 - - -
RAK 43-25 n/s n/s n/s n/s n/s n/s n/s -n/s ‘n/s - :n/s n/s
RAK 45-25 - - - 10.10 - - - 14.25 - - -
RAK 46-25 - - - 10. 10 - - - 14.15 - - -
RAK 50-25 - - -~ 10. 10 - = - ::.:g - - :
RAK 53-25 - - - 10. 10 - - - . - -
RAK 57-25 n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s
RAK 60-25 - - - 10.10 - - - 14.25 - - -
RAK 67-25 n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s
RAK 68-25 n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s
RAK 71-25 n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s
RAK 76-25 n/s n/s n/s n/s n/s n/s n/s _n/s n/s n/s p/s
RAK 78-25 n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n{s
RAK 112-25 - - - 10. 10 - - - - - N -
RAK 125-25 - - ~ - - - - - -
Preparation: K saturated + ethylena glycol + 500 degrees C for two hours
SAMPLE - 7.0- 7.9 8.0- 8.9 9.0- 9.9 10.0-10.9 11.0-11.9 12.0-12.9 13.0-13.9 14.0-14, 15.0-15.9 16.0-16.9 17.0-17.9
RAK 9-25 7.22 - - 10.10 - = . Z - = - —
RAK 15-25 - - - 10.04 - - - - - - -
RAK 20-25 - - 9.99 - - - - - - _ _
RAK 23-25 L= - To- 10.04 - - - - - - -
RAK 30-25 n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s
RAK 33-25 - - - 10. 10 - - - 1402 - - -
RAK 38-25 7.21 - - - - - - 14.24 - - -
RAK 42-25 - - - 10. 10 - - - 14.25 - - -
RAK 43-2% = - - 10. 10 - - - 14.25 - - -
RAK 45-25 - - - 10.10 - - - 14.25 - - -
RAK 46-25 - - - 10.10 - - - 14. 14 - - -
RAK 50-25 n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s
RAK 53-25 = - - 10.10 = - - 14 .48 - - =
RAK  57-25 - - - 10.12 - - - 14.48 - - -
RAK 60-25 - - - 10.10 - - - 14.28 - - -
RAK 67-25" - - - 10. 10 - _ _ - _ _ -
RAK 68-25 - - -~ 10. 10 - _ _ _ . _ _
- RAK 71-25% - - - 10.10 - - ' - - _ _ .
RAK 76-25 - - - 10. 10 - _ _ - - _ _
RAK 78-25 - - - 10. 10 - - - - - - -
RAK 112-25 - - - 10. 10 - - - - - - -
- - - 10.10 - - - - - - -
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