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ABSTRACT

The Cumberland Basin is the largest onland segment of the Late Paleozoic Maritimes
Basin. The Maritimes Basin is made up of up to 7 km of primarily continental clastic strata that
presently cover a large area of onshore and offshore Atlantic Canada. The basin is host to
signil‘ic;mt resources of mectallic minerals, industrial minerals and coal. In addition to these
resources the basin has recently been the focus of exploration for coal bed methane. A better
assessment of the mineral potential is made possible by the clearer understanding of the thermal
and mctallogenctic evolution of the basin derived from this study. This thesis integrates four
scparate, but interdependent components: 1) geological constraints from the stratigraphy,
sedimentology, and structure, 2) a detailed thermochronological study including apatite fission
track analysis, 3) a study of the metallic mineral occurrences of the Cumberland Basin, and 4) an
evaluation of time-temperature constraints which were applied to the metaliogenetic models.

Quantitative thermochronological evidence presented here suggests that an additional 1
10 4 km of strata were deposited throughout the Maritimes Basin and subsequently eroded. These
sediments accumulated to a maximum thickness in the Permian (ca. 280 Ma), and were eroded
during an exhumation that preceded the Triassic/Jurassic rifting of the Atlantic margin (ca. 200
Ma).

Redbed hosted Cu-Ag (2 U-Pb-Zn) deposits of the Cimberland Basin are genetically
rclated to the process of diagenetic reddening (hematitization) that affected the strata. This
reddening developed during the Permo-Triassic exhumation of the basin, when gravity driven
oxygcenated groundwaters leached metal; from the sandstones and conglomerates, and concentrated
them in areas rich in reductants.

The time-temperature history reconstructed for the basin poses strict constraints to the time
of maximum coalification of peat in Carboniferous strata (280 Ma), and to models of fluid-
expulsion and Zn-Pb-barite mineralization in Carboniferous carbonates (pre maximum burial: pre-
280 Ma). The peak temperatures in the basin were attained in the Permian, consequently any syn-
sedimentary or early diagenetic mineralization that might exist has been thermally modified, and

may be difficult to recognize or date accurately.
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CHAPTER 1

GEOLOGICAL SETTING

1.1 INTRODUCTION

1.1.1 GENERAL STATEMENT

The Cumberland Basin is a segment of the Maritimes Basin, a large Upper Paleozoic basin
in castern Canada (Fig. 1.1), and host to significant resources of fossil fuels, precious metals, base
metals, and industrial minerals. There are numerous mineral occurrences within the Maritimes
Basin that are under-explored, suggesting that the basin has excellent potcntial for extensive
undiscovered resources. A better assessment of these resources hinges on a clearer understanding

of the thermal cvolution and metallogenesis in the basin.

This thesis comprises four main components, each building on the other. The process of
developing an understanding of the metallogenetic history of the Maritimes Basin includes:
1) establishing the geological constraints for the time-temperature and metallogenetic evolution
of basin by cxamining the stratigraphy, sedimentology, and structural geology of the Cumberland
Basin, and extrapolating these geological constraints, where applicable, to the rest of the Maritimes
Basin; 2) a detailed thermochronological study, including apatite fission track analysis, in the
Cumberland Basin which was compared with thermochronological data from elsewhere in the
Maritimes Basin, and interpreted within the context of the geological constraints (see 1); 3) an
investigation of the sediment-hosted mineral occurrences of the Cumberland Basin, with emphasis
placed on the thermochronological constraints (see 2) for the Cu deposits; and 4) an evaluation
of time-temperature constraints which can be applied to metallogenetic models proposed for the

mincral resources in the remainder of the Maritimes Basin (see 3).
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The metallic mineral occurrences of the Cumberland Basin thesis arca arc made up
primarily of stratiform redbed Cu vccurrences. In order to better understand the metallogenetic
implications of this mineralizing style, a detailed investigation of these occurrences was
undertaken. Because various other mineralizing styles can also be found within the Cumberland
Basin, and have been found to be of great economic valuc elsewhere in the Maritimes Basin,

constraints on these other occurrences were also cvaluated.

1.2 THE (COMPOSITE) MARITIMES BASIN

The Permo-Carboniferous system of eastern Canada comprises a post-Acadian molassic
suite of coarse- and fine-grained terrestrial and volcanic rocks, as well as shallow marine clastic,
carbonate, and evaporite rocks. It underlies an irregular area of lowland cxtending from the Bay
of Fundy through the Gulf of St. Lawrence to offshore Newfoundland. The onshorc distribution
extends from eastern Maine to Newfoundland and southern mainland Nova Scotia to Quebec

(Fig.1.1).

Van de Poll and Ryan (1985) suggested that the Maritimes Basin should not be considered
a single post-orogenic basin, but rather a "composite basin”, consisting of interconnccted fault
block basins and horsts, which at various times underwent differing rates of subsidence and uplift.
Fragmentation of the main depositional basin into structural basins (sub-basins, su~h as the
Cumberland Basin, Fig. 1.2) took place along a scries of faults both during and after basin

development.

The present distribution of the Maritimes Basin represents only an crosional remnant of
a much larger Permo-Carboniferous basin of deposition (c.g. Van de Poll, 1973).  The
interpretation of thermal imprint on the cxtant sedimentary rocks and contained organic matter,
may be the only method of determining the thickness of the now croded sedimentary cover.
Models of basin evolution proposed to date (e.g. Ryan et al., 1987; Bradley, 1982; Belt, 1968b;

Poole, 1967; Webb, 1963; and others) were not sufficiently constrained by paleothermal data, nor



did they take into consideration the erosion and burial history of the basin strata.

1.2.1 THE CUMBERLAND BASIN

The Cumberland Basin is a geographically restricted, thick accumulation of Late Devonian
to Early Permian strata in northwestern Nova Scotia and southieastem New Brunswick (Fig. 1.2).
The Cumberland Basin, as defined for this study, is bordered as follows: on the south side by the
Cobequid Highlands Massif;, on the north side by the Northumberland Strait (exact basin limits
arc unknown); on the east side by the axis of the Scotsbum Anticline; and on the west side by
the Caledonia Highlands Massif and Westmoriand Uplift (Fig. 1.2). The Cumberland Basin is an
cast-west trending depocentre which contains a succession of sedimentary strata in excess of
7 km in thickness. The internal structure of the Cumberland Basin is a broad, east-west trending

synclinorium cnclosing two parallel diapiric anticlinal structures (Fig. 1.2).

The Cumberland Basin of Nova Scotia (Fig. 1.2) has been chosen for detailed study, as
it is casily accessible, and is a representative segment of the Maritimes Basin, sharing its
meiallogenctic and thermal evolution (Ryan and Boehner,1991). The thermochronological data
for the Cumberland Basin arc integrated with the extensive geological data collected by the author

in order to establish geological constraints.

The Cumberland Basin study includes: 1) apatite fission track analysis; 2) paleontological
investigation, 3) mapping, sedimentology, and stratigraphy, 4) fluid inclusion microthermometry,
vitrinite reflectance, clay mineralogy, paleomagnetic studies of the basin; S5) a compilation of
subsurface data; 6) an interpretation of structural, seismic and geophysical data, and 7) an
cxamination of the mineral occurrences. Overviews of these geological aspects are included in
this thesis. The Cumberland Basin study is used as a starting point from which the less
comprehensive organic maturation and apatite fission track data from the remainder of the

Maritimes Basin may be interpreted.



1.3 RATIONALE FOR THE VARIOUS COMPONENTS OF THE STUDY

The overall purpose of this thesis was to acquire, assess. and cvaluate as much geological
information as possible in order to determine the time-temperature history of the strata comtained
within the Maritimes Basin. The time-temperaturc paths for the various stratigraphic units and
geographic areas were used to constrain the metallogenetic history of the basin. Unlikc many
thermal studies, which are dependent on one particular mcthod, this study attempted 10 asscss
numerous methods so as to have as many constraints as possible on the thermal history of the
strata. An outline of the rationale for the various components of the study is presenicd here to

justify why the various components were included in the thesis.

1.3.1 STRATIGRAPHY (THICKNESS AND AGE)

The stratigraphy of the basin-fill rocks was the starting point of the study. The
stratigraphic information permitted accurate thickness estimates to be made for the units in the
various areas of the basin. As an intricate part of the background research, the author mapped the
largest onland sub-basin of the Maritimes Basin, the Cumberland Basin. To ascertain the age of
the strata, a paleontological study was undertaken. The palcontological information provided time
constraints for the stratigraphic units. These two pieces of information, the thickness of the strata
and the age, are the fundamental building blocks required before modclling of the thermal history

can be attempted.

During the course of this investigation it became cvident that the stratigraphic
nomenclature for the Maritimes Basin was unnecessarily complex. The mixture of chrono-, bio-
and litho-stratigraphic terminology made it difficult to corrclate strata within the Maritimes Basin,
except on the local scale. As a consequence of this study the stratigraphic nomenclature for the
basin has been revised (see Ryan ct. al, 1991; and Appendix I). The revised stratigraphy, as
applied in chapter 2 of this thesis, provides the basis for a more comprehensive understanding of
the time-thickness relationships of the strata contained within the basin. When the strata of the

basin are correlated using basic group subdivisions, Windsor, Mabou, Cumberland and Piclou, it
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becomes clear that there is a shared stratigraphic history for the various portions of the basin and
that the groups are fairly consistent in thickness and age throughout the region. This information

was critical in the interpretation of the thermal history of the basin.

1.3.2 SEDIMENTOLOGY (DISTRIBUTION AND ENVIRONMENTAL SETTING
OF THE STRATA)

The next piece of the jigsaw puzzle was the sedimentology of the strata. The
scdimentological studies were carried out at the same time as the stratigraphy and paleontology.
The sedimentology or the units aids in the understanding of the stratigraphy and permits estimates
of thickness of the various units based on the sedimentological environments of deposition. The
scdimentological studies also included investigations into the distribution of the various
lithostratigraphic units. These data coupled with sediment dispersal patterns can be used to
constrain the tectonic evolution of the basin. Information on the environments of deposition of

the units forms a basis for modelling of synsedimentary ore deposits.

Scdiment dispersal studies c...tied out as part of this research (Ryan et al.,1988; Gibling
ct al.,1992) suggest that the source area for much of the basin-fill in the Maritimes Basin lay to
the southwest. Detritus was eroded from the Appalachian and Mauritanide Mountains and was
transported longitudinally between the mountain ranges to the Maritimes Basin which acted as a
recciving basin. Inferences as to the nature and evolution of the Maritimes Basin can be made
on the basis this interpretation. The Maritimes Basin may have developed because of a gradient
break created by the numerous strike-slip faults in the region. The basin drainage pattems are
analogous to basins developing adjacent to the modern Himalayas. This analogy suggests

constraints on the geothermal gradients for basins developed in similar settings.
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1.3.3 STRUCTURE (REDISTRIBUTION OF THE STRATA AND THERMAL INFLUENCES)

Another important component to the study was an evaluation of the structural geology and
tectonic setting of the basin. The structural information used in this study was derived primarily
from the mapping and seismic interpretation of the Cumberland Basin. Inferences on the
Maritimes Basin as a whole were then drawn from these data. The structure of the basin provides
information on the occurrence and timing of uplifts, faulting, down thrown blocks (arcas of rapid
subsidence), thrusting (non-sedi:nentary burial) and diapirism. All of these structural fcatures have

an effect on the time-temperature path for the adjacent strata.

The structure of the Maritimes Basin is consistent with a continental wrench basin, The
most significant structural features of the basin are the cast-west strike-slip fault zones and the
associated westerly directed thrusts. The structurc of the basin when coupled with the
stratigraphic record, suggest that the basin-fill of the Maritimes Basin is the result of three

tectonically driven sedimentary allocycles (Ryan et al., 1987)(sec Chapter 6).

The structural information was used to select areas with minimal structural complexity lor
detailed thermochronological study. Areas that may have been affected by thermal flux as a result
of diapirism or hydrothermal fluid expulsion at fault zones were excluded from the thermal study
because the later stage thermal activity may have obscured the overall basin thermal history

record.

1.3.4 ORGANIC MATURATION (CONSTRAINTS ON MAXIMUM TEMPERATURE)

Three methods were used in assessing the organic maturation of the kcrogens contained
within the strata of the Maritimes Basin: (1) vitrinite reflectance (Ro), (2) Thermal Alteration
Index (TAI), and (3) Rock Eval pyrolysis. Thesec mcthods measurc the degree to which the
kerogens (organic carbon) have been altered (changed) by the maximum temperature experienced
and also give some indication as to the duration of the heating. The limitations and rcliability of

these various methods is discussed in Chapter 5.
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Vitrinite reflectance, TAI and Rock-Eval pyrolysis determinations were performed on
outcrop and subsurface samples from the Cumberland and Sydney Basins as part of this study.
These results were compiled into the regiona! context by comparison to the work of Hacquebard
and Camcron (1989) and Mukhopadhyay (1991b). For the purpose of comparison the results of
the various methods were expressed in equivalent Ro max values. The conversion of the results
1o cquivalent Ro was ace.r-npiished by using the Bames et al. (1984) organic maturation

comparison table.

Vitrinite reflectance and TALI results are in close agreement. The mean of approximately
0.90 Ro (max) derived from the 283 vitrinite reflectance samples is taken to be an appropriate
mcasure of the organic maturation of the samples near present day surface (see Chapter 5). Rock-
Eval pyrolysis of 300 organic rich rocks from throughout the Maritimes Basin have a mean Tmax
(temperature of peak S2 hydrocarbon generation during pyrolysis) of 436°C which is equivalent
to a Ro (max) of 0.60. The oil-rich shales throughout the Maritimes Basin have vitrinite
reflectance values of 0.60 Ro, which is lower than the normal maturation level, and may reflect

the type of organic matter in the rock rather than a distinct thermal history.

The organic maturation levels from all of these data indicate that the rocks at the near
surface have been covered by additional strata at some time in their history. The vitrinite
reflectance Ro/kin gradients of the Maritimes Basin as seen in the deeper drilling rarely exceeds
0.65% Ro/km. A comparison of the Ro actual values to the Bustin et al. (1977) coalification
curves, suggesis a palcogeothermal gradient of less than 30°C/km, where the duration of maximum
temperature is longer than 20 million years. Whereas most of the vitrinite gradients are less than
0.40 %Ro/km, cven with shorter duration of maximum temperatures, a gradient of 25°C/km would
scem sufficient 1o produce the observed organic maturation profiics. Given this, a minimum of
I km of additional "ghost stratigraphy” must have been deposited on top of the present day

surface.
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1.3.5 MINERAL THERMAL INDICATORS (CONSTRAINTS ON MAXIMUM
TEMPERATURE AND TIMING OF REDDENING)

Fluid inclusions, clay mineralogy and paleomagnetic studics wcre also addressed in this
thermal study in order to establish additional constraints on the thermal history of the basin. A
compilation of previous work on fluid inclusions from mincral deposits in the Maritimes Basin
was undertaken. These fluid inclusion studies gave an cstimate of maximum temperatures of
approximately 200 °C adjacent to the ore deposits. If the mineralizing fluids arc detived from the
basin (Ravenhurst and Zentilli, 1987), then the rocks at the base of the basin-fill must have been

exposed to temperatures of greater than 200°C.

A limited study of clay mineralogy was undertaken as part of this study (15 samples) and
then compared to the work of Gall and Sangster (1991) (>60 samplcs). The mincralogy of the
clays (Illite Crystallinity) is temperature dependent, although it is not as rcliable as vitrinite
reflectance in most instances. Clay mincralogy data is in gencral agreement with the organic

maturation data.

In the Maritimes Basin, many of the red sandstones of the Pictou Group arc sccondary
in origin (Ryan et al., 1989). The sandstones were deposited as grey sandstones, buricd, lithified
and later diagenetically reddened. The paleomagnetic studics of these red sandstone can date the
age of the hematization and given that this reddening probably occurred within 1.5 km of the
surface, the date reflects exhumation of the strata. The palcomagnetic studics suggest that the

reddening of the candstones (and therefore the exhumation) occurred 280-240 Ma.

1.3.6  APATITE FISSION TRACK ANALYSIS (TIMING OF EXHUMATION)

The most critical component of the thermal study was the apatite fission track analysis.
The fission track study was the thread that tied all of the thermal studics together into a

comprehendible package. Apatite fission track analysis is a method of dating a rock by cxamining
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the density of spontancously produced damage zones caused by uranium fission within grains.
By comparing the density of spontancous tracks (damage zones) (o the induced tracks (a measure
of the total uranium in the grain) it is possible to date a grain. Apatite fission tracks anneal
(disappear) at temperatures approaching 100°C and therefore the age of the grain reflects the time
at which the grain was last at a temperature of approximately 100°C. This technique gives both
time and temperature information, whereas other methods pemit only estimates of time or more
commonly, of maximum temperature. The method is fully described in chapter 5 of this thesis.
Apatite fission track analysis provides information on when a rock was last at approximatcly
100°C, but also aids in interpreting the cooling history from that point in time to the present.
Used in conjunction with the other methods previously discussed this method can be a powerful

tool in the modelling of the thermal history of a rock unit.

The fission track study included 33 samples from this thesis, 14 samples from Ryan et
al. (1991) and 57 additional apatite fission track age dates compiled from other workers for
samples in or adjacent to the Maritimes Basin. All of the samples, with the exception of one high
cvaluation sample from the Long Range in Newfoundland, have been reset and therefore have
been subjected to temperatures greater than 100°C. The overall mean age of the apatites for the
Maritimes Basin is 2324155 Ma indicating that the rocks had been cooled through the 100°C
isotherm during the late Permian to early Jurassic. This apatite fission track analysis confirms the
presence of a "ghost stratigraphy” deposited on top of the basin and indicates that most of this

additional strata werc croded prior to the Middle Jurassic.

When this information is applied in conjunction with the organic maturation data it
suggests that the additional strata were probably early Permian in age and that erosion
(exhumation) began as carly as late Permian throughout most of the basin. Older fission track
ages arc found in the youngest strata exposed near surface in the basin and in the basement rocks
adjacent to the basin. These older ages suggest that these rocks experienced exhumation to
temperatures of less than 100°C sooner than other rocks in the basin. These observations are
consistent with a basin-wide exhumation where the surrounding basement rocks were exhumed

soon after the onset of crosion. The timing of the maximum burial and exhumation as defined
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by the apatite fission track analysis places constraints on the maximum temperatures cxpericnced
by the strata. Taking the duration of the maximum burial, as constrained by the fission track
study, and using the coalification curve to comparc to the obscrved organic maturation, it is
possible to derive a reasonable estimate of the maximum temperaturcs expericnced by the strata

(see chapter 5).

1.3.7 THERMAL MODELLING

The primary objective of the thermal modelling of the data from the Maritimes Basin is
to attain reasonable approximations of the time-temperature (Tt) paths for the strata from various
parts of the basin. This Tt information can be used to constrain the metallogenetic history of the
basin. All of the thermal and background gcological information described previously has been
used to construct burial history plots for the various horizons sampled. The burial history plots
are diagrammatic representations of the burial of a stratum constraincd by the stratigraphy,
sedimentology, structure, and thermal history. These plots provide the information necessary (0
estimate Tt paths for the rocks under investigation. A detailed discussion of these plots is

presented in chapter 5.

Care was taken in this study to avoid creating burial history plots for structurally
complicated areas. The avoidance of these areas allowed for a better understanding of the overall
thermal and burial history of the basin; in this way anomalics that might have resulted duc to
structural disturbances were eliminated. Three burial history plots were constructed for the
Cumberland Basin, three from the Gulf of St. Lawrence arca, and one from cach of the Minas
Basin, Sydney Basin, Deer Lake Basin, and the Prince Edward Island arca. Each of these
diagrams is constraincd by as many thermal and geological parameters as possible (sec Fig. 5.16).
After these plots have been constructed it is possible to superimpose isotherms based upon organic
maturation gradients from above and below the sampled horizon and from the apatite fission track

data.

The burial history plots and isotherms permitted estimation of the time-temperature path
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for the sampled horizon. As a method to corroborate the Tt path, computer modelling {Trac 3)
of the Tt path was undertaken and the modelled apatite fission track age, fission track length
distribution, and vitrinite reflectance were compared to the actual measured data from the horizon.
In most of the instances the modelling of the Tt path derived from the burial history plots resulted
in valucs which closely approximated the measured values. In the case of the Deer Lake Basin
samples, Hendriks (1991) modelled the samples using an inverse model but the results still closely
correspond to the measured values. All of the other models in the thesis are from the work of the

author.

The implications of the modelling are: (1) the basin underwent rapid sedimentation from
320 10 290 Ma; (2) a basin-wide exhumation took place from 280-170 Ma that removed 2-4 km
of strata; (3) most of the basin underwent a slow exhumation from 190 to 100 Ma (Early Triassic
to Early Cretaccous); (4) with the exception of the E-49 Well in the Gulf of St. Lawrence, there
is no cvidence of Triassic sedimentation or thermal activity; (5) the paleogeothermal gradient, as
evidenced by the organic maturation data and confirmed by the forward modelling of the apatite

fission track data, approximated 25°C/km throughout most of the geological history of ‘he area.

1.3.8 MINERAL OCCURRENCES AND METALLOGENETIC EVOLUTION

The final component of this study was the metallic mineral occurrences in the Maritimes
Basin. This study focused on the copper-silver occurrences within the Cumberland Basin and
collated the other occurrences from throughout the Maritimes Basin (see chapter 7). The work
on the Cu-Ag occurrences included mineralogy, geological setting, geochemistry, and sulphur

isotopes. Similar work on other deposits in the basin were compiled from various other workers.

In scction 1.4 of this thesis the idea of genetic affinities is discussed. The result of the
mectallic mineral investigation involved the classification of the deposits into three genetic affinities
based on cmpirical observations, probable genetic origins, and environmental settings. The three

affinitics are: (1) scdimentary exhalative, (2) basin-brine expulsion and (3) groundwater related



solution fronts.

These genetic affinities were found to fit the generalized time-temperature path for the
basin as derived from the thermal studies and modelling. The scdimentary exhalative type
occurred during the period of rapid subsidence prior t0 290 Ma. The basin-brinc cxpulsion type
occurred prior to the onset of exhumation at 280 Ma. The groundwater related solution front

deposits, like the Cu-Ag of the Cumberland Basin, occurred during the exhumation of the strata.

1.4 METALLOGENETIC AFFINITIES

In summary section 1.3.8 of this chapter, the concept of mctallogenctic affinitics was
discussed. This section will better define these terms. Metatlogenctic models proposed for base
metal and barite deposits of the onshore basin segments include a syngenctic model, controlled
by methane seeps (Von Bitter et al., 1989); paleoclimate (Van de Poll, 1978); dceply circulating
hydrothermal cells (Russell, 1978); sedimentary exhalative (Hudgins, 1990); carly diagenetic-
epigenetic (MacLeod, 1975; 1984); or related to episodic basin-fluid-cxpulsion in the Latc
Carboniferous (Lydon 1978; Ravenhurst and Zentilli, 1987). Ryan ct al. (1989) and Sangster and
Vaillancourt (1990) have suggested that the basin contains occurrences related 1o unconformitics
and groundwater solution fronts. For the purpose of discussion thc author has grouped the
different genetic models into three basic genetic affinities (Lypes or groups): (1) those related to
sedimentary processes with possible sedimentary exhalative cvents,including the Von Bitter ct al.
(1989), Russel (1978), Van de Poll (1978) and the Hudgins (1990) models; (2) thosc related to
large scale basin tectonics and diagenetic hot-fluid migration in the basin, including the
Ravenhurst and Zentilli (1987), and Lyndon (1978) models; and (3) those related to near surface
groundwater diagenetic processes including the Sangster and Vaillancourt (1989), Ryan ct al.
(1989), and MacLeod (1975, 1984) models. Although various workers have cxamined the geology
and metallic mineral occurrences in the Maritimes Basin, no study has integrated the
metallogenetic constraints poscd by a regional thermochronology investigation on the rocks of the
entire basin. This study leads to a grouping of mineral occurrences into threc main metallogenetic

models or affinities (Fig. 1.3), consistent with the empirical observations, probable metallogenctic
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processes, and environmental parameters (see chapter 7).

L.5S PREVIOUS WORK

Table 1.1 is a compilation of the various authors who have contributed to the
understanding of the Maritimes Basin geology. The first geological investigations of the
Maritimes Basin were by Jackson and Alger (1828). Brown and Smith (1829) evaluated the coal
resource potential and described some of the shoreline sections in the western part of the
Cumberland Basin, and remarked on its similarity to the British Carboniferous. Gesner (1836)
investigated the Springhill region and made the initial (documentation?) discovery of coal seam
occurrences. Lyell (1845) described in detail the fossils collected from the shore section from
Minudie to Joggins. Logan (1843) measured bed by bed the strata exposed along the shore at
Joggins. Although wave action and erosion have slightly altered the section exposed along the
shore, his dctailed observations, which resulted in an eight-fold division of the strata, are still

applicable today.

Dawson (1855, 1894) examined and identified much of the biota of Logan’s section and
inferred paleoenvironmental settings. Ells (1885) was the first geologist to compile and
synthesize the geology of northern Nova Scotia and southern New Brunswick into a map. In
1892, Fletcher began his sixteen year study of the geology of the Cumberland Basin. Fletcher
published a series of geological maps for the area (1892-1909). He also augmented Logan’s
measured scction by including measured section descriptions of strata south of Logan’s original

Joggins scction.

Bell’s studies of the strata in northern Nova Scotia started in 1911 and continued for many
years (Bell, 1912, 1913, 1924, 1927, 1944, 1958). Many of his observations from the Cumberland
Basin were critical to the establishment of the stratigraphic nomenclature for the Carboniferous
strata that is still in common usage (Bell, 1944). Shaw (1951a) made the initial attempt at basin
analysis in the Cumberland Basin with his observations of facies variations within the strata,

Shaw’s 1951 map division terminology was still in use when this study was initiated. Copeland
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(1959) reexamined and extended the work of Shaw (1951b) and made refinements in stratigraphy

based on the paleontology in the western part of the Basin.

Howie and Cumming (1963) used the depth to the basement as a method to define the
basin structure. Howie and Barss (1975) used similar geophysical data and mcthodology to create
isopaches of the various stratigraphic units in Atlantic Canada, and Wadec ct al. (1983) applicd
these data on the thickness of sediment accumulation to define the various onland and offshore
basins of Atlantic Canada. Palynology of Hacquebard and Donaldson (1970) and later
Hacquebard (1972, 1986) and Barss and Hacquebard (1967), established and refined age

relationships of the various lithostratigraphic units.

In the last thirty years, many workers have made significant contributions to the
understanding of the stratigraphy and the sedimentology of the Carboniferous strata of northem
Nova Scotia. Amongst these are: Gillis (1964), working in the eastem Cumberland Basin; Belt
(1964, 1968) on the lateral variations on a regional scale; Kelley (1967) on the regional aspects
of stratigraphic nomenclature; Duff and Walton (1974) on the sedimentology of the Joggins
section; Calder (1979-1987) on the Cumberland Group in the Springhill, Joggins and River Hebert
area; Van de Poll and Ryan (1985) on the stratigraphy and sedimentology of the Permian-
Carboniferous transition; Rust et al. (1984) on the fluvial style of sedimentation in the westem parnt
of the Cumberland Basin; and Salas (1986) on the sedimentology in the Apple River arca of the

westem Cumberland Basin.

The structurai geology and the sedimentation in response to tectonic movements, have
been the subject of many studies in recent years. Eisbacher (1967) published the first
comprehensive work on the kinematics of the faulting along the Cobequid Fault system adjacent
to the Cumberland Basin. Partly on the basis of Eisbacher’s (1967) interpretation of fault
movement on a large strike-slip system, Webb (1969) proposed that thc Maritimes Basin had
formed as a large wrench basin. Fyson (1967) examined the topic of gravity sliding and cross
folding in northern Nova Scotia, relating overtumed folds to uplift and gravity sliding. White

(1972) discussed the concept that the Cumberland Basin was a rift basin, using seismic data and
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basin-fill characteristics. Bradley (1981) and Keppie (1982) suggested a pull-apart origin, and
Keppic (1982) further proposed that this initial pull-apart was followed by a foreland basin phase.
Fralick (1980), Fralick and Schenk (1981), Donohoe and Wallace (1985), Yeo and Ruixing (1986)
and Ryan ci al.(1987) have examined the distribution of facies within the basins of northemn Nova

Scotia, and proposed possible models of strike-slip basin development.

Significant contributions to the understanding of the economic geology of the Upper
Carboniferous of the region were made by Messervey (1929), Papenfus (1931), Shumway (1951),
Brummer (1958), MacKay and Zentilli (1976), Dunsmore (1977a, 1977b), Van de Poll (1978),
Kirkham (1985), Ravenhurst and Zentilli (1987) and Ryan et al. (1989). In addition, unpublished
cxploration assessment reports by geologists from numerous mineral and energy exploration
companies contain important data (N.S.D.N.R Library). Reynolds et al. (1981, 1987), Ravenhurst
and Zentilli (1988), Ravenhurst et al. (1988, 1989, 1990), Muecke et al. (1988), and Hendriks
(1991) have made contributions to our understanding of the post-Carboniferous thermal history
in Nova Scotia. This study represents the first to integrate the thermal, geological and economic

aspects of the mineral occurrences into a comprehensive package.

1.6 HISTORY OF THIS THESIS

This thesis was started at the University of New Brunswick under the supervision of
Walter Van de Poll and Emie Hale. The initial field work was supported by the Geological
Survey . of Canada through a Department of Supply and Services contract to the author.
Subscquent ficld support was given by the Nova Scotia Department of Natural Resources where
the author was employed as a regional geologist conducting a program of geological mapping and
resource evaluation in the Cumberland Basin. The death of Dr. Hale and the switch of research
emphasis from sedimentology to regional stratigraphy and metallogenesis forced the author to
transfer to Dalhousic University. The thermal component of the metallogenetic studies has been
cmphasized herein as this aspect of the economic geology better reflects the research interests of

Marcos Zentilli who has acted as the primary advisor at Dalhousie University.
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The thesis reflects the continuous evolution of the rescarch which lead to this document.
The reader is referred to Ryan and Boehner (1993) for a more comprehensive report on the

geology of the Cumberland Basin component of this study.
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TABLE 1.1

SELECTED REFERENCES OF PREVIOUS WORK IN THE MARITIMES BASIN

STRATIGRAPHY AND Ami, 1902; Bell, 1912,1914,1924,1926,1929,1938,1944,1945,1958; Belt,

PALEONTOLOGY

ECONOMIC
GEOLOGY

1965, 1968a,1968b,1968¢,1969; Belt et al.,1967; Boehner,1977,1980,
1986,1988; Bochner et al.,1986; Calder,1984,1985, 1986,1987,1991; Dawson,
1855; Deal, 1991; Dolby, 1984,1985,1986,1987,1988,1989; Fletcher,
1892,1905,1906,1909; Gibling et al.,1987,1991; Giles et al., 1979
Gussow,1953; Hacquebard, 1972,1979,1983,1984,1986; Hacquebard and
Donaldson, 1964,1970; Howie,1974, 1984,1986,1988; Howie and Barss, 1975;
Kelley, 1967; Martel,1990; McCutcheon and Robinson, 1987; Moore, 1967,
Moore and Ryan, 1976; Roliff,1932,1962; Ryan,1984,1985,1986,1988; Ryan
and Boehner,1990,1991,1992; Ryan et al.,1987,1988; Schenk,1969; Shaw, 1951;
Utting,1977,1987; Utting et al., 1988; Van de Poll, 1966,1970,1973,1983,1989;
Webb, 1963, 1969; Williams, 1974; Yeo, 1985, 1986,1987.

Adams, 1988; Akande, 1982; Akande and Zentilli, 1984; Anderlie et
al.,1979; Boyle, 1968,1972; Boyle et al., 1976; Brummer, 1958; Calder, 1985;
Chatterjee, 1984; Evans, 1970; Fraser, 1961; Lydon, 1978; MacDonald, 1978;
MacKay and Zentilli, 1976; McNabb, 1977; Messervey, 1926, 1930; Mossman
and Brown, 1986; Papenfus, 1931; Ravenhurst, 1987; Ravenhurst and Zentilli,
1987; Ravenhurst et al., 1987; Russel, 1978; Ryan and Boehner, 1991; Ryan
ct al, 1989; Sangster and Vaillancourt, 1990; Stea et al, 1986; Van de

Poll, 1978, Von Biiter et al., 1989,



TABLE 1.2 LITHOLOGICAL CRITERIA USED TO DEFINE THE CUMBERLAND
AND PICTOU GROUPS

Criteria Cumberiand Group Pictou Group
Coal-bearing: generally but not always rarefy

Red hthofacies: subordinate dominant
Grey ithofacies: dominant subordinate
Congiomerate: locally abundant rare

Fine hthofacies- subordinate-subequal dominant
Lateral vanation: rapid, diverse hmited

Contacts:

conformable to discon-
formable with Mabou Group,
unconformable with older
Carboniferous and basement
rocks, conformable 10 dis-
conformable with Pictou strata
(dominantly redbeds)

conformable to unconformable

with the hetergeneous

Cumberiand Group and correlatives;
unconformable with older
Carbomferous strata and

basement rocks
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Figure 1.1: Location map for the Upper Paleozoic Cumberland and Maritimes Basins, Eastern

Canada. The boxed area on the map is the Cumberland Basin thesis area.
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Figure 1.2: Location map and generalized geology of the Cumberland Basin of northern Nova
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GENETIC AFFINITY TYPE 3

Diagenetic Groundwater

Infiltration

GENETIC AFFINITY TYPE 2

compaction -
tectonics

s (P

Basin Brine Expulsion

GENETIC -AFFINITY TYPE |
Sedimentary Exhalative

Figure 1.3: Three basic genetic models, groups or affinities have been proposed in this thesis in
order to discuss the Permo-Carboniferous hosted mineral occurrences of the C.u.mberland and
Maritimes Basins. Although these affinities are based on inference, the three affinities correspond

to empirical and field observations (see chapter 7).



CHAPTER 2

STRATIGRAPHY

The stratigraphy (lithology, thickness and distribution of rock units) and the paleontology
(age of the various units) arc the essential building blocks for constructing burial historics for the
various rocks included in this study. A thermal study of the strata in the Cumberland Basin in
particular and the Maritimes Basin in general must be put into a stratigraphic and palcontologic
context to permit interpretation. This chapter and Appendix I summarize the stratigraphy and
paleontology of the Cumberland Basin, and inferences drawn from the Cumberland Basin geology

and stratigraphy have been applied to the larger Maritimes Basin.

2.1 STRATIGRAPHY: CONSTRAINTS ON LITHOLOGY AND THICKNESS

Stratigraphic investigations over the last 150 years have led 10 complex nomenclature
which includes a confusing combination of litho-, chrono- and bio-stratigraphic tcrminology, and
therefore redefinition of some of the units has become necessary. The revised stratigraphy as
applied in this thesis simplifies regional correlation and facilitatcs more coherent interpretation of

the thermal history of the Maritimes Basin (Fig. 2.1).

Bell (1944) introduced the basic stratigraphic divisions of the Carbonifcrous strata in
eastern Canada (Fig.2.2) and designated them as "groups”, revising the previous assignment of

"series”. Bell (1944, p.4) stated his reason for doing so as:

"The economic value of lithological classification of strata has alrcady
been mentioned and is generally understood. The value of classification based
on age is not su generally appreciated. Yet it is the only classification that permits
reliable correlation.

22



23

Bell (1944) belicved that all of his groups were separated by unconformities or disconformities

of regional time equivalence. Kelley (1967) summarized the evolution of Carboniferous
stratigraphic nomenclature, and discussed the inherent problems and confusion where
unconformitics were not present at group boundaries and paleontological (age) criteria dictated the
boundary placement. He pointed out that the designation of these units as "groups" was contrary
to the Codc of Stratigraphic Nomenclature. and that Bell was assigning lithostratigraphic
nomenclature to time stratigraphic units. Although Kelley (1967) was correct in his evaluation
of the nomenclature, Bell’s basic thesis that time correlation facilitated a better understanding of
the geological paleoenvironments, is not without merit. The key lies in the emphasis or degree

of confidence placed upon age as a diagnostic characteristic of the unit.

Notwithstanding the inherent problems, Bell's (1944) nomenclature has been so widely
accepted and uscd that it would be imprudent to change all of the nomenclature for the
Carboniferous in the Maritimes Basin solely on the basis of this study. Instead, this thesis follows
the general trend of previous workers including Shaw (1951a, 1951b), Copeland (1959), Belt
(1964 and 1965), Kelley (1967), Howie and Barss (1975a, 1975b), and Ryan et al.(1991a). The
trend has been to adapt, develop and improve the stratigraphic nomenclature on a formation level,
by documenting and defining mappable lithostratigraphic units and placing them in a more
thoroughly defined group nomenclature scheme. In the course of this thesis study, the focus of
the investigations was placed on the formations as the fundamental components of the stratigraphic
framework. Formations were placed in groups as a secondary priority and are subject to future

modification as nccessary.

Figure 2.2 is a summary of the evolution of stratigraphic nomenclature for the Cumberland
Basin. For a more detailed account of this evolution, see Ryan et al. (1991a) and Ryan and
Bochner (1993). The criteria for assignment of formations to the Cumberland and Pictou groups
in their type arcas in the Cumberland Basin as proposed in this thesis, follow the suggestions of
Ryan and Bochner (1989) and are summarized in Table 1.2 and Fig. 2.3. The stratigraphy of the

various units in the Cumberland Basin study area are discussed in Appendix I of this thesis.



2.2 PALEONTOLOGY - AGE CONSTRAINTS

The paleontological investigations carried out as part of this study have documented the
ages of the various units in the basin (see Ryan and Bochner, 1993). These age determinations
are used to constrain the sedimentation rates for the different parts of the basin and by inference
they help constrain the time-temperature path of the basin-fill units (sce Chapter §). Some of the
conclusions of the detailed paleontological study summarized by Ryan and Bochner (1993) have
included here. For detailed descriptions and faunal lists the reader is referred to Ryan and
Boehner (1993).

The Windsor Group fauna in the study arca indicates an absence of Upper Windsor Group
limestones. All of the limestones studied were of B Subzonc age suggesting that marine
carbonates of the Upper Windsor are not represented in oulcrops and were probably not deposited
in most of the basin. The faunal assemblage of the Windsor limestones in the areca suggest that

they were deposited in shallow marine sublittoral zonc at/or ncar wave base.

The presence of thin laterally extensive ostracod- and algae-bearing lacustrine limestones
suggests that there was periodic large scale flooding of the alluvial plain during the deposition of
the Cumberland and Pictou Groups. The periodic flooding of ¢ ' alluvial plain may record

externai eustatic sealevel changes or more probably regional or local tectonic events.

The paleontology and paleobotany of the clastic rocks is obscured by the reddening of the
Pictou Group strata in the area. If the present distribution of flora has not been subscquently
altered by preferential preservation, it would suggest that much of the vegetation was restricted
to the near channel and swamp areas of the floodplain. This restriction of the floral distribution
suggests that seasonal drying may have inhibited vegetation development away from water
sources. The younger floral assemblages reflect a stressed biome which may be related 10 a

gradual drying of the paleoclimate through time, or to seasonal distribution of precipitation.

Palynology within the study area delincates ten distinct spore assemblage zonces within the
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strata, which range in age from Visean to Stephanian (possibly early Permian). The spore zones
corrclate with major lithostratigraphic subdivisions within the basin. The palynology results
indicate that the range in age of the Cumberland Group should be extended into the Westphalian
D from the previous Westphalian C determination, and that the base of the revised Pictou Group
in the Cumberland Basin is of Latc Westphalian D age. The palynological age dates facilitated
regional mapping and correlation in areas where stratigraphic exposure was limited and

determination of lithostratigraphic position of beds difficult.

2.3 CHRONOSTRATIC AND CHRONOMETRIC AGES

There is a margin of error in the geological boundary placement when comparing
chronostratic and chronometric scales, therefore it is necessary to define the geological time scale
uscd for this study. The Carboniferous to Triassic boundaries as defined by Harland et al. (1989)
are the most widely used in the literature and are used here to compare apatite fission track ages
to the stratigraphic record. Although other time scales such as the Intemational Union of
Gceological Sciences (1989) scale exist, they are for the most part in agreement with, or adapted
from, the Harland et al. (1989) scale for the Carboniferous to Jurassic, and therefore the Harland

scale was used cxclusively in this study.

2.4 IMPLICATIONS OF THE STRATIGRAPHY AND PALEONTOLOGY ON
THE MARITIMES BASIN THERMAL STUDY

The stratigraphic and paleontologic information derived from this study have direct

implications for the thermal and tectonic evolution of the Maritimes Basin.

The revised stratigraphic nomenclature for the Cumberland Basin, when applied to the
Maritimes Basin, greatly simplifies the stratigraphic nomenclature of the larger basin. The new

division of the Carboniferous basin-fill, as proposed by this study, into 5 groups, each with
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distinct lithological characteristics, has important ramifications for our understanding of the basin.
The regional correlation of the units is summarized in Figure 2.1 and 2.4. These revisions
eliminat~ redundancies in terms applied to stratigraphic cquivalent units occurring within local

basins or sub-basins (Fig. 2.1).

The paleontology of the Cumberland Basin establishes time constraints for these units and
the Cumberland Basin information aids interpretation of paleontological data from clscwhere in
the Maritimes Basin. The paleontological and stratigraphic obscrvations from this study have
provided information from which time versus thickness plots ior the basin (Fig. 2.5) have been
constructed. This study provides the opportunity to visualize the lithological characteristics and
sedimentation rate for the units at various times in the basin history. Thesc obscrvations yicld
valuable information which permit construction of burial history plots (sec Chapter 5). The burial
history plots are used as the starting point for the thermochronological modelling of the basin

strata.
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CORRELATION OF STRATIGRAPHIC GROUP NOMENCLURE

REVISED

OLD CUMBERLAND OLD STELLARTON OLD SYDNEY
PICTOU PICTOU STELLARTON (PART) MORIEN (RED)
CUMBERLAND CUMBERLAND+ STELLARTON+ MORIEN (GREY)+

RIVERSDALE RIVERSDALE RIVERSDALE
MABOU CANSO CANSO CANSO

Figure 2.4: The correlation of the revised group nomenclature with the group names used by older
literature for the Cumberland, Stellarton and Sydney Basins. The revised nomenclature is after

Ryan et al.(1991a).
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CHAPTER 3

SEDIMENTOLOGY

3.1 INTRODUCTION

Various aspects of the sedimentology of the strata in the Cumbcrland Basin arca arc
discussed in this chapter, in order to establish the sedimentological parameters related to burial
and erosion which are used to interpret the thermochronology, and the structural and cconomic
geology of the Cumberland Basin. The sediﬁlentological paramctcers which apply (o the

Cumberland Basin also apply in a general sense to the larger Maritimes Basin.

The sedimentology can be used to verify the following geological constraints : (1)
sediment source and dispersal pattems which can be used to ascertain the geomorphic
configuration of the basin, and areas of relative uplift and subsidence; (2) the lithofacics
distribution of the strata help to define the environments of deposition for the various rock
packages, and their inter-relationships make it possible to interpret intemal basin fcatures such as
local sub-basins and areas of rapid sedimentation; (3) the presence of recycled basin material
indicates uplift of part of the basin area; and (4) the basin-fill detritus which constitutes the rocks
is a potential source for the metals and gangue found in the mineral deposits of the basin. The
various observations are dovetailed with the stratigraphy (Chapter 2) in an cffort to create burial

history plots for the basin (see Chapter 5).

Lithofacies and lithofacies associations are described in Ryan and Bochner (iv93) and
therefore are not included here. The sediment dispersal trends for the Cumberland Basin and the
Maritimes Basin have been summarized by Ryan et al. (1988) and Gibling ct al. (1992) (Fig. 3.1).
The reader is referred to these papers for a detailed discussion of the paleoflow during the

Carboniferous in Atlantic Canada.

32
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3.2 SEDIMENTOLOGICAL ENVIRONMENTS OF DEPOSITION

This section provides a brief discussion of the environments of deposition for the various
units from the Windsor Group 1o the Pictou Group. The Horton and the Fountain Lake groups

arc not discussed here because they are poorly exposed in the Cumberland Basin.

3.2.1 WINDSOR GROUP

The cvaporites, mudrocks and carbonates of the Windsor Group are grouped together into
a marinc facies assemblage for the purpose of this study. The exact depositional environment of
the cvaporitc sequence is difficult to determine, however it is clearly marine in origin. The
carbonates of the Windsor Group, which are thin and interbedded with the evaporites and clastics,
were deposited in shallow waters. The fauna and flora of the various carbonates studied within
the Cumberland Basin all indicate deposition under stressed conditions (possibly hypersaline) at

or ncar the wave basc.

3.2.2 MIDDLEBOROUGH FORMATION

Strata of this formation are poorly exposed in the area which makes interpretation of the
depositional environment very tenuous. McCabe and Schenk (1982) suggested that most of the
Middleborough Formation (or its equivalent Maringouin) had been deposited on a floodplain
during sheetfloods and within shallow ephemeral streams. The overall sequence of the formation
is mostly composed of very fine grained sandstones and mudrocks which would support such a
palcocnvironmental interpretation (Fig. 3.2). The fine grained rocks commonly have pedogenic
horizons as well as desiccation features. Rarc lateral accretion beds can be found within the
thicker sandstonc units indicating that a few less secasonal streams also traversed the floodplain.
In general the formation coarsens upward, perhaps in response to an increased supply of water due
to the transition from an arid paleoclimate, as suggested by the underlying Windsor Group

cvaporites at the base of the formation, to a more humid paleoclimate at the top.
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3.2.3 SHEPODY FORMATION

This formation is a sandstone-dominated sequence with subordinate fine grained rocks.
The sandstone bodies are usually single story at the basc of thc formation but within short
distances develop upwards into multi-storied channel sequences (Fig.3.3). Unimodal palcocurrents
predominate in the upper parts of the formation. Lateral accrction beds occur primarily in the
lower parts of the formation although a few persist into the upper beds. This formation is
interpreted to represent a transition from meandering strcams at the base of the unit to a sandy
braided system at the top (Ryan and Boehner, 1990). The uppermost beds of the formation are

interbedded with polymictic alluvial fan conglomerates of the Claremont Formation.

3.2.4 CLAREMONT FORMATION

In the study area, alluvial fan deposition occurred during the Namurian. The alluvial lan
deposition is recorded by the Claremont Formation which is characterized by poorly sorted
boulder to pebble polymictic conglomerates. The presence of planar bedded intervals indicate
episodic deposition by sheet flow. Less commonly conglomerates arc matrix supported, and may
have been deposited by debris flows (Fig. 3.4). The prescnce of alluvial fans is usually taken to
indicate syndepositional tectonic activity, such fans develop only in arcas of rclatively high reliel
(Davies, 1983). A similar link between tectonic movements and alluvial fan deposition in the
Cumberland Basin has been proposed by various workers (Bell, 1944; Fralick and Schenk, 1981;
Ryan et al., 1987). The source for the detritus which composcs these conglomerates is the
Cobequid Highlands Massif, although to the northwest, the Caledonia Highlands Massif may also
have contributed coarse detrital material. The thickness of the formation and the size of the clasts
both diminish to the north. Conglomerates exposed at the axes of the anticlines, away from the
basin margins, are commonly trough cross-stratified, whereas the conglomerates at the basin
margins are dominated by planar or massive bedding. The arcas along the margin of the
Cobequid Highlands Massif arc interpreted as proximal fans, and to the north ncar the axcs of the

anticlines, the formatior: was apparently deposited in the mid-fan arca (Ryan, 1985,1986; Ryan
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ct al., 1987).

3.2.5 BOSS POINT FORMATION

The sandstone-dnminated strata of this formation have strongly unimodal sediment dispersal
trends. The sandstone and mud-chip conglomerate channel deposits are multi-storied and multi-
lateral, and have flat channel bases (Fig.3.5). On the basis of these criteria and the presence of
horizontal stratification at the top of some of the channel sequences of this formation, the Boss
Point Formation has becn interpreted as representing a braided stream facies assemblage (Ryan,
1985,1986; Browne, 1990). In addition, the sandstones are commonly interbedded with alluvial
fan polymictic conglomeratcs along the margin of the Cobequid Highlands Massif which also

suggest a braided stream environment.

3.2.6 POLLY BROOK FORMATION

This formation is made up of coarsening upward cycles of polymictic cobble to pebble
conglomerates, which cxhibit a northward decrease in the thickness of the unit, thickness of the
individual beds, and the size of the clasts (Fig. 3.6). Along the margin of the basin, adjacent to
the Cobequid Highlands Massif, the conglomerates are very crudely horizontally stratified.
Downflow, to the north, the conglomerates exhibit trough and tabular cross stratification and are
interbedded with coarse grained arkosic sandstones (Ryan, 1986). The distribution, lithofacies
assemblages, and lateral transitions of the unit, indicate that deposition took place in proximal to
distal alluvial fans which emanated from the Cobequid Highlands Massif to the south (Calder,
1984a, 1991; Ryan,1986; Ryan ct al., 1987).

3.2.7 JOGGINS FORMATION

Ryan et al (1987) suggested that the sandstone body configurations and sedimentary features

of the Joggins Formation, indicatc that the sands were deposited by an anastomosing to

meandering stream transition system (Fig. 3.7). Rhythmites (altemating beds of 1 m thick
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sandstones, thicker mudrocks and thin beds of coal and limestone), which are interbedded with
channel sandstones, have been used to suggest deltaic sedimentation may also have taken place
(Duff and Walton, 1973). The number of lacustrine limestones intcrbedded with the fine grained
rocks of the rhythmite sequences suggests that deposition occurred marginal to a large (up to
several hundred km?) inland lake system (cf. Copeland, 1959). Perhaps the setting for the
deposition of the Joggins Formation strata is best described as a low gradient tloodplain -
lacustrine delta plain which was traversed by numerous small strcams, positioncd between the
southern highlands with their adjacent alluvial fans, and a large inland lake near the centre of the

basin.

3.2.8. SPRINGHILL MINES FORMATION

The coal-bearing strata of the Springhill Mines Formation accumulated in an inland river
valley setting bordering a mature piedmont of coalesced alluvial fans derived from the Cobequid
Highlands Massif, to the south (Calder,1991). Streams of the northeasterly trending trunk system
differ in configuration from the streams derived from the Cobequids. Multi-latcral channcl
sandstones occur within the formation, and multi-storied channels with stepped bases are common
(Fig. 3.8). The trunk system has becn interpreted as anastomoscd where it is exposed at the
Joggins Shore (Rust et al., 1984). The strcams exhibit moderate sinuosity in the Springhill arca
and have been described as anastomosing systems (Calder, 1951). Ephemecral discharge input from
smaller streams entering the basin from the south merge into the larger trunk system (Calder,
1986; Bochner et al., 1986). The presence of alluvial fans which have built out for scveral
kilometres into the basin could possibly have impeded drainage of the trunk system, a subscequent
rise in water table level may have resulted in peat accumulation and development of anastomosing
stream patterns in the trunk rivers (Boehner ct al.,1986; cf. Calder, 1991). Calder (1991) suggests
that the groundwater recharge from the fanglomerates along the basin margin may have been an
important controlling factor in the development of the peat mires which are represented in the rock

record as coals.
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3.2.9 RAGGED REEF FORMATION

The Ragged Reef Formation has two end members with dramatically different coarse to fine
ratios. In the western Cumberland Basin, and in the Roslin area north of Springhill, the formation
is composed primarily of cobble- to pebble-conglomerates and coarse grained sandstones with
subordinate mudrocks. In the centrai part of the Athol Syncline the strata of this formation are
much finer grained and only a few thin conglomeratic horizons occur. The coarse end member
of the formation was deposited by high-gradient braided streams draining from the southwest
(Salas, 1986; Deal, 1991)(Fig. 3.9). The finer grained end member of the Ragged Reef Formation
has been interpreted as being deposited in an area where the stream gradient has been significantly
reduced (Deal, 1991). Towards the top of the Formation, both in the east and the west, there is
a significant lacustrine environment recorded by the presence of thin coals and limestones (Deal,
1991). The upper parts of the formation change over a short distance from coarse strata into a
grey mudstone dominated coal-bearing package (Ryan et al. 1990; Deal, 1991) . The Ragged Reef
Formation therefore represents a transition from braided streams near the basin margins to
meandering strecams associated with lakes or ponds in the central (lower gradient) parts of the

basin.

3.2.10 MALAGASH FORMATION

The strata of this formation are composed of sandstone dominated sequences with a
sand/silt ratio of 0.5 . The sandstone and mud-chip conglomerate channel deposits are multi-
lateral and multi-storied. The channel deposits exhibit only crude fining-upward cycles. There is
little evidence of upward decrease in the scale of the sedimentary structures (Fig.3.10). The
sediment dispersal trends of the unit a~= unimodal. Levee deposits are rare but splays are
common. Fresh water limestones are commonly interbedded with the fine grained overbank
deposits.  Basced on the biota present (see Ryan and Boehner, 1993), these carbonates are
interpreted as being deposited in shallow water near the shore of the lake. The depositional
sciting of this formation is as sandy braided streams with associated shallow lacustrine deposits

(Ryan, 1985, 1986; Ryan ct al., 1987).
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3.2.11 BALFRON AND TATAMAGOUCHE FORMATIONS

These formations are well exposed in the study area and intersected by numerous dri'l
holes. The overbank mudrocks of these formations arc interbedded with shallow lacustrine
carbonates and mudrocks which Ryan (1986) suggested were deposited near the inner mudflat

zone of large inland lakes (Figs. 3.11 and 3.12).

Although the streams of the Balfron and the Tatamagouche Formations might be classificd
as either low sinuosity meandering or anastomosing, they probably represent some intermediate
pattern (Ryan and Boehner, 1993). The channel sequences within the Balfron and Tatamagouche
Formations are up to 50 m thick and correlative for distances of 20 km or more (Fig. 3.13). The
sand to silt ratio of this succession is estimated from cross-sections as approximately 1:4 . Field
observations, drillhole descriptions, and lithcfacies transition matrices were combined 1o create a
hypothetical fluvial cycle for the stream deposits of the strata. The idealized cycle fines upwards
from a calcareous mud-chip conglomcrate, through medium- to fine-graincd sandstone, to
laminated siltstone at the top. The beds cxhibit a concomitant decrease in the scale of the
sedimentary structures. The associated transition of sedimentary structurcs upwards is: (1) large
scale trough cross-beds, (2) small scale trough cross-beds, (3) low angle forescts, (4) ripplc drift

cross-lamination, and (S) planar laminated bedding (Fig. 3.14).

Crevasse splays are common and represented by thin (less than 70 cm) tabular sandstoncs
enveloped by the overbank mudstone and siltstone (Ryan, 1986). Splay sandstoncs cxhibit
obscure coarsening-upward cycles, planar bedding, or more rarcly, small scale trough cross-

stratified beds.

The multi-lateral nature of the sand bodics is confusing, given the strongly unimodal
paleocurrent data. The presence of laterally extensive interbedded lacustrine limestones indicates
that the enclosing floodplains of these streams must have had low gradients to facilitaic the
episodic establishment of relatively large inland lakes. Smith and Smith (1979) suggested that a

variation in sea level (lake level) or damming of the strcams may have been a significant



39

controlling factor in the cstablishment of anastomosing pattemns. A similar effect, perhaps
triggered by sudden basin subsidence which resulted in lake transgression, may have been a
controlling factor in the Cumberland Basin. Tectono-allocyclic events have been documented for
megasequences occurring within the Maritimes Basin (Ryan et al., 1987; Chapters 4 & 6) and
similar but smaller scale occurrences of episodic subsidence may account for lake transgression

cvents.

The depositional setting has been interpreted by Ryan (1986) as a floodplain cut by coalescing
anastomosing strcamg, however depositior is best described as taking place on a large floodplain
traversed by numerous ncarly parallel straight streams with large seasonal discharge variability.
These streams may have empticd into inland lakes as evidenced by the laterally consistent

lacustrine limestones present in the strata.

3.2.12 CAPE JOHN FORMATION

The strata of the Cape John Formation are dominated by mudrocks interbedded with multi-
storicd channel deposits (Fig. 3.15). The bases of the channel deposits are commonly stepped and
concave upward. The channel sequence has a poorly developed upward decrease in the scale of
the sedimentary structures and the grain size fines upward. Crevasse splays are common and
levees arc more abundant than in the other units of the area. A few thin shallow lacustrine
carbonates occur within the mudrocks, however they are not as laterally continuous as those of
the Balfron and the Tatamagouche Formations. The sediment dispersal is crudely unimodal,
however variations in the fiow directions are much more common than in the older units. Ryan
(1985, 1986) suggested that this formation was deposited on a floodplain traversed by mud-rich
anastomosing streams (cf. Galloway and Hobday, 1983) with small lakes occurring between the

channcls on the floodplain.
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3.3 SPATIAL RELATIONSHIPS OF THE FORMATIONWS

Many of the environments of deposition described above were contemporancons. This
is particularly true in the Cumberland Group of western Cumberland Basin, Naylor et al. (1992)
and Ryan et al. (1990) have attempted to visually portray thesc inter-relationships of rock units
and paleoenvironments. Figur: 3.16 demonstrates the rclationships between the formations of the
Cumberland Group. The basin margin facies arc dominated by alluvial fan dcposition of the
poorly sorted conglomerates. The conglomerate deposition at the basin margin is coincident with
fine grained sand and mud deposition away from the margins. The presence of lacustrine beds
within the coal-bearing sequence of the Joggins Formation reflect rapid subsidence at the same

time as alluvial fans were developed near the basin margins.

The correlation of the sedimentology of the various formations of the Cumberland Basin

with the tectonics is discussed in Chapter 6 (Scction 6.2) of this thesis.

3.4 IMPLICATIONS OF THE SEDIMENTOLOGY

This study, Ryan et al. (1987, and Boehner ct al. (1986) have demonstrated how the
sedimentology and the spatial relationships of the various facics assemblages can be used to aid
interpretation of the tectonic history for Carboniferous Basins in castem Canada (Chapter 4 & 6).
For example, the occurrence of basin margin fanglomerates which arc time cquivalent to
basinward lacustrine strata indicates a period of rapid basin subsidence or basin margin uplift.
Similarly the sediment dispersal patterns for such a time interval would reflect the effects of local
uplifts and concurrent basin subsidence. The lithologic pattems found within the Cumberland
Basin suggest that the strata were deposited as large scale allocycles (driven by tectonic cvents),

similar allocycles can be extrapolated to much of the Maritimes Basin.

The relationship and nature of these tectonically induced allocycles are examined in detail

in Chapter 4 in relation to the structural geology, in Chapter 5 in relation to the burial and
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cxhumation history of the strata and thercfore the thermal history, and in Chapter 6 in regard to

the basin development.

The presence of thick multi-storied and multi-lateral sand bodies which form permeable
sheet-like deposits have important implications for the transmittal of metal-bearing fluids within
the basin. Similarly the presence of ferromagnesian silicates and fresh feldspar within the rocks
of the study arca suggests that intrabasinal source of metalliferous fluids is plausible. These

aspects of the sedimentology arc discussed in the context of the economic geology in Chapter 7.



42

65 nat 03 o

T‘ ___u_
\
{
|
Z=

.Z> N
&
" R

QIEBEC (Gospé)

Boy ot Cravewr /) s 7/ NEWEOUNDLAND
. " Huy B uearge age

Haarn

NEW BRUNSWICK - '
P -
/[:/ LIS ‘\:*“/\:l!h‘i
A , -
‘ O Cetamoron foll

N8 PLATFORM

& )
L4
a6 i, 87
‘6' // , > SYONE Y BASIN
Moncton
)/ Basin r
t
/ s ETI
d3, 2
o 1098
Lo v 19 2 Cumderiong
/. 20" 5, Basin -«
Lo C"' €~ Cobequia Highiards
\s = " - TN D
, wnas Stetiorton =~
4 Go,
:, - . ‘ o o a2 Foutr . =—
)/ Nj/\-’ torgondermis  Peimion racks
e ’/; Lo
“ e CT] omenee
‘J'
. ww —— Frobobie offahore esiens
7 pAse,
7 ~ PRV VY PR TITTY
s NOVA —m  Hepressntanve pulsutiow duechions
e ) SCOTIA -
/ ‘,) Hose diagrams 10f husingl 1egiuns
@ Liough croas straia)
W M ‘L ]?0 200 , 357 Numtier of
v ; umbier of messurement Py
w" KILOME TRFS
05% [4 6a° 6y 600 [T
1 ! 1 -
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Figure 3.16: Diagrammatic representation of the relationship of various Cumberland Grouy
formations and members in the western part of the Cumberland Basin (modified after Naylor et
al., 1992). This diagram attempts to show the time-space relationships of the various formations
of the Cumberland Group in the basin.



CHAPTER 4
STRUCTURE

4.1 INTRODUCTION

The structural geology of the Cumberland and Maritimes Basins is intricatcly intcrwoven
with the metallogenesis and thermal history of the region. The structural and tectonic history of
the basin is important to interpret with respect to: (1) relationships between tectonic and theimal
events within the basins; (2) basin-forming mechanisms and how they influcnce the possibility of
sedimentary exhalative deposits; (3) the effects of uplift and crosion (cxhumation) on the
likelihood of late diagenetic groundwater-rclated mincralization; and (4) the role of faults as
conduits and hosts for diagenetic and epigenetic mineral deposits. This chapter and Appendix 11
outlines the structural features of the Cumberland Basin.  Because tectonics can influence the
movement of mineralizing fluids in sedimentary basins (eg. Oliver, 1986; Jowctt 1986, 1989), this
aspect of the metallogenetic history is addressed here. Structural information is combined with
the geological and thermal constraints in order to suggest a possible tectonic and basin
development history for the larger Maritimes Basin within the context of global tectonics (sec

Chapter 6).
4.2 MARITIMES BASIN OVERVIEW

Essentially two tectonic models for the development of the Maritimes Basin have cmerged
from a multitude of hypotheses: 1) a rift model on a wrench system proposed by Belt (1968a) and
2) a dextral strike-slip pull-apart model proposed by Bradley (1982). McCutchcon and Robinson
(1987) suggested that the key to understanding the tectonics lics in a better understanding of the
kinetics of the Cobequid-Chedabucto and the Belleisle faults. These faults, together with the Long
Range, Taylors Brook, Green Bay, Hollow, Aspy, Norumbega, and Fredericton faults (Fig. 4.1),
hold the key to understanding the tectonic framcwork. A detailed investigation of all of these

structaral features is bey(;nd the scope of this thesis, however valuable information about
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movement along the Cobequid-Chedabucto Fault and its subsidiaries, which can be derived from
the Cumberland Basin study area, is included here. The information from the Cumberland Basin
can be combined with other recent studies (eg. Yeo and Ruixiang, 1987) on the fault snovements

in the Maritimes Basin in order to propose new constraints on the basin-forming mechanisms.

4.3 CUMBERLAND BASIN STRUCTURAL STUDY

The most significant structural features contained within or directly influencing the
Cumberland Basin are: (1) the Cobequid - Chedabucto Fault System (Minas Geofracture); (2) the
North Fault (Keppie, 1976) along the northern margin of the Cobequid Highlands Massif; and (3)
the Cumberland Basin and its internal structures (Fig.4.2). In this chapter these features are
cxamined and inferences as to their origin are used to reconstruct the tectonic and resultant
scdimentological history of the Cumberland Basin. This information is dove-tailed with thermal
constraints (presented in Chapter 5) in order to assess basin development models (Chapter 6). The
smaller scalc more detailed information on the structure of the Cumberland Basin are presented

in Appendix 11

4.4 COBEQUID - CHEDABUCTO FAULT SYSTEM

4.4.1 LOCATION AND DISPLACEMENT

The Cobequid - Chedabucto Fault System (Minas Geofracture) is an east-west trending
scrics of faults with a complex movement history, separating the Meguma Terrane from the
Avalon Terranc in northern Nova Scotia (Fig.4.1) (Donohoe and Wallace, 1985). The on-land
tracc of the fault system is over 300 km long (Mawer and White, 1987), extending from
Chedabucto Bay in the cast to Chignecto Bay in the west. To the west beneath the Bay of Fundy
the Cobequid-Chedabucto Fault System curves to a southwesterly trend and changes to a complex
flower structure (Nance, 1988). The fault zone is linked to Late Carboniferous convergent thrust

faulting and metamorphism which occurred in southern New Brunswick. The structure is further
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complicated in the Bay of Fundy area by the superimposcd Mesozoic Fundy Rift, and by northeast
trending regional faults in southern and south-central New Brunswick. To the cast, the fault
system is similarly complicated by the Mesozoic Orpheus Graben structure extending castward

from Chedabucto Bay (Fig. 4.1).

Individual faults within the system have been described as having normal, reverse, dextral,
or sinistral displacement (Eisbacher, 1969, 1971; Keppie, 1982; Mawcer and White, 1987). Mawer
and White (1987) concluded that displacements arc expected to vary within a fault zone that is
of strike-slip origin. Most of the workers over the last thirty yecars, have suggested that the
Cobequid-Chedabucto Fault System is a strike-slip movement zone (Eisbacher, 1969, 1971; Webb,
1969; Bradley, 1981; Keppie, 1982; Donohoe and Wallace, 1985, Mawer and White, 1987),
whereas earlier workers such as Bell (1944, 1958), suggested that normal faulting took place along
the fault zone at the basin margins. Net dip-slip movements occurrcd along the faults, as
evidenced by the basin margin fanglomerates, however these movements may have been relatively

minor in comparison with the interpreted strike-slip displaccments.

Keppie (1982) suggested that during the Mesozoic the fault system had a complete
reversal in displacement sense from dextral to sinistral strike-slip movement. Mawer and Whitc
(1987), on the basis of their research of the microstructures in the fault zonc at either end of the
on-land trace, concluded that the fault zone had a protracted history ol dextral strike-slip
movement, No evidence for major sinistral movement was documented. Yco and Ruixiang
(1986) and Fralick and Schenk (1981) suggested, based upon structural and sedimentological
studies in and adjacent to the Hollow and Cobequid Fault zones in the Stellarton arca, that thesc
faults underwent dextral offset. The Hollcw and the Cobequid Faults arc both part of the
Cobequid - Chedabucto Fault System. Dextral movement along the faults is well documented and
it seems reasonable to assume that some degrec of sinistral accommodation was possible in the
Mesozoic, however the sinistral offset may have been taken up by smaller subsidiary faults within

the zone.

The actual amount of displaccment along the fault zone is not well documented. Donohoe
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and Wallace (1985) suggested that there was between 20 and 85 km of post-Devonian dextral
offsct on the system along the Cobequid Highlands Massif, based on the offset of rhyolitic and
granitic rocks on cither side of the fault zone. Keppie (pers. comm.) suggested that the dextral
offset may be as much as 200 km, based on the occurrence of Torbrook Formation clasts in the
Middle Devonian rocks. These clasts, contained in strata near Chedabucto Bay at the eastern end
of the on-land trace of the fault system, are 200 km east of the nearest Torbrook Formation
outcrops south of the fault zone. Yeo and Ruixiang (1987) suggest that 20 to 35 km of dextral

displacement took place along the fault during the Late Carboniferous.

In summary, it can be concluded that a minimum of 20 km of strike-slip offset occurred
and perhaps as much as 200 km. In addition to the strike-slip movement there has been episodic
dip-slip movement as evidenced by the local fanglomerates adjacent to highland areas near the

fault zonc.
442 TIMING OF THE MOVEMENTS

Faulting within the Cobequid-Chedabucto Fault System is interpreted as beginning by the
Middle Devonian or carlier (Schenk, 1971; Keppie, 1982; Donohoe and Wallace, 1985), and
continuing intermittently (recorded locally by episodic coarse sedimentation) throughout the
Carboniferous (Donohoc and Wallace, 1985; Yeo and Ruixiang, 1986; Ryan et al, 1987).
Donohoc and Wallace (1985), and Ryan et al. (1987) estimated the timing of the net dip-slip
movements along the fault zone, on the basis of the presence of thick fanglomerates adjacent to
the faults, as Namurian and Early Westphalian. These dip-slip movements may have occurred
without any associated strike-slip movements, or more likely, as a component of the strike-slip
displaccment (Donohoc and Wallace, 1985). The Namurian to early Westphalian age of the
fanglomerates constrain the timing of the tectonic events within the Maritimes Basin adjacent to
the Cobequid - Chedabucto Fault, serving as an aid in modelling of the basin evolution (cf. Fralick
and Schenk, 1981; Yeo and Ruixiang, 1987; Ryan et al., 1987).

The author has compared the movements along this fault zone with those of the North
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fault and the results are discussed in scction 4.3.2 of this chapter. Additional discussion of the
timing of the faulting and the implications of the lault movements, is intcgrated into a discussion

of basin evolution in chapter 6.

4.5 NORTH FAULT

4.5.1 LOCATION AND DISPLACEMENT

The term "North Fault” was introduced by Keppic (1976) io define the zone of faulting
(including the Spicers Cove Fault) which occurs on the northern flank of the Cobequid Highlands
Massif (Fig.4.3). The fault zone forms part of the southern boundary of the Cumberland Basin.
The on-land fault trace is locally overlapped by Upper Carboniferous rocks (ic. south limb of the
Tatamagouche Syncline) and at other places it clcarly displaces rocks of similar age, indicating
a complex movement history. Radar imagery shows the fault as a serics of lincars, extending
from River Philip to Earltown (Keppie, 1976). The zone can be traced in the subsurface, using
seismic profiles, as far east as River John. West of River Philip the fault trace becomes irregular,
and is apparently represented in the west by the Spicers Cove Fault and the Athol, Sand River and
Sand Cove faults. Keppie (1976) concluded that the irregular configuration in the west was duc
in part to overstepping Upper Carbonifcrous cover souih of the fault trace. He suggested that
there must have been a Late Carboniferous to Permian reaclivation of the fault which accounted
for the presence of the lineation in the Carbonifcrous cover rock. Field mapping in the westemn
part of the basin indicates that the fault is not overlapped by Upper Carbonifcrous strata and that
the fault at surface separates Devonian (or possibly Early Carboniferous) conglomeraics on the
south from Upper Carboniferous strata north of the fault. Moderate to shallow dips on the fault,
thick glacial cover, and cross-faulting may account for the more irregular trace of the fault.
Seismic lines which transect this fault are interpreted by Chevron Standard (Nantais, pers. comm.)
as indicating a thrust component to the faulting. Although older strata may overlic the Upper
Carboniferous basin-fill units at some localities along the fault, a low angle (<45) strike-slip

displacement could also result in a similar configuration of the strata (Fig.4.4).
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Most of the seismic data for the area are confidential (as of summer 1992) and therefore
unavailable for publication at this time. However, insights into the nature of the faulting along
the Cumberland Basin margins based upon these data, as well as from the GSC seismic data
(Calder and Bromley, 1988), are incorporated into the geological cross sections (Fig.4.5). In the
westemn part of the Cumberiand Basin the North Fault is not one fault occurring in isolation but
is a compositc of numerous splays that displace Upper Carboniferous strata in the basin. The
nature and location of these associated faults are discussed in section 4.4.4.4 of this chapter. The
North Fault is parallel to the Cobequid-Chedabucto Fault System and the faulted axes of the
Minudie and Claremont anticlines. Piper et al. (1988) described a (?) pre-Cumberland Group (late
Westphalian A to B) northward overthrust structure in mylonitic zones in the western part of the
Cobequid Highlands. They related this to convergent tectonics along portions of the Cobequid-
Chedabucto Fault System. These ductile structures were apparently overprinted by later brittle
faults of Mcsozoic age. In summary, the North fault is the northem boundary fault of the
Cobequid Highlands Massif which has been onlapped by Carboniferous strata of the Cumberland

Basin. This fault was active from the Namurian until the Mesozoic.

4.5.2 TIMING OF DISPLACEMENT

Ryan et al. (1987) cxamined the timing of fanglomerate deposition on the Cobequid and
North Faults and suggest that the timing of net dip-slip movements on the faults were almost
identical with the major movements taking place in the Namurian and Early Westphalian (Fig.4.6).
The subscquent displacement of the Upper Carboniferous strata indicates that a post Carboniferous
(Pcrmian to Mcsozoic?) movement has also occurred and impacted on the structure within the

basin (Fig.4.5).

In the Tatamagouche area in the eastem Cumberland Basin, dips of the Lower
Carbonifcrous strata along the southern margin of the basin adjacent to the North Fault are
approximately 25-35 degrees north. The younger Pictou Group strata have a dip of only 5-15
degrees north, at the same distance frem the fault trace. This angular discordance suggests that

nct din-slip movement occurred in the east during the Early Westphalian, even though Early
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Westphalian tanglomerate deposition did not occur in this arca of the basin  In the extreme
western part of the Cumberland Basin there are no Pictou group strata overlymg the Cumberland

strata and therefore no inference can be made.

4.6 IMPLICATIONS

The structural geology of the Cumberland Basin (sce Appendix II) demonstiaies that there
have been numerous tectonic events atfecting the strata in the areca. The tectonic cvents span a
long period of time, from syn-depositional through to the Mesozoic  Structlural fcatures m (he
study area can be divided into 1) major terrain features (cg. Cobequid-Chedabucto Fault System),
2) small scale basin development faults and folds, 3) evaporite diapirs and salt removal structures,
4) post Permian brittle deformation related to the Trassic riiting, as evidenced by the Triassic fill
in Chignecto Bay By combining the structural data on the relative movement and the iming ol
the movements with the stratigraphic information in Chapter 2, it is possible 1o suggest linuts 10
the types and extent of tectonics which have occurred throughout the basin history  In the
chapters to follow, the structural geology plays a key role in the interpretation of the thermal
history of the basin, the basin forming mechanism and development, and finally the metallogenctic
evolution of the basin. Faulls are numerous and may have acted as conduits for mmneralizing

fluids at various times in the basin history.
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SOUTH

Figure 4.4, Diagrammatic representation of the nature of strike-slip faults in the western
Cumberland Basin. Cross section A-A’ suggests how strike-slip movement along lateral

margins of shovel-like westerly directed thrusts can give the illusion of northerly directed
thrusting.
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CHAPTER §
THE THERMAL EVOLUTION OF THE MARITIMES BASIN

5.1 INTRODUCTION

The objective of this chapter is to quantify and interpret the thermal history of the
Cumberland Basin, and the greater Maritimes Basin, on the basis of paleothermometric data,

including fission-track thermochronology.

The thermal indicators to be used in this study can be divided into two distinct categories:
1) organic indicators including i) vitrinite reflectance (Ro), ii) thermal alteration index (TAI) of
sporinitc matcrial, iii) rock-eval pyrolysis, and 2) mineral indicators including i) apatite fission-
track analysis (AFTA), ii) fluid inclusion microthermometry, iii) clay mineralogy, iv)
palcomagnctic studics. Primary emphasis for this study was placed on the apatite fission track

analysis (AFTA) and the solid organic indicators, with secondary emphasis pls-ed on the other

mincral indicators. AFTA was emphasized in this study because it provides both temperature and
time information and thercfore it provides the means of tying all of the thermal information
logether. The apatite fission track analysis was so important to the thermal study that it warranted
discussion in a scparaie scction (see section 5.4) within this chapter. Etchable fission track length
distributions also allow inferences to be made on the posi-annealing thermal history of the rocks.
Solid organic indicators, in particular vitrinite reflectance, are the most commonly used thermal
mcthods for study of scdimentary basins. Vitrinite reflectance constitutes a significant percentage
of the data used for this study. The conversion of values derived from other maturation indicators
to cquivalent Ro max values was accomplished by using the Bames et al. (1984) organic

maturation comparison table.

Specifics of how cach of the thermal indicators was used in the modelling of thermal data
for individual sub-basins is explained in the burial history plot section 5.6 of this chapter. The
following summarics apply to the thermal indicator results for the Maritimes Basin as a whole.

By cxamining the overall trends within the Maritimes Basin it is possible to draw conclusions on
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the overall basin thermal history before modelling the individual study arcas in detail.
5.2 SOLID ORGANIC INDICATORS

The techniques used in this study and the results are described below.  lmplications of the

organic naturation studies are discusscd together in scction 5.2.7 of this chapter.
5.2.1 VITPINITE REFLECTANCE:

Vitrinite reflectance (Ro) is a measure of the reflectivity from a polished surface of
vitrinite, the most common coal maceral. Vitrinite reflectance is perhaps the most precise method
for the quantification of organic maturation (Mukhopadhyay, 1991a; Bustin, 1989; Bames ct al.,

1984; Waples, 1980; Teichmulicr, 1979; Bostick ct al., 1978; Dow, 1977; ctc.).

Bustin (1989) lists the advantages of vitrinite reflectance as a thermal maturation indicator:
1) it is a broadly accepted and standardized procedurc (ASTM,1980); 2) vitrinite is sensitive 1o
smail changes in the diagenetic level; 3) it is a microscopic method and as such it is casicr 1o
maintain a constant set of analytical paramecters; 4) vitrinite is a common componcnt of many
sedimentary rocks and it can be easily isolated; 5) the method is applicable to a wide range of

diagenetic conditions, from unconsolidated sediments to low temperaturc metamorphic rocks.

The .imitations of the vitrinite reflectance technique have been cvaluated by several
workers (Mukhopadhyay,1991a; Heroux et al., 1979; Barker, 1989, Bustin, 1989, Bames ct al.,
1984; etc.) and although interpretation of the Ro values is not straight forward, it is usually
possible to interpret datasets. Vitrinite reflectance data often show a scatter of results that would
be considered unacceptable to many workers from other disciplines (McCulloh and Nacser, 1989).
It has been demonstrated, however, that the scatter of the data is not due to analytical or statistical
errors but are the result of geologically significant mecha.isms (Mukhopadhyay, 199 1a; Heroux
and Saﬁgster, 1989; Wenger and Baker, 1936; Kalkreuth and Macauley, 1984; cic.). Major

contributors to variance of Ro data have been identified as: 1) type of organic matter analyzed,
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resulting in a variance of 0.35 within a single sample, 2) the presence of reworked vitrinite; 3)
coalification jumps at unconformitics caused by erosion of cover after maximum burial has
occurred; 4) overpressured zones, causing suppression of Ro values; 5) presence of liquid
hydrocarbons, tending to lower values, 6) oxidation, which can lower or raise Ro values, and 7)

the cffects of chemical alteration of the vitrinite.

'Al[hough Hacquebard and Donaldson (1970), Hacquebard and Cameron (1989),
Mukhopadhyay (1991b),and Hyde ct al. (1991), have previously compiled much ¢f the vitrinite
data from the Maritimes Basin, little consideration has been given to the causes of Ro variations.
Of particular  signiticance to this study, are the problems related to reworked vitrinite and
oxidation and chemical alteration. It was noted that the shales containing significant oil in the
Maritimes Basin have anomalous low Ro values (cf. Cook, 1980; Kalkreuth and MacAuley, 1984).
Onc of the problems in the utilization of vitrinite reflectance in the Maritimes Basin is that much
of the stratigraphic record is dominated by sandstones or vitrinite-barren redbeds. The effects of
oxidation and chemical alteration are most commonly observed in the porous sandstones,
unfortunately in much of the basin these rocks are the only strata containing vitrinite, and
therefore significant variations in Ro values are observed.  For the purpose of comparison the
results of the various mcthods and vitrinite reflectance studies were expressed in equivalent Ro
max values. A note of caution is expressed here not to interprc: reflectance data at increments
of lcss .than 0.2% Ro as this is the approximate error inherent in the dataset because of the
geological influences explained previously and because the analyses were carried out by a variety

of labs.
5.2.2 RESULTS AND INTERPRETATION OF THE VITRINITE REFLECTANCE

The following sections summarize the results of this study and examine the results
obtained by Hacquebard and Cameron (1989) and Mukhopadhyay (1991b). The vitrinite
reflectaince data are presented in two parts: 1) the Cumberland Basin and northern Nova Scotia
samples, and (2) an overview of the Carboniferous samples for the entire Maritimes Basin. The

vitrinite reflectance for the other individual sub-basins is not presented here, howevcr the vitrinite
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reflectance data for these areas was used in the process of creating the burial history plots in
section 5.6 of this chapter. The thermal modelling also included a comparison ot the modelled

versus the measured vitrinite reflectance for horizons adjacent to fission track samples.
5.2.2.1 Cumberland Basin and Northern Nova Scotia

Approximately 80 samples (compiled from Ryan and Bochner, 1993; and Mukhopadhyay,
1991b) have yielded vitrinite reflectance data from the Cumberland Basin arca. These samples
included outcrop samples and downhole profiles. The results arc presented as a contour map of
northern Nova Scotia (Fig. 5.1). Rock type plays an important rolc in Ro valuc obtaincd. Qil
shales, or coals interbedded with hydrocarbon-rich shales, constitute all of the low Ro valucs
(approximately 0.5% Rc max) in the Cumberland Basin (Fig. 5.1). The oil-rich shales
throughout the Maritimes Basin have vitrinite reflectance values of approximately 0.60% Ro,
which is lower than the normal maturation level, and may reflect the type of organic matter in the
rock rather than a distinct thermal history. Another striking fcature is the apparent lack of
stratigraphic control on the Ro max value for a given sample (Fig 5.2). This characteristic may
be the result of acquisition of the Ro max value by burial after faulting, tilting , and possibic
erosion (exhumation) of the strata during the Latc Carboniferous. This suggests that the liming
of the maximum burial postdates the youngest sedimentary rocks exposed in the basin. A similar
conclusion was reached by Hacquebard and Cameron (1989) for the coals in the Sydncy Basin.
Most of the surface or near surface values fall between 0.65 to 0.95 Ro, with the lower valucs

occurring towards the northwest (Fig. 5.1).

‘The histograms of the vitrinite data from the Pictou Group redbeds often exhibit bimodal
populations (Fig. 5.3) which have been interpreted as resulting from secondary oxidation (White,
1988). In these bimodal samples there arc often rims of slightly higher reflectance around the
vitrinite grains suggesting oxidation is the probable cause. The histograms in Figure 5.3 arc from
localities where secondary oxidation of the strata occurred coincident with Cu-Ag redbed

mineralization.
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5.2.2.2 Muaritimes Basin Compilation

A total of 345 vitrinite reflectance samples have been compiled by Mukhopadhyay
(1991 bj from the Carboniferous rocks in the province of Nova Scotia. Hacquebard and Donaldson
(1970) and Hacquebard and Cameron (1989) have compiled most of the vitrinite reflectance data
for the Maritimes Basin in eastem Canada (approx. 500 samples). A contour map of the
reflectance values (Fig. 5.4) synthesizes their data with more recent studies such as those of

Mukhopadhyay (1991b), Hyde et al.(1991), and Ryan and Boehner (1993).

Anomalous Ro values occur within the northem part of the Minas Basin area. The
vitrinite reflectance values increase dramatically towards the north. This trend may reflect
extremely thick sedimentary cover or alternatively thermal anomalies associated with either

hydrothermal fluids along the Cobequid-Chedabucto Fault Zone or with Triassic volcanism.

Local anomalics exist in New Brunswick, but overall the data show a tendency toward
rcducliqn in the Ro max up the stratigraphic column. Hacquebard and Cameron (1989) suggested
that the anomalous coal rark in New Brunswick was the result of volcanic/plutonic influences.
The decrease in Ro values up the stratigraphic column is generally interpreted to represent simple
scdimentary load acquisition of the reflectance, thus suggesting that the post-deformational vitrinite
reflectance acquisition is a local phenomenon. Because the local anomalies are interpreted as
resulting from syndepositional structural development, it is not surprising that on a more regional
scale, these anomalies are statistically overwhelmed by the vitrinite reflectance attained through

scdimentary burial.

Figure 5.5 is a histogram of 286 near surface vitrinite reflectance measurements from
throughout the Maritimes Basin (including the Cumberland Basin). The mean value for the basin
is 0.89 Ro, with a standard deviation of 0.32. The distribution suggests that the values > 1.50 Ro

arc most likely the result of mechanisms other than sedimentary burial.
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5.2.3 THERMAL ALTERATION INDEX (SPORE COLORATION)

The therma: alteration index (TAI) is a measure of the sporc or pollen colour variation
with increasing organic maturation. An arbitrary numcric scale was assigned to the colour
variations, and a series of reference samples provide standards for comparison (Staplin, 1969,
1982). The most widely uscd of these scales is the Thermal Alteration Index (TAT) proposed by

Jones and Edison (1978).

Bustin (1989) suggested that the advantages of TAI arc: 1) only standad! palynological
preparation techniques and microscopic examination arc rcgurired; 2) palypmorphs arc very
common in most fine grained sedimentary rocks; and 3) the colour variations range over levels
of diagenesis equivalent to 0.35% to 2.4% vitrinite reflectance, and therefore they quantify thermal
maturation levels from oil generation through to cracking. Bames ct al. (1984) and Bustin (1989)
point out that the limitations of the method arc: 1) the method is subjective and therefore not as
reliable as vitrinite reflecctance; 2) reworking of palynmorphs is common and somctimes difficult
to detect, and 3) the colour of the spores and pollens may be dependent on the specics, thickness
of kerogen, and initial pigmentation. McCulloh and Nacser (1989) suggest, because of the
operator crror possible in this method, it should only be used in conjunction with other methods.
Peterson and Hickey (1985) point out that TAIL like all of the organic methods, can be used as

long as the limitations arc well understood before application.
5.24 TAI RESULTS AND INTERPRETATION

A total of 50 + localitics were sampled at various depths within arill holes and wells to
make up the 300 samples analyzed for TAI within thc Maritimes Basin (Fig. 5.0).
Approximately 60 TAI measurements compose the databasc for the Cumberland Basin study.
Ryan et al. (1990a) have pointed out that recycling of palynmorphs is common in the strata of the
Cumberland Basin, and therefore care must be taken in the interpretation of the results. Most of
the samples from the study area have at lcast onc adjacent vitrinite Ro valuc 10 use as a

calibration. The samples also represent a variety of sample depihs within the drill holes, and
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therefore minor vanaticns 1n the measurements may reflect increasing maturation with depth
Cumberland Basin TAT determinations were compared to ncarly 300 samples compiled from

clsewhere 1in the Mantimes Basin

Figure 5 6 summances the TAI data for the Mantimes Basin, and the results reflect the
less precise nature of the technique  Most of the TAI data, when converted to equivalent Ro max
valucs using the Banes ct al (1984) conversion able, correspond very well to vitrinite reflectance
samples n adjacent strata  In a few of the dnllholes (eg SA-1, 82-1) (Fig. 5.7) single sample
anomalies in the vitnnite values are not reproduced 1in the TAI determinations  These localities
arc theretore interpreted as arcas where the vitnnite has been altered by chemical reactions with
flurds or by oxidation, however sporec matcrial was apparently not altered by the process Spore
samples and vitnimite reflectance samples from areas adjacent to salt diaptrs have extremely mgh
maturation levels  This can be explained as the result of abnormal heat flow related to the diapiric
structures, although chemical alteration due to chlonde-nch solutions cannot be ruled out In
scction 5 4 3 the ainformation from TAI studies 1s combined with other maturation indicators and
used to constrain thermal modelling  In areas where there are vitrinite reflectance measurements
the TAI data add httle information except to venfy the vitnnite data. The TAI data were used

to help constrain the bunal history plots 1n section 5.6 of this chapter

525 ROCK-EVAL PYROLYSIS

Pyrolytic mcthods involves heating samples of kerogen at a given rate to specified
temperatures, and measuring the type and amount of gas gencrated by the process The most
widcely used pyrolysis techrque 15 Rock-eval (Espitalie ct al , 1977; Peters, 1986), which refers
to the use of a furmnace with an on-line 10mzation detector The sample 1s heated to 600 degrees
C. sumulating maturation, and three types of gas are measured: 1) S1 hydrocarbons already 1n the
sample which arc generated at temperatures less than 300 degrees C, 2) S2 hydrocarbons
generated by thermal cracking between 300-600 degrees C, and 3) S3 carbon dioxide
(Bustin, 1989). The TOC (total organic carbon) 1s also measured. The level of maturation 1s

obtamnced trom the S1/82 ratio and the maximum temperature (Tmax) at which there 1s maximum



79

generation of S2 hydrocarbons,

The advantage of the Rock-Eval method is that it can be used to cstimate maturation
levels in hydrocarbon-rich shales that give inconsistent Ro valucs. The mcthod also has the
advantage of being a good measure of the hydrocarbon source rock potential for a sample, and
it requires little preparation of the sample, except for crushing. Problems related to the method
include: 1) mixed kerogen types tend to give inconsistent results; 2) groundwater flow can
sometimes extract hydrocarbons from the rock and give low S1 values and incorrect maturation
ratios S1/S2; 3) the presence of carbonate in the sample yiclds invalid carbon dioxide valucs
(Peters, 1986); and 4) a certain amount of operator bias is involved in the technique (although this
is less of a problem in automated systems) and therefore it is not always possible to combine data
from different labs. McCulloh and Nacser (1989) suggest that the method is less accurate and
more variable than vitrinite reflectance and thercfore the data should always be integrated (or

calibrated) with other maturation methods.

In the Cumberland Basin many of the bituminous (oil-bearing) shales have low Ro values
in contrast to the adjacent strata, and Rock-cval pyrolysis is an appropriatc method for deriving
a more_precise maturation level for these rocks.  Approximately 80 Rock-cval analyses arc
available for the Cumberland Basin, and thesc can be compared to 507 samples from clsewhere
in the Maritimes Basin. All samples used here had total organic carbon grecater than 0.3%,
permitting interpretation. Almost all of this database has been compiled from the work of the

Petroleum Division of the Nova Scotia Department of Mines and Energy (Mukhopadhyay,1991b).

5.2.6 RESULTS AND INTERPRETATION OF THE ROCK-cVAL PYROLYSIS

Mukhopadhyay (1991b) described in detail the Rock-cval data for the Nova Scotia portion
of the Maritimes Basin. The reader is referred to this for the discussion of the petroleum potential
of the strata. Tmax can be correlated with Ro only in samples considered to be Kerogen Type
II-II1, with S2 greater than 0.2 mg. Figure 5.7 is a compilation of 301 Rock-Eval Tmax

measurements from the Maritimes Basin having over 0.3% TOC and > (.2 mg of S2.

o
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When all the acceptable data are plotted, an overall mean for Tmax is 436°C with a
standard deviation of 25°C. Although both overmature and immature samples occur, the majority
of the samples arc consistent with the vitrinite reflectance values at the same localities.
Approximately 85% of the samples have equivalent Ro values of less than 1.0% (see Bustin et
al., 1985; for conversion). The mcan value of the data (436 °C) is approximately equivalent to
an vitrinite reflectance value of 0.6 Ro. These data correspond well to the vitrinite data from the
samc stratigraphic horizons. The oil shales and organic-rich shales throughout the Maritimes
Basin all exhibit lower maturation levels than the adjacent strata. The cause of this is discussed
in scction 5.2.2.1 of this chapter. The maturation information from the Rock-Eval analysis was
incorporated into the thennal databasc used in the modelling processes later in this chapter (see

scction 5.4.3).

5.2.7 IMPLICATIONS OF ORGANIC MATURATION INVESTIGATIONS

The information on the organic maturation indicators generated and compiled as a result
of this study must be used with caution. Variations of measured values exist within each of the
mcthods described above and conversion of the non-vitrinite reflectance methods to equivalent Ro
% values arc not exact thercfore these date should be used bearing in mind that the values are
only accurate to 0.20% Ro at best. The organic maturation levels from all of these data indicate
that the rocks at the ncar surface have been covered by additional -3ta at some time in their
history. The vitrinite reflectance Ro/km gradients of the Maritimes Basin as seen in the deeper
drilling rarcly exceeds 0.65% Ro/km. A comparison of the Ro actual values to the Bustin et al.
(1977) coalification curves, suggests a paleogcothermal gradient of less than 30°C/km, where the
duration of maximum temperature is longer than 20 million years. Whereas most of the vitrinite
gradicnts are less than 0.40 %Ro/km, even with shorter duration of maximum temperatures, a
gradicnt of 25°C/km would secm sufficient to produce the observed organic maturation profiles.
Given this, a minimum of 1 km of additional "ghost stratigraphy" must have been deposited on
top of the present day surface. In the Cumberland Basin the Pictou Group strata near surface have
vitrinite reflectance values of 0.95% Ro max, given a gradient of 0.40 Ro/km (Fig. 5.6) a

minimum of 2 km additional cover is estimated. Based on observed vitrinite reflectance trends



81
Hacquebard (1984) estimated that up to 3700 m strata were removed by crosion. This observation
is consistent with the approximation for the Cumberland Basin. Estimates of the depth of burial
of specific horizons throughout the Maritimes Basin arc an intricate part of the burial history plots
and the thermal modelling discussed later in this chapter. Although the organic maturation data
presented here applies to the Maritimes Basin as a whole the burial history plots are specific to

the sample locations and the local stratigraphy.

The implications of the data for the whole Maritimes Basin can be summarized as follows:
(1) extensive post depositional loading was necessary (o produce the organic maturation values
measured for the strata; (2) bascd on obscrved vitrinite reflectance values at surface and the
downhole gradient it is estimated that betwean 1 and 3 km have been eroded off the basin; and
(3) although on a local scale there docs not appear 1o be a correlation between the Ro valuc and
the stratigraphic position, it does appear that a crude trend towards higher reflectance values with
increasing age does occur on the basin-wide scale. This information was uscd (0 constrain the
burial history plots that were constructed for the various study arcas within the Maritimes Basin

(see section 5.6).

5.3 MINERAL THERMAL INDICATORS (EXCLUDING FISSION TRACKS)

Some information of a gencral nature can be attained by cxamining the mineral thermal
indicators, The information from the fluid inclusion studics gives some constraint on the
maximum temperatures of fluids which resulied in mineralization in the basin. If these fluids are
derived from the basin, as suggested by Ravenhurst and Zentilli (1987), they offer some indication
of temperatures at the time of the mineralization. Clay mincralogy of scveral arcas within the
Maritimes Basin have been investigated, however this method tends to give ambiguous results that
are difficult to interpret. Paleomagnetic studies within the study arca give some insight as to the
timing of the exhumation of the basin. It is assumed that the additional cover suggested by the
organic maturation studies must have been croded prior to or concurrent with the secondary (late

diagenetic) reddening of the Pictou Group strata in the basin.
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513 | FLUID INCLUSIONS

Lundegard (1989) suggested that fluid inclusion geothermometry is the most direct method
of infermng the temperatures associated with cementation in sedimentary rocks. Fluid inclusion
studics have been in wide use in the study of ore deposits for many years, however their use in
thermal history determinations of sedimentary basins has been limited. The theory behind the
method is that two-phase inclusions trapped n the cementing mineral as a single phase at the time
of precipitation can yield the homogenization temperature, which may be a measuremern of the
mimmum temperature of formation. The actual temperature of foimation can be derived from the
homogemzation temperature, by correcting for the geochemistry and pressure at the time of
precipitation (Roedder, 1984). Tilley et al. (1989) have compared results of fluid inclusion studies
with vitrninite reflectance studies in the Deep Basin of Alberta and their work has demonstrated
that fluid inclusion studies can be used to interpret organic maturation data and thermal basin

history.

Lundcgard (1989) lists the three greatest drawbacks of the method as: 1) fluid inclusions
in scdimentary cements tend to be very small, and therefore difficult to work with; 2) the most
common minerals which contain the fluid inclusions are carbonates and tend to be prone to
stretching or necking of the inclusions which yields erroneous results; and 3) pressure corrections
are often difficult to estimate. Furthermore, although stretching of inclusions creates a problem
tor the miterpretation of the formation temperature of diagenetic cements or minerals because it
gives higher homogenization temperatures, the data can provide a maximum paleotemperature to
which the rock has been heated during its bunal history (Lundegard,1989; Tilley et al.,1989;
Burruss, 1989).

A paucity of two-phase fluid inclusions, large enough to measure in the sedimentary rocks
of the Cumberland Basin severely limits the usefulness of this method for the Cumberland Basin
study. An cftort was made to examine the carbonate units in the basin to see if they have some
primary fluid inclusions which could be used for geothermometry, however the there were no

primary fluid inclusions observed.
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5.3.2 RESULTS AND INTERPRETATION OF THE FLUID INCLUSIONS

Although no additional data were derived from the Cumberland Basin, there have been
several fluid inclusion studies undertaken on mineral deposits clscwhere in the Maritimes Basin.
Figure 5.9 is a summary of previously published fluid inclusion data from the basin. From these
studies, the fluid inclusion homogenization temperatures {rom within the Maritimes Basin strata
range in values from 100 to 350°C. It is unclear whether these values represent the mineralizing
temperatures subsequent thermal events. [f the Ravenhurst and Zentilli (1987) suggestion that the
mineralizing fluids are derived from the basin itself is accepted, the temperatures would reflest
the mineralization temperature. The thermal information derived from the fluid inclusions is

included in the modelling as another constraint.

Recent work by Kontak (1992) suggested that the primary fluid inclusion homogenization
temperatures in sphaleritc at Gays River are in the 160 °C range. Homogenization temperaturcs
in calcite from the Gays River Deposit range as high as 250 °C. Similarly, the high temperatures
attained from the Jubilee Deposit (> 350°C) have been interpreted 1o be the result of hydrocarbons
within the inclusions, and therefore the homogenization temperatures should be significantly lower
(Hein et al.,1988). These recent studies suggest that the maximum temperatures attained were 250

°C or less.

5.3.3 CLAY MINERALOGY

. Surdam (1989) and Pytte and Reynolds (1989) have reviewed the significance of clay
mineralogy to the development of porosity and thermal maturation of sediments. The
transformation of smectite to illite through intermediate mixed-layered clays is probably the most
significant mineral reaction in sedimentary rocks (Pytte and Reynolds (1989). In general most
workers agree that there is a relationship between the illite/smectite ratios and thermal maturation

(cf. Perry and Hower, 1970; Hoffman and Hower, 1979; ctc.). Some authors place cmphasis on
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the original composition of the detrital clays (Heling, 1969, 1974) whereas others (Pollastro and
Barker, 1986; Velde, 1984) belicve that the temperature during burial is the most important factor
in determining the final diagenetic products. The degree to which these variables affect the final
product. is still under investigation, and therefore the method should be used only in conjunction

with other maturation methods (McCulloh and Naeser, 1989).

5.3.4 RESULTS AND INTERPRETATION OF THE CLAY MINERALOGY

Approximately fiftcen sandstone samples from the Cumberland Basin have been analyzed
for their clay content. Additional samples have been processed by Gall and Sangster (1991) and
Gall and Hiscott (1986). The results indicate that most of the samples from the Horton and the
Upper Windsor groups have remained within the Diagenetic Zone (equivalent to Ro 0.90% or less)
although many of the deeper samples from drill cores plot in the Anchizone (equivalent to Ro
0.90 to 1.30%)(Fig. 5.10). These results are consistent with the organic maturation data from this
study. Itis clear from the literature thet, of the methods employed in this study, clay mineralogy

is the Icast reliable and therefore these data served only to corroborate the organic maturation data.

5.3.5 PALEOMAGNETIC STUDY

Tumer (1986) has demonstrated the usefulness of paleomagnetic studies in determining
the timing of diagenetic cvents related to the formation of secondary redbeds. The term secondary
redbeds is used here 1o describe grey sandstones that have undergone late diagenetic oxidation of
the iron-bearing minerals contained with the sandstones (cf. Tumer, 1980). Where the
sedimentary rocks have been deposited as grey beds and have subsequently been reddened by
diagenetic processes, it is possible to date the reddening event by comparing the paleomagnetic
stratigraphy with the actual age of the strata (Turner,1980). This dating is important in so much
as the hematization process locks in the age of diagenesis. Most secondary reddening mechanisms
are shallow diagenetic phenomena (within 2 km of surface). The timirng of the reddening

therefore is significant for the burial history plots as it suggests that the strata being reddened is
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within 2 km of surface. Care must be taken in the interpretation of data because the fine grained
overbank rocks of the Pictou Group arc primary redbeds as opposcd to the sccondary (late

diager-etic) red coloration of most of the sandstones (sec Chapter 7 for discussion).

5.3.6 RESULTS AND INTERPRETATION OF THE PALEOMAGNETIC DATA

In the Cumberland Basin most of the red coloration of the sandstones in the Pictou Group
are related to late diagenetic oxidation (Ryan et al., 1989) and palcomagnctic studics were carricd
out as part of this research by Morris and Associates (Morris, 1987). This work, and the work
of Symons (1990) in P.E.L., Roy (1963, 1966) in northern Nova Scotia, southcrn New Brunswick
and P.E.I, and Tanczyk (1988) in the Magdalen Islands, have indicated that the age of
magnetization for the Pictou Group strata is Late Carbonifcrous to Late Permian (Fig. 5.10). The
variations in the pole orientation in the studied samples reflect differences between the primary
and secondary reddening. Tanczyk (1988) suggested, on the basis of her studics of the Pictou
Group strata in the Magdalen Islands, that there may have been a prolonged period of hematite
formation. Morris (1987) found similar trends in the Cumberland Basin, which he attributed to
late diagenetic alteration. Given the sedimentology of the strata, it is most likely that the
variations reflect the primary versus secondary origin of the red coloration in combination with

a prolonged diagenetic history.

“Tanczyk (1988) has shown that there is a westward migration of the poles with increasing
alteration of the hematite present. She divided her data into three groupings according to the
diagenetic sequence and the degree of altcration: 1) primary, 2) transitional, and 3) sccondary.
Morris found primary and secondary trends in the Cumberland Basin data (Fig. 5.11). The late
stage pole CU4 was interpreted by Morris (1987) as a dominant magnetization, which he stated
was unquestionably associated with movements of mineral-rich fluids. Morris (1987) stated, "At
some localities the CU4 magnetization has with minor exception totally overprinted all other
magnetizations”. The Morris (1987), Tanczyk (1988) and Symons (1990) data were combined to

construct Figure 5.11 which depicts the relative shift in the poles with incrcasing reddening of the



86

strata. Tanczyk (1988) suggested that rotation of the poles may be the result of structural rotation
of the Magdalen Islands (cf. pull-apart basin mechanism), similar to the rotation noted by Morris
(1987) for the Stellarton Basin. The rotation noted by Morris (1987), however, is a time-restricted
cvent. Whether there was a rotation of the strata or not, there is at least a 50 million year
difference between the primary pole (time of deposition) and the secondary pole (reddening of the
strata). If the poles were not rotated, then the reddening (or secondary reddening) of the strata
appears to have started at about 280 Ma and continued until approximately 230 Ma. Given the
burial history plots and forward models for the apatite fission track studies (see section 5.7 of this
chapter) it scems most likely that little rotation occurred, and that the 280 - 230 Ma age for the

sccondary poles should be approximately correct.

Because the age of the reddening is related to diagenctic processes which usually occur
within 2 km of surface, the palcomagnetic data can be used to constrain the timing of exhumation
cxpericnced by the Pictou Group subsequent to maximum burial. This information can be
integrated with the apatite fission track analysis (see section 5.4) and used in the time temperature

modeclling (sce sections 5.6 and 5.7).

5.4 APATITE FISSION TRACK ANALYSIS

5.4.1 INTRODUCTION

Much of the following discussion on the background and the techniques used at the
Dalhousic lab was extracted and modified from Hendriks (1991). The reader should also refer
10 Grist and Ravenhurst (1992) for a concise discussion of the analytical techniques used at the

Dalhousic University Fission Tack Lab.

Fission tracks are damage zones created within solids when fission fragments travel
through them (Fleischer et al., 1975). Following a fission event, two positively charged fission

fragments are mutually repelled, stripping electrons from the surrounding lattice. Repulsion from
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the trail of secondary positively charged ions embeds these particles into the surrounding lattice,
forming a damage zone or fission track. Over the period of geologic interest only **U has a
sufficiently short fission half life to creatc significant numbers of spontancous tracks. Trace
amounts of uranium occur within several common minerals, and because U undergoes
spontaneous fissior at a known rate, fission tracks can be used to date the sample (Nacser et al.,
1990). - An age can be calculated by comparing the spontancous fission tracks on a polished
surface of a mineral to the induced track numbers (a measurc of the total U content). The tracks
themselves are not visible by normal transmitted light microscope methods, unless these zones of

weakness are chemically etched.

If a mineral containing fission tracks is hcated to high enough temperatures to displace
ions along the damage zones, the ions will diffuse back into their normal position and the track
completely disappears (anneal).  Not all mincrals anncal at the same temperatures, the most
commonly used minerals are apatite, which anncals between 85-120°C, and zircon which anncals

between 160-250°C.

Naeser (1979) was the first to suggest that fission track anncaling could be used (o study
the thermal history of sedimentary basins. Fission track analysis of scdimentary basins is a uscful
method- because annealing temperaturcs for apatitc and zircon coincidc with oil gencration
temperatures (Hood et al., 1975; Waples, 1980; Naeser et al., 1990), and because the timing of
these events can also be determined. The method is also uscful in cstablishing the location of
thermal anomalies associated with some mineral deposits (Nacser et al., 1990; Beaty ct al., 1987,
Naeser, 1984; Maksaev and Zentilli, 1989; Ame, 1992, etc.). The uscfulness of the apatite fission
track technijue stems from the low closure temperature of apatite fission tracks ( 85-120°C,
Gleadow et al., 1983). The process of annealing in fission tracks takes place as a progressive
shortening of the tracks. The rate of shortening is dependent on the temperature 10 which the
sample is heated and to a lesser extent on the time interval during which the sample has been
subjected to this temperature (Naeser et al., 1990). The apatite fission track length distribution
yields detailed information on the low temperature (less than 125 °C) thermal history expericnced

by the host rock (eg. Green et. al., 1989). Age and track length data together have been used to
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derive quantitative low-temperature mermal histories (Donelick, 1988; Willett, 1992), and
demonstratc why the apatite fission track method is so valuable in basin development and
maturation studies (Gleadow et al., 1983; Issler et al., 1990) and in regional exhumation

investigations (Gleadow and Fitzgerald, 1987).

Perhaps the most important advantage of the fission track analysis over the solid organic
thermal indicators is the fact that fission tracks do not appear to be altered by oxidation or
chemical alteration, and thercfore a comparison of the fission track results with the organic
mcthods can be used to isolate temperature effects from chemical effects. This advantage is of
particular interest when the strata being studied are mineralized by basinal brines or by
groundwater which ofien causes erratic organic maturation results ( cf. Heroux et al., 1989;

Mukhopadhyay, 1991), as in thc Cumberland Basin.

5.4.2 APATITE FISSION TRACK ANALYTICAL METHODOLOGY

5.42.1 Background

Apatite fission track dating depends on the amount of ***U isotope present and how much
has been converted to a daughter product, thus creating a fission track. Measurement of **U
(parent) and the number of spontaneous fission tracks (daughter) is similar to other radiometric
dating techniques which measure radiogenic and stable isotopes (ie. U/Pb, Rb/Sr, and “Ar/®Ar
methods). The **U present is determined by irradiating a sample with a thermal-neutron flux
which induces fissioning of *U in the sample. The ratio **U/***U is constant in nature (137.88,
Steiger and Jacger, 1978), and a count of the induced *°U fission tracks is used to indirectly
measure the amount of **U present in a sample. Price and Walker (1963) were the first to

proposc a fission track dating technique using the equation:

where
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A
=L in1+100g %2 24
A, A (D
t = the apparent fission track age of the muneral (Ma)
I= the atomic ratio **U/*U (137 88; Steiger and Jacger,1977)
= the thermal-neutron fluence during irradiation

-20

o = the P°U thermal-neutron fluence cross-section (5.802 x 107¢ cm?)

g = the counting geometry factor (0.5 for External Detector Method)

As = the *U total decay constant (1.55125 x 10 " a '.Steiger and Jacger,1977)

A; = the *U spontaneous fission decay constant (~ 6-8 x 10'7 a', Fricdlandcr
et al., 1981)

ps = spontaneous fission track density in grain (tracks/unit arca)

p, = induced fission track density in detector (tracks/unit arca)

Fission tracks cannot be seen by using standard transmitted hight nucroscope methods and
must be chemically etched so that they can be observed through a high powcred microscope  The
track density quantities are obtained by counting thc number of ciched tracks per umit arca
intersecting an internal surface of an apatiic grain (spontaneous track density (p,)) and the number
of etched tracks per unit area in a low U detector mica placed over the grain (induced track
density (p,)), which records the number of tracks resulting from the onc way passage of induced
Y fission tracks from the apatite grain The resultng ratio (p/p,) 1s proportional 1o the age ol
the sample. The age (1) determined from this ratio is the apparent apatte fission track age A
reduction 1n track length is accompanied by a reduction m age (Willett, 1992 Fig3)  The
corrected apparent age (t.,) recalibrates the age based on the full number of fission tracks present
by considering the mean etchable track length of a sample (m) shortcned by anncaling and the
original mean etchable track length (m, ~15.2) such that t, = (m/my)t. The track length onginal
of 15.2 microns 1s based on the measured Iength for the Fish Canyon Standard as measured by
the author. However, this procedure 1s controversial, and corrections of the fission track ages
should be introduced only with utmost caution (e.g. Wagner 1979, Gleadow ct al 1986, Green,

1988). Willett (1992) pointed out that the ratio 1:1 for the reduced track length 1o reduced track
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density is not valid for reduced lengths that are less than 65% of the original length. All of the
samples from this study arc greater than 65% of the original track length and therefore the age
correction can be applied. The mean etchable track length of a sample was derived by measuring
only etched lengths of tracks confined within the grain and parallel or near parallel to the polished
surface. If all tracks formed during time=t, to time=present are preserved in the sample (ie. no
track reduction), then t_, should be the absolute apatite fission track age of the sample (Donelick,

1987).

5.4.2.2 Counting Techniques

A variety of approaches, including the population, subtraction, re-etch, re-polish and
cxlcmal detector methods have been developed to determine fission track ages (Hurford and
Green, 1982). All involve indirect evaluation of the apatite uranium concentration by inducing
tracks from °U during thermal neutron irradiation. The external detector method (used in this
study) is the only mcthod which avoids the assumption of homogeneous uranium concentration
in a sample,by counting corresponding areas in the grain and in a low uranium detector. The
basis for the 0.5 gcometry factor (g) in the above equation, comes from counting induced tracks
resulting from one way passage from the grain into the detector (2n geometry; apatite only on one

side), and from two way passage of spontaneous tracks across an internal surface of the grain (4

geomelry).

The quantitics most difficult 10 measure in the apparent fission track age equation are: the
fission decay constant (A,), the ratc of 2*U decay due to fissioning, and the neutron fluence (®),
the thermal-neutron dosage experienced during irradiation of the sample. However, the need for
explicit determination of these quantitics for solving the apparent fission track age equation is
circumvented using the zeta calibration method.  First proposed by Fleischer (1975); see also
Hurford and Green, 1982) the basis for the zeta calibration factor is that for a given thermal-
necutron dosimeter (in this study Coming CN-1 glasses), the ratio of thermal-neutron fluence and

the number of induced fission tracks (p,) crossing the extemal surface of the dosimeter is constant
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(Faure, 1986). The glass dosimeter is then calibrated to an independently dated apatite age
standard by determining the age standard apatitc fission track p/p, ratio. On this basis, we define
the zeta calibration factor as a collection of the constants (¢cxcept A,) in the age cquation, and it

can be evaluated by irradiation of dosimeter glasses with apatitc age standards so that:

1

Cz____
Ap4

p
<;~‘>mexp<usm—l) (2)

where
(p/pdstp = induced to spontancous fission track density of apaiitc age
standard
tgp = absolute age of apatite age standard

p, - nduced track density of a given dosimetes glass

Zeta values for this study were determined with age standards from Fish Canyon Tuft (14,
= 27.8 4\- 0.2 Ma, “°Ar/* Ar; Hurford and Hammerschmidt, 1985), and Durango (tg;;, = 31.1 +\-
1.3 Ma, “*Ar/Ar). The Chi® test checks for populations in the data. Gaussian statistics determine
whether and how well the data can be represented by a single population, or if the variability
constitutes another explanation (Galbraith, 1982). All zetas pass the Chi® test, and therefore age
standard density data may be represented by single Gaussian populations (cut-off Q < ().05). In
theory, zeta values are constant for a given dosimeter, ncutron encrgy spectrum during irradiation,
and counting technique. Standard practice is to usc a running zeta or an overall mean zeta for
determining unknown ages in order to cancel out any subjective crror from counting in the
measurcment of zeta values. The running zeta (110 + 10, See Appendix I for calculations of Ryan
Zeta) used for the ages measured by the author in this study, is given in Table 5.1 along with the

ages.

Once a zeta factor has been established, only the spontancous 1o induced fission track ratio

remains to be measured. The age is determined by substitution of (2) into the age cquation (1):
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which is the apparent age equation used in this study. Ages presented in this study are apparent
fission track ages, with crrors reported at the ¢ level and ages corrected to track length (Table

5.1).
5.4.2.3 Mincral Separation

Depending on lithology, 0.5 to 2 kg of each sample was crushed to sand size particles
using steel jawcrushers and a pulverizer, and then passed through a 300 pm mesh nylon sieve into

a large aluminum tray. The sicved fraction was washed with water to remove clay-sized particles.

Standard heavy liquid density scparation techniques were used to obtain heavy mineral
fractions from cach sampic. The sample was poured into large glass funnels containing
tetrabromocthane (specific gravity = 2.96) and separated into light and heavy fractions. Both
fractions were washed with methanol and allowed to dry in the fumehood. The heavy fraction
was passed through methylenc-iodide (specific gravity = 3.3), and allowed to separate into light
and heavy fractions. Mcthylenc-iodide {ractions were repeatedly washed with acetone and allowed

1o dry.

The light mcthylenc-iodide fraction was hand-picked for apatite grains at 40X
magnification using a Zciss binocular microscope and a moistened 00 brush. Apatite was
recognized by its prominent hexagonal crystal shape, resinous luster, and relatively low index of

refraction.
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5.4.2.4 Grain Mounts and Polishing

The procedures employed in the preparation of apatite grain mounts for fission track
analysis were suggested by Dr. Randall R. Parmrish (short-course on the fission track method,

Dalhousie University, October, 1986).

Evenly spaced circles were traced on a 20 X 25 X 0.5 cm? teflon sheet, using a marking
pen and a dime. Cardboard strips were placed close enough on cither side of the circle so that
a slide placed on them would form a bridge over the circle. 50 to 150 apatitc grains were
distributed evenly into each labelled circle and covered with 5 or 6 drops of a gently stirred cpoxy
(Araldite) and hardencr mix. A glass slidc was immediatcly placed on the cpoxy which was
allowed to spread radially out beyond the edge of the marked circle, and then left to dry for 24

hours.

Apatite grain mounts were ground and polished using a polishing machine with
interchangeablec polishing wheels. 600 grit silicon-carbide sandpaper was uscd for initial grinding
on a mounted wheel. The mount was slowly revolved in the opposite dircction of the 200 r.p.m.
spinning wheel, until the marking pen circles were barcly perceptible. The mount was polished
using wheels prepared with 15-, 9-, and 1-pm diamond compound. Each wheel was used until
scratches of the previous grit were invisible under 400 X magnification reflected light.  Before
changing each wheel the mount was thoroughly washed with soapy watcer to rid the sample of any
leftover diamond compound. The final polish was obtained by running the mount under light
pressuré over a 0.03 pm alumina water slurry several turns in cach direction. When the polishing

was completed, the mount was again thoroughly washed with soapy water and rinsed.

To reveal the fission tracks, mounts were eiched for 40 seconds at a constant 21 °Cin 7%
HNO, After they were etched, each grain mount (and glass dosimeter) was removed from the
slide and covered with a piece of low-uranium muscovite sheet attached with Scotch-tape. These
were placed in an aluminum irradiation capsule in recorded positions, interspersed with 3-4 age

standards and capped at the bottom and top by standard dosimcter glasses.
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5.4.2.5 Samplc Irradiation

Two capsule packages (MMO041 and MMO043) were irradiated for fission track analysis at
site 9D in the McMaster University Nuclear Reactor in Hamilton, Ontario. Capsules were
irradiated for 900 seconds. The returned irradiated capsules were stored for up to six weeks under
lcad, to allow radioactivity levels to diminish to a workable 2 mr/hr at a one cm distance.

After irradiation, sample and age standard detectors were etched for 12 minutes in 48%
HF, while glass dosimeter detectors were etched in a similar solution for 40 minutes. Detectors
were then rinsed thoroughly with distilled water and dried at very low heat for a few minutes on

a hotplate, to drive off any remaining HF.

Irradiated and ctched samples and detectors were mounted across a mirror plane on a glass
slide. Samples any standards were attached to the slide by a few drops of clear lacquer and the

detectors vere attached face-side up.

5.4.2.6 Fission Track Age and Length Distribution Measurement Procedures

Fission tracks were counted with dry objectives at 1250 X magnification, using a Leitz
Laborlux D microscope cquipped with a computerized stage, 100-watt light source, and Olympus
5 X 5 mm grid in the right eyepiece. Throughout the study, tracks intersecting the surface along
the top and right margins of the grid were included and along the bottom and left margins of the
grid were cxcluded. Only prismatic sections of apatite (parallel to c-axis) were chosen, and

wherever possible, tracks were only counted in the middle area of each grain,

Track lengths were measured using a Leitz drawing tube and @ Houston Instruments
HIPAD digitizing pad, equipped with a LED cursor and a 9-volt battery. Before each measuring
scssion, a personal calibration was conducted by measuring a known grid distance in the right
graticule twenty times, and nomalizing the average measured distance by the true distance.

Whenever conditions were interrupted or changed (LED focus, graticule focus etc.), the calibration
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procedure was repeated before track measuring was resumed. Where possible 100 track length
measurements were made for cach sample to allow for statistical significance. Standard track
length calculations (mean, standard deviation, skewness) were made for cach sample using a

computer program developed by Donelick (1987).
5.43 APATITE FISSION TRACK ANALYSIS: SEDIMENTARY BASINS
5.4.3.1 Introduction

Apatite fission track dating has been applied to cooling/cxhumation chronology in many
areas of the world ( Harrison et al., 1979; Naeser, 1979; Parrish, 1983; Glcadow and Fitzgerald,
1987; Maksaev, 1990; Hendriks, 1991, Ame, 1992). Both time of cooling below ~100 °C and,
in areas with considerable topographic rclief, exhumation rates, are theoretically determinable with

apatite fission track methods (Wagner et al., 1977; Harrison, et al.,1979).

Apatite ages have generally been observed to increasc with clevation (Dodge and Nacser,
1968; Wagner and Reimer, 1972). This pattern is intcrpreted to be mainly the result of upward
movement of a rock column through the critical isotherm (closure of apatitc with respect to fission
tracks). Rocks at higher elevation cooled sooner and have had more time to accumulate lission
tracks. They give older ages than rocks at lower elevations. The same relationship will hold truc
for downhole conditions within a well. The age gradient formed over a vertical section of strata
is defined as the apparent uplift rate (Parrish, 1983). Interpreting this ratc as the true uplift rate
(relative to sea level) is not advisable, becausc the age gradient only represents the rate at which
the critical isotherm moves downward with respect (o the section (Parrish, 1983). The following
conditions must be true in order for the apparent uplift rate to cqual the true uplift rate (Parrish,
1983): (1) The geothermal gradient must have remained uniform over the time period represented
by the difference in the apatite fission track ages, (2) Steady state tectonic conditions must apply

over that same time period (ie. uplift equals erosion).

Investigation of apatite annealing characteristics has revealed that a single closure
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temperature  for fission tracks in apatite is too simplistic. Closure happens over a range of
temperatures (75-125 °C; Naeser, 1979; Gleadow and Duddy, 1981; Green et al., 1988; 60-125°C;
Gleadow ct al., 1983) depending on the cooling rate (Dodson, 1973). The concept of a partial
anncaling zonc has been used to facilitate interpretation of apatite fission track ages by defining
a range of temperatures ~70- 125 °C) over which apatite fission tracks annealed, and below which
tracks were considercd stable (Wagner, 1979; Gleadow et al., 1983). Although partial annealing
is now known to occur over the temperature range 20-125 °C (Green et al., 1985, 1986; Donelick
ct al., 1990), the 'pantial anncaling zone’ concept is still useful, and in this study is used to
distinguish tcmperatures of relatively greater annealing (-70-125 °C), from minor annealing
temperatures (below ~70 °C). This concept introduces the possibility of slow, induced apparent
uplift rates in a vertical suitc of rocks, which has resided at partial annealing temperatures for an
extended time period. Given the complex interreiationships of all these conditions, an ideal
situation is rarcly achieved and therefore caution must be exercised when interpreting apparent
uplift rates. Ravenhurst and Donelick (1992) pointed out that many reports confuse exhumation
or uplift of the rocks with tectonic uplift (the actual upward movement of a mean surface). In
arcas where there is substantial relief or in areas where deep drilling (2-3 km) has been done,

information on the rate of exhumation can be derived (Ravenhurst and Donelick (1992).
5.4.3.2 Apatite Fission Track Annealing

Anncaling of tracks occurs at temperatures greater than 20 °C (Green et al., 1985, 1986;
Donelick ct al., 1990), although the rate of annealing increases with temperature. At low
temperatures (Iess than ~70° C) shortening is very slow, but arninealing rates progressively increase
with thxpcraturc to the base of the partial annealing zone (~125 °C), where it becomes essentially
an instantancous process (Donelick et al., 1990). Given this variability in annealing rate with
temperature, and the fact that fission tracks are produced continuously through time, the confined
track length distribution (# of confined track lengths vs. track frequency) reflects the temperature
variation through time expericnced by a sample. Other thermal history indicators, such as vitrinite
reflectance (Mukhopadhyay, 1991a; Bustin, 1989) and TAI (Waples, 1980) reflect the maximum

temperature experienced by a sample but little about the variability of temperature through time.






