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Abstract

In the Expedition Fiord region (c.a. 79°24’N / 90°50°W) of Axel Heiberg Island exposed
evaporite diapir structures with associated perennial springs are present. These diapirs are
rooted in a shallow allochthonous evaporite canopy that lies beneath this region. This
study presents apatite (U-Th-Sm)/He thermochronologic data from the Expedition Fiord
region for comparison with existing data from the eastern Sverdrup Basin. The apatite
(U-Th-Sm)/He cooling ages of the regional data reflect exhumation cooling during the
Eurekan Orogeny (ca. 45-65 Ma). In the vicinity of Expedition Fiord (U-Th-Sm)/He ages
are considerably younger (ca. 32-41 Ma) indicating the rocks now at the surface cooled
through He-retention temperatures (ca. 75 + 15°C) ~10Ma later than rocks to the east in
the Geodetic Hills region (ca. 48-61 Ma) as well as regional rocks. Data from this study
are compatible with the thermal history previously suggested by apatite fission track-
length modeling. Another result of this study is the identification of a significantly
younger cooling age (13.9 = 1.4 Ma) at the western edge of the study area in an island in
Expedition Fiord.

A possible explanation for these data and anomalously young cooling ages is later
exhumation of the rocks in the region of the canopy due to activity of the salt structure
itself. It is also proposed that the effect may be due to the thermal effect of individual
diapirs but the preferred hypothesis to explain the anomalously young data is a thermal
effect that delayed cooling of the rocks in this specific area caused by the underlying salt
canopy and heat advection by fluids.
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CHAPTER 1: INTRODUCTION
1.1 General Statement

This thesis intended to test and confirm a paleogeothermal anomaly identified
with preliminary geochronology data for rocks in the Sverdrup Basin near the head of
Expedition Fiord of Axel Heiberg Island, northern Nunavut. Apatite fission-track ages
were found to be younger in this area (meaning the rocks now at the surface cooled later)
than the regional data for the Sverdrup Basin that indicate cooling during the Paleocene —
Middle Eocene inversion due to the Eurekan Orogeny. Originally it was assumed that the
young age effect was due to sample proximity to individual salt structures, which are
known to funnel geothermal heat better than other rocks.

For this purpose the apatite (U-Th-Sm)/He method was applied on field samples
collected from 2003 to 2008. The method dates the last time a rock cooled through a
temperature of ca. 75°C. Results confirmed that the rocks in the study area cooled later
than in the rest of the Sverdrup Basin, but the effect is more widespread than initially
assumed, such that all rocks dated in the Expedition Fiord area yield relatively younger
ages than the rest of the basin.

The study concludes that the most likely cause of the later cooling of the rocks is
related to a salt canopy that underlies the head of Expedition Fiord, probably involving

advection of fluids.



1.2 Questions to be answered

The questions that my thesis aimed to address were:
1) Can apatite (U-Th-Sm)/He thermochronology be used effectively to confirm relatively
young ages (compared to the rest of the Sverdrup Basin) previously obtained with the
apatite fission-track method near the head of Expedition Fiord, Axel Heiberg Island,
Nunavut?
2) If confirmed, what is the cause of these young ages? Because salt conducts heat more
efficiently than other sedimentary rocks, and this heat can have drastic effects on
petroleum maturation, it would be very useful to have a method to measure and date the
paleo-thermal effects of salt on rocks. Therefore, more specifically, could it be thermal

effect from salt structures?

1.3 Study area location

Axel Heiberg Island, Nunavut is a northeastern island of the Canadian
Archipelago and located within the Sverdrup Basin (Fig 1.1) centered near Latitude
79°24°N / Longitude 90°50°W. The basin consists of a thick section of Mesozoic
sediments and on Axel Heiberg Island this package of sediments is 12-15 km thick
(Jackson and Harrison, 2006). Approximately 180 oil wells were drilled in the Sverdrup
Basin in the 1960s, and there is renewed interest in the hydrocarbons of this frontier
basin, many of whose hydrocarbon resources are associated with salt diapirs (e.g. Arne et
al. 1998). A Carboniferous-aged evaporite layer has, through halokinesis, formed an
allochthonous salt canopy within the Sverdrup Basin. This salt canopy has associated salt
diapirs, many of which are exposed on the surface. The well exposed salt structures make

Axel Heiberg Island an ideal place to study the thermal effects of salt. It appears that the



salt structures at the surface level have affected the permafrost of the region and produced

perennial springs with a temperature of 5°C (e.g. Zentilli et al. 2008).
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Figure 1.1: Location Map: Axel Heiberg Island is located in the Canadian Arctic. The study area,
Expedition Fiord, is located on western Axel Heiberg Island. Diapirs in the Expedition Fiord area have
been labeled in the LandSAT image in the lower right corner.

1.4 Previous work

During the late 1800’s the first work in the Canadian Arctic Archipelago was
completed as explorers began to push towards the North Pole (Trettin, 1989). Geological
work in the Arctic became more prominent in the 1950’s and the first stratigraphic
outline of Canadian Arctic geology was published in 1955. A summary list of published
literature relevant to this study can be found in Table 1.1. The remote location and ice
cover of Axel Heiberg Island has impinged on Canada’s ability to do research on this

island and leaves many unanswered questions.



Year | Reference Subject of Study
1961 | Hoen, E.W. Descriptions of salt diapirs in the Strand Fiord area.
1961 | Kranck, E.H. Descriptions of salt diapirs in the Strand Fiord area.
1963 | Fricker, P.E. Descriptions of salt diapirs in the Strand Fiord area.
1963 | Kranck, E.H. Descriptions of salt diapirs in the Strand Fiord area.
Structural development of evaporite diapirs on Axel Heiberg
1966 | Schwerdtner, W.M et al. Island.
Identification of evaporite diapirs formed under the influence
1966 | Schwerdtner, W.M of horizontal compression.
1967 | Schwerdtner, W.M. and Clark, A.R. Structural analysis of Mokka Fiord and South Fiord domes.
1969 | Thorsteinsson, R. and Tozer, E.T. Descriptions of the geology of the Arctic Archipelago.
1971 | Thorsteinsson, R. Geological Map compilation, Strand Fiord region, 1:250,000.
Balkwill, H.R., Bustin, R.M., and
1975 | Hopkins, W.S Jr. Chronology of the Eurekan Orogeny.
Overview of large-scale structures in the Western Sverdrup
1982 | Balkwill, H.R., and Fox, F.G. Basin.
Schwerdtner, W.M. and van Structure of the Stolz Diapir - a well-exposed salt dome on
1984 | Kranendonk, M. Axel heiberg Island.
van Berkel, J.T., Schwerdtner, W.M., and
1984 | Torrance, J.G. Descriptions of salt diapirs of the Sverdrup Basin.
Interpretations of the Princess Margaret Arch as well as the
1987 | Ricketts, B.D. structural style of diapirs.
Stratigraphy of volcanic rocks in the east-central Sverdrup
1988 | Embry, A. and Osadetz, K.G. Basin.
1988 | Williamson, M-C. Cretaceous igneous rocks of the Sverdrup Basin.
Overview of the geology and tectonic history of the Arctic
1989 | Trettin, H.P. Islands.
1991 | Davies, G.R. and Nassichuk, W.W. Carboniferous and Permian history of the Sverdrup Basin.
1991 | Embry, A.F. Mesozoic history of the Arctic Islands.
Stephenson, R.A., van Berkel, J.T., and
1992 | Cloetingh, S. Descriptions of salt diapirs of the Sverdrup Basin.
1998- Apatite fission-track evidence for the timing of Eurekan
2002 | Arne, D. et al. deformation in the Sverdrup Basin
1999- Descriptions and interpretation of perennial spring
2002 | Pollard W. et al. & Andersen and Pollard | occurrences in the Expedition Fiord area.
Chen, Z., Osadetz, K.G., Embry, A.F.,
2000 | Gao, H., and Hannigan, P.K. Petroleum potential in the western Sverdrup Basin.
2003-
2008 | Zentilli, M. Field work by M. Zentilli in Expedition Fiord Region.
OArAr dating of mafic rocks from the Sverdrup Basin
2003 | Villeneuve, M. and Williamson, M-C. Magmatic Province.
Williamson, M.C., Jackson, H.R., Geochronology and Field Studies in the Canadian Arctic as
2004 | Villeneuve, M., Larsen, L.M., Zentilli, M. applicable to hydrocarbon generation.




Thermal history of the Nares Strait, Kane Basin, and Smith
2005 | Grist, A.M., and Zentilli, M. Sound region in Canada and Greenland.
2006 | Jackson, M.P.A. & Harrison,J.C. Study of the salt canopy on Axel Heiberg Island.
Omelon,C. R., Pollard,W. H., Andersen, Geochemical evaluation of perennial spring activity on Axel
2006 | D.T. Heiberg Island.
Jones, S.F., Wielens, H., Wiliamson, M- | Impact of Magmatism on Petroleum Systems in the Sverdrup
2007 | C. and Zentilli, M. Basin.

Table 1.1 Summary of previous work related to the geological mapping, stratigraphy and salt on Axel
Heiberg Island.

1.4.1 Previous (U-Th-Sm)/He work

A thermochronologic study of the low-temperature thermal history of the eastern
Sverdrup Basin was completed by Grist and Zentilli (2005) who used the apatite fission-
track and (U-Th-Sm)/He methods. The regional (U-Th-Sm)/He ages (Fig. 1.2) date the
cooling of rocks through the 75°C isotherm and the youngest regional cooling age
obtained (46.4 + 3.7 Ma) coincides with the most recent tectonic event known to have

affected Sverdrup Basin rocks, the Eurekan Orogeny (40-60 Ma).

Regional (U-Th-Sm)/He Ages
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Figure 1.2: Histogram of regional (U-Th-Sm)/He ages as determined by Grist and Zentilli (2005)



1.5. Methods used

The method used for this thesis is the (U-Th-Sm)/He method and is discussed in

Chapter 3. The steps followed for this method include; heavy mineral concentration,

gem-quality crystal selection, He analysis using a mass spectrometer, U-Th-Sm analysis

by the spiked ICP-MS method, calculation of ages and interpretation of ages.

1.6 Organization of Thesis

With the goals of determining whether the (U-Th-Sm)/He method can be used to detect

the thermal effects of salt and the prevalence of this effect on central Axel Heiberg Island

the thesis is organized as follows;

Chapter 2 explains background on the thermal conductivity of salt, perennial
springs on Axel Heiberg Island as well as the geology of the Sverdrup Basin.
Chapter 3 explains the methodology of sampling, sample preparation and the (U-
Th)/He method. It also summarizes the fission-track method as applicable to
apatite and zircon.

Chapter 4 gives the results of the (U-Th-Sm)/He dating and of the study.
Chapter 5 discusses the work completed as well as the implications and
interpretations.

Chapter 6 provides the conclusion and gives recommendations for future work.



Chapter 2: Background Information

2.1 Geologic setting of the Sverdrup Basin

The Sverdrup Basin is a 1300 by 400 km elongate structural depression present in
the Canadian Arctic (Fig. 2.1, Balkwill et al. 1983). The development of the Sverdrup
basin was the main geologic process in the Canadian Arctic ongoing from the Late
Carboniferous to Late Cretaceous (Davies and Nassichuk, 1991). The formation of the
Sverdrup Basin began in the Late Carboniferous as a rifting event that lasted until the
mid-Permian; this rifting was accompanied by basaltic volcanic activity (e.g. Jones et al.
2007; Jackson and Harrison, 2006). In the Sverdrup Basin, Paleozoic to Mesozoic strata
overlie deformed Paleozoic strata (e.g. Jones et al. 2007; Figs. 2.2 and 2.3). The thickest
section of these rocks is present in a 12-15 km thick section at the basin centre located on

Axel Heiberg Island (Jackson and Harrison, 2006).
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Figure 2.1: Location of the Sverdrup Basin which is outlined in black within the Canadian Arctic
Archipelago. Study area is shown in red box. Modified from Villeneuve and Williamson, 2003.

The deposition of Sverdrup Basin sediments began during the very late Paleozoic

as an estimated thirty transgressive-regressive cycles that reflect changes in subsidence,



eustatic sea level and sediment supply (Embry, 1991). The predominant deposition of
clastic lithologies lasted until the Mesozoic Era although during the late Paleozoic Era
evaporite and carbonate rocks were deposited as the basin began to develop (Trettin,
1989). One such unit, the Otto Fiord Formation, an upper Mississippian to Middle
Pennsylvanian salt layer is particularly important as it was one of the earliest units
deposited and facilitated the formation of salt structures during later stages of basin
development (Embry, 1991; Davies and Nassichuk, 1991; discussed further in §2.3).
Extrusive flood basalts of the Strand Fiord Formation were deposited during two major
pulses of igneous activity (92-98 Ma and 127-129 Ma) during the Early Cretaceous; their
feeder dykes and sills intruded Sverdrup Basin rocks at the same times (Villeneuve and
Williamson, 2003). In the study area, the basaltic sills intruded pre-Triassic, Triassic,
Jurassic and Cretaceous, as well as allochtonous evaporite bodies originating in the
Carboniferous Otto Fiord Formation. The Eurekan Orogeny occurred during the Late
Paleocene and Eocene (62-34 Ma) and was caused by the convergence of Greenland with
Canada’s Arctic (e.g. Arne et al. 1998). This “collision” caused shortening of the
Sverdrup Basin and this effect is expressed by compressional structures, inversion and
erosion of the sediments (e.g. Arne et al. 1998; Grist and Zentilli 2005; Jackson and
Harrison, 2006). The Eurekan Orogeny is the most recent tectonic event to affect eastern
Sverdrup Basin rocks and their thermal history. Yet, it is probable that salt structures are
still rising in certain locations within Axel Heiberg Island, as hinted by Hoen (1961) and

pointed out by Zentilli and Williamson (2004) and Jackson and Harrison (2006).
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Figure 2.2: Geologic Map of the study area, Expedition Fiord. For study area location see Fig. 1.1. For
formation descriptions see Legend (Fig 2.4). For cross section A-A’’ see Geologic Cross Section (Fig 2.3).
Geologic map modified from Harrison and Jackson, 2008.
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Figure 2.3: Geologic Cross Section of the study area. Note the locations of salt canopies, salt structures
are shown in red and the present day surface level is shown by the white line. For formations descriptions
see text and Fig 2.4. Geologic cross section modified from Harrison and Jackson, 2008.
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2.2 Geologic Formations

The stratified rock formations (Figs. 2.2, 2.3 and 2.4) present in the Sverdrup
Basin Succession on the surface of Expedition Fiord area from oldest to most recent
include the Otto Fiord Formation, Blaa Mountain Group, Heiberg Formation, Savik Beds,
Awingak Formation, Deer Bay Formation, Isachsen Formation, Christopher Formation,
Hassel Formation, Bastion Ridge Formation, Strand Fiord Formation, Kanguk Formation,
and the lower portion of the Eureka Sound Group (Harrison and Jackson, 2008). A brief
description of each formation and an estimated thickness is provided with the exception
of the Otto Fiord Formation which is described in section 2.4. The following
stratigraphic description is modified from Lyon (2005) and written with reference to
Fricker (1963), Thorsteinsson and Tozer (1969) and Harrison and Jackson (2008).

2.2.1 Blaa Mountain Group (Triassic)

This formation is composed of dark grey marine shales with minor siltstone
occurrences. It is present in the Strand Fiord and Expedition area with a thickness of 700
m with a gradational contact with the overlying Heiberg Formation.

2.2.2 Heiberg Formation (Upper Triassic to Lower Jurassic)

The Heiberg formation is a sandstone with minor amounts of siltstone and shale
that is mainly non-marine. In the region of the Strand Fiord, the Heiberg Formation is
less than 1250 m thick and has an abrupt contact with overlying Savik beds.

2.2.3 Savik beds (Middle Jurassic)

These beds of marine origin contain shale with minor amounts of siltstone and

clay ironstone. On Axel Heiberg Island, the thickness ranges from 80 to 300 m and there

is a gradational contact with the Awinkgak Formation.
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2.2.4 Awingak Formation (Upper Jurassic)

The Awinkgak formation consists of mainly non-marine quartz arenite sandstones
and shales with varying thicknesses of 75 to 300 m and has a gradational contact with the
Deer Bay Formation.

2.2.5 Deer Bay Formation (Upper Jurassic to Lower Cretaceous)

This marine formation consists of shale, siltstone, and minor sandstone, has a
thickness of 80-700 m, and has a gradational contact with the Isachsen Formation.
2.2.6 Isachsen Formation (Lower Cretaceous)

The Isachsen formation is composed of sandstone with a range of grain sizes and
the upper part consists of shale that is commonly intruded by dykes and sills. The contact
with the overlying Christopher Formation is gradational.

2.2.7 Christopher Formation (Lower Cretaceous)

Grey shales dominate this formation with minor amounts of sandstone and
siltstone. The thickness of this unit is as much as 1000 m with intruding sills and dykes.
The Christopher Formation is superimposed on the Hassel Formation forming a
gradational contact.

2.2.8 Hassel Formation (Lower Cretaceous)

The Hassel Formation is marginal marine-nonmarine and includes medium to fine

grained quartzose sandstone and siltstone. Along Axel Heiberg Island, the thickness can

reach 430 m and has a gradational contact with the overlying Kanguk Formation.
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2.2.9 Bastion Ridge Formation (Lower Cretaceous)

This marine formation consists of shale and silty shale with minor siltstone and
sandstone. This unit ranges from 5 to 242 m thick on Axel Heiberg Island. This formation
is non-conformably overlain by the Strand Fiord Formation.

2.2.10 Strand Fiord Formation (Upper Cretaceous)

This formation consists primarily of basalt deposited in subaqueous and subaerial
environments with minor diabase sills and mafic pyroclastic rocks. On Axel Heiberg
Island the unit has a maximum thickness of 701 m. This formation is non-conformably
overlain by the Kanguk Formation.

2.2.11 Kanguk Formation (Upper Cretaceous)

The Kanguk Formation consists of shales, with minor siltstone, sandstone and a
couple bentonitic tuff beds. The Kanguk Formation has a maximum thickness of 243
metres and has a gradational contact with the overlying Eureka Sound Group.

2.2.12 Eureka Sound Group (Upper Cretaceous to Cenozoic)

This group consists of the Expedition Formation, Strand Bay Formation and
Iceberg Formation. These formations consist of coarse and fine continental clastics and
contain lignite and coal layers. They are locally several hundred meters thick, and the
maximum thickness along the Strand Fiord area is 2900 m.

2.2.13 Buchanan Lake Formation (Early Tertiary)

This formation does not appear in the map above, but occurs to the Northeast of

the Stolz Thrust in the Geodetic Hills area. It has a Middle Eocene age and it consists of

conglomerates, sandstones and coal (Harrison et al. 1999).



2.3 Salt

The thermal conductivity of salt is known to be 2-3 times greater than that of
other sedimentary rocks (Table 2.1; e.g. Yu et al. 1992). The contrast in thermal
conductivity between salt and its surroundings will result in higher geothermal gradients
and heat flow above the salt when compared with adjacent sediments (e.g. Keen, 1983;

Fig 2.5). In addition, beneath salt structures, negative temperature anomalies are expected

(Yu et al. 1992).

Lithology Thermal Conductivity Wm/°C
Halite 5.5
Anhydrite 5.5
Limestone 2.8-3.5
Sandstone 2.6-4.0
Shale 1.5-2.9
Coal 0.3
Granite 2.5-4.5
Andesite 3.0-4.0
Basalt 4.0-5.0
Peridotite 4.0-6.0

Table 2.1: Thermal conductivities of various lithologies present in the Sverdrup Basin. Note the
significantly higher thermal conductivity of evaporite deposits, halite and anhydrite, in comparison to other

sedimentary rocks. Thermal conductivity values from Evans, 1977.
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Figure 2.5: Temperature distribution around salt body showing increased temperature above salt body and
decreased temperature beneath (figure from Yu et al. 1992).

High geothermal gradients are commonly considered advantageous for the
thermal maturity of petroleum source rock (Keen, 1983). Therefore, studies of petroleum
generation in sedimentary basins have suggested that because thermal maturity is
important for petroleum generation, salt diapirs can provide an important contribution to

this maturity within the sediments that rest above them.

2.4 Evaporite Deposits

The Otto Fiord Formation was initially deposited on Axel Heiberg Island as a
thick layer of salt that accumulated during Carboniferous rifting on top of stretched
Paleozoic and Proterozoic crust at a paleolatitude of 27-32° (Jackson and Harrison,

2006). Since its initial deposition the Otto Fiord Formation has undergone significant
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deformation, due to tectonic as well as depositional events, most notably in the area of
present day western Axel Heiberg Island. This is reflected by the exposed salt diapirs
present today.

Diapirs initially began rising no later than the early Triassic (250 Ma) and Jackson
and Harrison (2006) suggested that two likely mechanisms to explain this diapir rise are
(1) reactive diapirism as a response to rift-related extension or (2) differential loading by
prograding sediments of a Carboniferous carbonate shelf. Stratigraphic thinning and
onlap against diapirs stratigraphically record the breakout of diapirs as do diapir flanking
unconformities. A sediment supply hiatus during the early Cretaceous period allowed the
exposed salt diapirs of the Otto Fiord Formation to be eroded and spread into a sheet that
coalesced to form an allochthonous salt canopy (Fig. 2.4). This canopy was later
onlapped and covered by the Lower Cretaceous fluvial-deltaic Isachsen Formation and
subsequent Cretaceous-Paleogene rocks which also filled in any depressions that existed
in the canopy. This allochthonous shallow salt canopy acted as a detachment layer for
Paleogene Eurekan Orogeny folds and as source layer for a second generation of diapirs
which were formed, exhumed and exposed during the Eurekan Orogeny.

The diapirs composed of this salt consist of nodular anhydrite that have been or
are currently weathering to a gypsum skin (Jackson and Harrison, 2006). The diapirs
have minor carbonate interbeds which are commonly brecciated. At depth the diapirs are
commonly composed of halite. For this reason, the term salt is used as a general term in

this thesis.
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Figure 2.6: The boundary of the allochthonous salt canopy present in the Expedition Fiord area is shown
by yellow line as described by Jackson and Harrison, 2006. Figure from Jackson and Harrison, 2006.

2.5 Perennial Springs Associated with Diapirs

On western Axel Heiberg Island at Expedition Fiord perennial springs occur
adjacent to two exposed diapirs; Colour Peak and Gypsum Hill (Pollard et al. 1999; Figs.
1.1 and 2.3). The springs flow at a constant rate year-round and these springs occur in a
region with an annual mean temperature of -15°C and 600m of permafrost (Andersen et

al. 2002).
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A model proposed by Andersen et al. (2002) describes the perennial springs as a
glacial phenomena with the springs sourced by glacial lakes that flow through the salt

structures (Fig. 2.7).
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Figure 2.7: Model by Andersen et al. describing source for perennial springs as a glacial lake. The arrows
show the direction of water flow through a diapir down below the permafrost layer where the temperature
is calculated to be 6°C due to the sub-permafrost geothermal gradient. Figure from Andersen et al.

The above model (Fig 2.7) is based on a Quaternary geology approach, led by the
Geography Department at McGill University. However, the Dalhousie project followed a
basinal thermal point of view when designing the Axel Heiberg Island project, based on
thermal effects of salt in the Atlantic margin of Nova Scotia. In this context it is relevant
to point out a study by C. Keen (1983), who suggested that fluids might be involved in
the proximity of salt diapirs, to explain sharp heat flow anomalies encountered in the

Primrose structure offshore Atlantic Canada.

Keen studied the anomalous heat flux found over the Primrose structure and

concluded that advective hot fluid motions over top of the diapir could provide sufficient
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heat for a long enough time to produce the observed thermal maturity in the sediments at
this site while she reckoned that conductive heat was not sufficient to explain the thermal
anomalies. Keen’s model was based on the fact that during active diapirism a zone of
mechanical incompetence and fracturing should be created in the sediments adjacent to
the salt structure which could provide a pathway for hot fluids to quickly migrate to the

top of the diapir from deeperrhotter levels.
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CHAPTER 3: MATERIALS AND METHODS
3.1 Sampling Strategy

The samples used for this study were collected by Marcos Zentilli of Dalhousie
University during field seasons in 2003, 2005, 2007 and 2008. The purpose was to obtain
a representative suite across the 2000 m high Princess Margaret Mountain Range, from
sea level along Expedition Fiord through Eureka Pass, across a major thrust fault system
(the Stolz Thrust) and into the foreland basin of that fault system in the Geodetic Hills
area (Fig. 1.1). One objective was to date the movement of the Stolz Thrust, following a
similar study further east in the Sverdup Basin (Arne et al. 1998; Arne et al. 2002, Grist
and Zentilli 2005; 2006). Another objective was to detect any thermal effects caused by
evaporite (salt, anhydrite) structures.

Where possible, samples were obtained from diabase (basalt) sills and dykes
which are described in section 3.2 and are known to have intruded the strata during two
short events: ca. 92 and 129 Ma (Villeneuve and Williamson, 2003). This selection would
ensure that apatite collected would be of consistent chemistry and texture (euhedral
crystals), and its age (Cretaceous) known. Where intrusions were not present, sandstones
were sampled; but the apatite in sandstones may have different ages and provenances.
These grains have different chemistries which may affect helium gas diffusion, and are
rounded or broken during erosion-sedimentation cycles; these features make important
volume and shape corrections difficult (see section 3.8). Sandstone samples near sills
were expected to have been thermally reset by the hot intrusions (e.g. Jones et al. 2007).
Samples from rocks in close proximity to extruded salt diapirs exposed on Axel Heiberg

Island were obtained specifically to determine if these rocks were thermally affected.
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Each sample was labeled and brought back to the Dalhousie Geochronology Centre for
processing.

In thermochronological studies it is not uncommon that a large proportion of the
samples collected in the field are “unsuccessful”, meaning they do not yield datable
minerals in sufficient quality and quantity. A sample with abundant crystals that are
euhedral and of sufficient size is ideal in order to select crystals with the ideal geometry
and without inclusions. It was expected that about half of the samples would have a
sufficient quantity of gem quality apatite crystals to obtain an age for the samples using
apatite (U-Th-Sm)/He analysis. The locations of samples that were obtained are shown in

Figure 3.1.
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Sample Location Map:
Expedition Fiord Region; Axel Heiberg Island
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Figure 3.1: All samples obtained by Marcos Zentilli for thermochronologic studies of Axel Heiberg Island.
3.2 Sample Description

The tholeiitic basalts that were sampled in the Expedition Fiord and Geodetic
Hills areas of the Princess Margaret Range were described by Jones (2006) and Lyon
(2005). They found that the very fine to medium grained dykes and sills from this area
showed similar mineralogy and textures. The dominant mineralogy present in all samples

consists of plagioclase, clinopyroxene and Fe-Ti oxides with grain size ranging from very
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fine to medium. Texturally, the samples are generally inequigranular, aphyric and show
varying degrees of alteration. Olivine grains are often present and have alteration rims or
alteration to iddingsite within the grain itself. Biotite, chlorite, amphibole, iddingsite,
saussurite, sericite, carbonate and clays are all secondary minerals found in the dykes and
sills. Euhedral apatite is present in the samples as an accessory mineral within both the

sills and dykes and zircon is found within biotite grains.

3.2 (U-Th-Sm)/He Thermochronology

The (U-Th-Sm)/He method was a technique developed during the early 1900’s for
dating geologic material, but was considered unreliable due to the profuse diffusion of
radiogenic He out of imperfect host minerals (e.g. Grist and Zentilli, 2004).

The decay of radioactive elements can be used as a dating method if assumptions
about the initial proportion of daughter products are made. U-238 decay series is
commonly used for this purpose as after time it and some of its radioactive daughter
products emit stable alpha particles (He).. Measuring the isotopic proportions of parent
and daughter isotopes can give estimates of the age at which crystals closed to diffusion
of these daughter isotopes out of the crystal structure (Ehlers and Farley, 2003). Although
it is rarer than alpha emission, uranium also decays by spontaneous fission and the
remains of this spontaneous fission are recorded as a fission-track. Fission-track
measurements can also be used as a method to obtain crystal ages and this is discussed
further in section 3.3.

There are a variety of techniques and applications for (U-Th-Sm)/He
thermochronology which involve establishing the cooling histories of rocks (Farley,

2002). To estimate He production over time (t), the following equation is used:
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‘He = 8 28U (e (haast) — 1) +7 (P*U/137.88) (e (hasst)— 1)
+ 6 **Th (e (has2t) — 1) + '"Sm (e (huast) - 1)) (3.1);
where A is the decay constant for the parent atoms (Az3s = 1.551 x 107°y Ay35 = 9.849 x

101y, 2p3=4.948 x 10 v, a7 =6.539 x 10'12y'1) and t is the time (years) He has
been accumulating in the mineral (Farley, 2002).

Apatite crystals make a good low temperature thermochronometer because their
structure closes to He diffusion at ~75°C (Farley, 2002; Ehlers and Farley, 2003). The
temperature range between ~80-40°C is considered the partial retention zone (PRZ)
because as an apatite crystal cools through this temperature zone He atoms begin to
accumulate within the crystal and partial diffusion of He takes place (Fig. 3.2). The
apparent closure temperature of an apatite crystal depends on the amount of time spent
within the PRZ and the radius of the apatite crystal (Farley and Stockli, 2002).

The lower closure temperature of apatite to He diffusion makes it possible to
detect cooling on a smaller scale that may be tectonically induced in comparison to high
temperature systems that cannot record these small variations (Ehlers and Farley, 2003).
In the upper few kilometers crustal isotherms will mimic surface topography, more
notably so in close proximity to the surface which means that the lower the closure
temperature of a system the greater the effect of topography (Fig. 3.2). Also apatite He
ages are strongly influenced by perturbations in the shallow crust’s thermal field and will

be affected if relief is changing during their exhumation or if the exhumation rate is

changing (Braun, 2002).
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Figure 3.2: Thermal processes that will influence (U-Th-Sm)/He ages. The isotherms will mimic surface
topography as shown. Apatite will retain some but not all helium during the time spent within the partial
retention zone (PRZ). Figure from Ehlers and Farley, 2003.
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Rocks normally remain at temperatures greater than 75°C to depths of about 2-4
km depending on the geothermal gradient, therefore, apatite’s (U-Th-Sm)/He closing
temperature of ~75°C makes it a preferred thermochronometer for shallow crustal studies
of thermal character such as burial, uplift, exhumation and erosion (Ehlers and Farley,
2003). The rocks present on Axel Heiberg Island should have cooled through this
temperature as they were exhumed by the Eurekan Orogeny. As salt structures are known
to cause thermal anomalies and high geothermal gradients, rocks overlying salt structures
may have delayed cooling through the 75°C isotherm and later closure to He diffusion
than rocks that do not overlie salt structures (Fig. 3.3.) This should cause apatite crystals
in rocks that overlie salt structures to have younger He ages than crystals from rocks not

underlain by salt structures.
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Figure 3.3: Schematic diagram of a salt diapir showing how geothermal gradients change with proximity
to a diapir as well as how apatite (U-Th-Sm)/He dates vary with proximity to a diapir.

3.3 Apatite Fission-Track Thermochronology

The apatite fission-track method has been widely used to constrain low-
temperature thermal histories (Donelick et al. 2005). The natural, spontaneous fission of
unstable elements will cause linear damage to the lattice structure of the host mineral,
these are called fission-tracks and the analysis of fission-tracks can be used as a
thermochronological technique (Juez-Larré, 2003). The “ion spike model” describes the
formation of fission-tracks as the fission decay causes a nucleus to split in two parts, a
heavier and a lighter piece, that are positively charged and this process releases a large
amount of energy. This energy primarily takes the form of kinetic energy as the two

fragments repel and travel away from each other their energy is consumed as a result of
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nuclear collision and electrical interaction. The resulting structural damage and ionization
is called a fission-track.

Fission-tracks are only preserved in insulating materials with no free moving
electrons that would cause the damaged charged zone known as the fission-track to
quickly repair itself (Juez-Larré, 2003). Over time fission-tracks will be naturally healed
by the host mineral; this process is called annealing and is affected by temperature.
Below a certain temperature (closure temperature) the fission-track is effectively
maintained, whereas, above this temperature the tracks are irreversibly and incrementally
erased due to annealing (Juez-Larré, 2003). By knowing the number of fission-tracks,
their lengths and the amount of U-238 present in a crystal, knowledge about the crystal’s
cooling age can be obtained (Juez-Larré, 2003).

For apatite crystals reduction of track length by annealing of fission damage
occurs significantly at temperatures of about 50-60°C over very slow cooling rates and is
essentially complete at about 100-150°C (e.g. Grist and Zentilli, 2005). Therefore apatite
fission-track ages date the cooling of a rock through 100°C. The closure temperature for
the geological annealing of zircon fission-tracks is estimated to be 240 + 50°C for a
cooling rate of 10°C/Ma and 194 + 18°C for a cooling rate of 0.46°C/Ma (Juez-Larré,
2003). Within the project, apatite fission-track dating was carried out in the Dalhousie
Fission-track Research laboratory between 2003 and 2007 by A. Grist. Fission-track
dating in zircon of samples from the same area referred to in this chapter were done by P.
O’Sullivan of Apatite to Zircon, Inc., of Moscow, Idaho, USA (Zentilli in prep.). Apatite
fission-track cooling ages can be used in combination with apatite He ages to more

tightly constrain cooling histories and support interpretations (Farley, 2002).
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3.4 Physical Processing of Samples

In order to isolate the apatite crystals to be used for (U-Th-Sm)/He analysis from
the rest of the whole rock samples physical processing was completed by members of the
Dalhousie Geochronology Centre. A detailed description of the basic mineral separation
techniques used in the Dalhousie Geochronology Centre is given by Grist and Zentilli
(2004).

The first step involved crushing, grinding and then sieving 800 g aliquots of the
whole rock samples in order to isolate grains of sufficient size (>30 um). In cases where
large volumes of rock were isolated at the end of this process a Wilfley water table was
used to further separate the sample on the basis of specific gravity, the heavier part of the
sample was used in the next stage of processing. The next stage of processing was
separation based on specific gravity (SG) using heavy liquids, sodium polytungstate,
which has a specific gravity of 2.8 g/cm” is used in the Dalhousie Geochronology Centre.
When grains of rock are placed in this liquid apatite crystals (SG 3.15-3.20 g/ecm?) should
sink, whereas, quartz (SG 2.65 g/cm?) and other less dense minerals should float. The
isolated fraction of sample was then separated on the basis of magnetic properties using a
Frantz Isomagnetic separator. After these processes the remaining sample consists

primarily of apatite and zircon.

3.5 Apatite Crystal Selection and Preparation
The most important but most time consuming part of the (U-Th-Sm)/He analysis
process is the selection of high quality apatite crystals from each sample in order to

achieve an adequately precise age. The best crystals were selected for further analysis on
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the basis of size, symmetry, number and size of imperfections and overall clarity of the
crystal.

To isolate the highest quality apatite crystals from the remaining portions of rock
after the physical processing of the samples, the first step is to observe and isolate the
grains under a Stemi SV11 Zeiss binocular microscope. This is done at low powers of
magnification (35.2-105.6X) and the most important aspects for crystal isolation at this
stage are the overall crystal shape and size. Crystal size and symmetry are relevant
during the selection process as they will affect the accuracy and amount of error
incorporated by the Fr correction and alpha particle ejection models (§ 3.8; Ehlers and
Farley, 2003). Crystals were considered to have adequate symmetry if the length to width
ratio was 2:1 or greater with the largest possible radius. The minimum suggested radius is
60 pm in order to minimize the Fr correction.

In order to correct measured He ages with the Fr correction measurements of the
crystal length and of the width of the three short axes of the hexagonal shape were
obtained (Fig. 3.4). Grains were photographed and measured using a PaxCAM and PaxlIt

software which enable real time calibrated measurement of crystal axes lengths.

Figure 3.4: Example of an apatite crystal (FT05-034b-4) and the measurements that were obtained during
the selection process (indicated in yellow). These dimensions are also used in calculating the crystal’s
surface area to volume ratio for the Fr correction. (See § 3.8)
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Crystals that met the size and symmetry standards were rejected if they contained
imperfections. Imperfections included small bubbles within the apatite crystals that may
be an unwanted source of parent and daughter atoms (Fig. 3.5). The bubbles may contain
He isotopes from another source with an unknown proportion and amount of He atoms
would give an inaccurate age determination. Mineral inclusions that may be found in
apatite such as monazite, and zircon are rich in U-Th-Sm, and can yield an incorrectly old
(U-Th-Sm)/He age by producing “parentless” He. As many inclusion phases survive the
HNO:s dissolution so the amount parent nuclei from the inclusion will not be measured
(Farley, 2002; Vermeesch et al. 2007). In order to examine crystals for these
imperfections they were observed and photographed under higher magnifications with a
Zeiss Axioplan binocular microscope at 44-400X magnification. The samples that met
the symmetry and size standards and were deemed to be void of significant inclusions

were ready to be loaded into platinum crucibles for heating and gas extraction.

Figure 3.5: An example of an apatite crystal that was rejected during the selection process due to
abundant inclusions.

Platinum micro-crucibles are hollow, open-ended cylinders of platinum with a
length of 1mm and diameter of 0.5mm (Fig. 3.6). Platinum cylinders are used for this

procedure as platinum has a high melting point (1768°C), low hydrogen content, and
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malleability but the platinum can cause interferences with the Th*** measurement when
the platinum crucible is dissolved during the U-Th-Sm analysis (further discussed in §
3.7, Evans et al. 2005). Once each crystal has been enclosed in a platinum crucible the
samples are ready for a measurement of the proportion of He gas by heating and mass

spectrometry.

Figure 3.6: Platinum micro-crucible used for holding apatite crystals during He gas extraction.
Dimensions are shown in white.

3.6 Helium Gas Extraction: Mass Spectrometry

In order to obtain an accurate (U-Th-Sm)/He age the amount of *He present in
each apatite crystal must be measured precisely. The measurements for this study of “He
were completed by the He mass spectrometer in the Dalhousie Geochronology Centre -
Noble Gas Lab which is operated by Keith Taylor. The process includes heating the
sample with a laser, vacuo extraction, purification, spiking with a known spike of *He,
analysis of the *He/*He ratio by a mass spectrometer.

Before the processing of the samples can begin the entire system which includes
the mass spectrometer and gas line, is degassed. This is done by vacuum pumping the

system with multiple pumps until the entire amount of *He present within the system is
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less than 1% of that expected to be released from the apatite crystals being analyzed. The
samples are placed on a 25-holder disk where each one is heated and then measured
separately. Between the He measurements from each sample a measurement of the
amount of He in the blank is taken in order to ensure that He levels in the system are low
enough to prevent contamination from the previous sample. This measured blank is
subtracted from the subsequent sample that is measured. The average blank measurement
in this study was 0.43 fmol.

A Neodymium/Y AG laser is used to heat each platinum crucible that contains a
single apatite crystal to 1050+/-15 °C. Each sample is heated in two stages: the initial
primary degassing stage for 5 minutes, and a 5 minute re-heat to ensure the sample has
been completely degassed. During the re-heat stage if any He is detected this probably
indicates that inclusions in the sample had not been completely degassed during the first
stage of heating or that the crystal is not apatite but a different mineral with a higher
degassing temperature. Common mineral inclusions such as Zircon and Monazite would
retain He through the first stage of heating due to their higher He retention temperatures.

The gases that are released from the samples during the heating are moved
through a series of hydraulic valves and chambers through several filtering processes to
the mass spectrometer. The goal of this process is for all released He to arrive as
ultrapure He at the mass spectrometer in a single pulse.

Just before the ultrapure He gas reaches the mass spectrometer, each gas sample is
spiked with 286 fmol of *He. The mass spectrometer measures the ratio of *He/*He and is

able to precisely measure the variance from the spike ratio caused by the additional “He
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released by the sample. *He (as well as Hd (doubly ionized hydrogen), and deuterium
(°H) are also measured in order to avoid high levels that may cause interference.

In this study, two batches of samples were run automatically by a computer
system from the heating to mass spectrometry measurements with two Durango standard
samples each. Durango apatite standards have a known He age of 31.5 + 1.6 Ma (2s)
(Evans et al. 2005). The Durango apatite from the first batch of sixteen samples had a He
weighted average age of 30.0 = 1.3 Ma which falls within the accepted known age for the
standard. The Durango from the second batch of eighteen samples had a He weighted
average age of 35.0 + 1.2 Ma which falls just outside the accepted range for Durango
apatite standards.

3.7 Uranium Thorium Samarium Analysis

After the He gas measurements, the abundances of the parent isotopes; 238U,

22T, and '*’Sm, were measured using an inductively coupled plasma mass spectrometer

£23°U is not obtained because it

(ICP-MS) at the University of Kansas. A measurement o
is assumed to exist in natural isotopic abundance as a proportion of ***U (**°U=
2817/137.88; Evans et al. 2005). A solution of HNOj3 containing the spike of U Sm and
Th is used to dissolve the apatite crystals while they are still in their platinum crucibles.
This solution is diluted with a known amount of water and heated in an oven to ensure
the entire crystal is dissolved. Using the ICP-MS the U, Th and Sm isotope ratios are
measured to precisions <1-2% for most samples. Slight variations in spike volume and

concentration are used for duplicate measurements of each sample. The expected amount

of U-Th-Sm ranges from 10’s to 1000’s of ppm.
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The dissolution of platinum crucibles may cause the formation of ions "**Pt*’Ar”,
99pt*Ar", and "*Pt* Ar" which cause interferences with isotopes of U with masses of
234,235 and 238 respectively (Evans et al. 2005). Therefore, the ICP-MS signal is
monitored at mass 234 as any increase in the natural abundance of mass 234 (0.0057%) is
an indication of Pt interference. If necessary, interferences with masses 235 and 238,
which are measured in this process, can be corrected using platinum isotope abundance
ratios.

3.8 Ft Correction

As radioactive decay of the uranium and thorium decay series takes place in
apatite crystals the alpha particles are emitted with kinetic energies of 4-8 MeV (Farley et
al. 1996). As the alpha particles are emitted with high energy it takes between 11 um to
34 pm (average 20 pm) for them to come to rest within solid crystals. This distance from
the parent nucleus before the particles come to rest is called the stopping distance and the
retention of He within the crystal depends on the proximity of the parent nucleus to the
edge of the crystal. If the parent nucleus’ distance from any edge exceeds the stopping
distance then the alpha-particle will not escape the crystal regardless of it’s trajectory.
The probability that an alpha-particle will be ejected from the crystal increases as the
parent nucleus lies with closer proximity to the crystal edge to a maximum of about 50%
for a parent nucleus that lies on the grain edge. The relation between probability of
retention and proximity to the grain edge and probability for retention is shown in Figure

3.6.



35

1.00
A A
0.75
’He Alpha
Retention 050 7

B . 2
/—' He - Ejection 025
0.00

U ' Possible 0 20 40 60 80 100
Implantation Micrometers along A-A'

AN

Figure 3.6: The possibilities of alpha particle retention, ejection and possible implantation. Schematic 2D
diagram on left shows parent nuclide locations denoted by U and the white circles show the possible extent
an alpha particle will travel before coming to rest. “He” indicates locations where alpha particles may
come to rest inside or outside a crystal. On the right is a plot showing how alpha retention will vary along
the line A-A’ or from rim to core to rim. Styled after Farley, 2000.

A method was developed by Farley et al. (1996) to correct for He particle
ejection. This model assumes a perfect hexagonal prismatic crystal shape, homogeneous
distribution of U, Th and Sm parent nuclides, and that the implantation of alpha particles
is negligible. The method developed by Farley et al. (1996) shows that measured ages
must be divided by an Ft correction factor. This factor is calculated based on surface area
to volume ratio () and the stopping distance that is unique to each mineral and parent
atoms (U,Th, and Sm). B and Fr can be calculated for hexagonal prisms of apatite with
the following equations.

= (2.31L+2R)/(RL) 3.2);
Where L is the length of the hexagonal prism and R is half the distance between opposite

apices of the hexagonal crystal face.
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280 series: "Fr=1 - 5.138% + 6.788 (3.3);

22Th series: ""Fr=1 - 5.906> + 8.99% (3.4);
A mean correction must be calculated based on the relative amounts of U, Th, and Sm
using the above Frcorrection factors and the following equation.

Mean Fr=*%a UFy + (1- 2%a) ™F; (3.5);
where ***a is the fraction of He that is derived from **U.
The parameters that are used in the Fr correction have a bearing on the suitability of
crystal geometry for He dating. Crystals must have a prismatic, elongate crystal habit
with symmetry as close as possible to hexagonal in order to meet the parameters of the
Farley et al. model and in order for B to be a true surface area to volume ratio. Crystals
must also be void of inclusions and zoning (as previously discussed in § 3.3) in order to

have homogeneous distribution of U, Th and Sm.

3.9 He Age Determination

Measurements from laboratories were provided as individual ratios for each
crystal of *°U/~*U, °Th/*?Th, and *Sm/™*’Sm which were converted to nuclei of
radioactive elements using calculations laid out by Evans et al. 2005 (Appendix A).
Measured He ages can be calculated using Eqn. 3.1 after calculating actual amounts of
238U, 235U, 232Th, “7Sm and *He. These calculations were carried out in MatLab using an
algorithm created by Jose Antinao-Rojas, outputting calculated and corrected He ages for
the entire set of samples. The results of the He ages are provided in § 4 and

interpretations of the He ages are discussed in § 5.
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3.10 Sources of Error

Each step of the (U-Th-Sm)/He method incorporates some error into the age
calculation performed using equation 3.1. Each step of the measurement of He, U, Th and
Sm incorporates some uncertainty (1-3%) which will affect the accuracy of measured He
ages. Estimate of error from each analysis, U, Th and Sm, are provided by the University
of Kansas and an estimate of 1.5-2% error in He measurements was selected upon
consultation with K. Taylor of the Noble Gas Lab. The Fr correction also incorporates
some uncertainty into the Fr corrected age as grain measurement incorporates error as do
imperfect grains that are not perfect hexagonal inclusion free crystals with homogeneous
distribution of parent isotopes (Ehlers and Farley, 2003). The uncertainty associated with
the Fr correction greatly increases as grain size decreases and the magnitude of Fr
corrections increases. The key sources of error have been incorporated into the error
calculation (Eqn. 3.6) which calculates the total analytical error shown in Table 3.1 by

adding all error sources in quadrature.

s = (U’+ Th*+ Sm’ + He’ + Fr’) V2 3.6
Uncertainties in Measurements (%)
Sample — Crystal Number | FT U Th | Sm | He | Total analytical error at 1o
FT05-034b-4 92119]06]06] 20 9.7
FT05-034b-5 771131030420 8.1
FT05-034b-10 4511210502120 5:1
FT05-034b-17 87192]12]22|15 13.0
FT05-028-14 141139110 ] 15 2.0 14.9
FT08-03-3 52108 06]|06] 20 5.7
FT08-03-16 34,114,041 04| 15 4.0
FT08-03-17 40116] 07| 10| 15 ] 4.8
FT03-065-1 9814511904 ]| 20 11.1
FT05-029-14 209127107, 08]| 15 21.2
FT05-029-15 152117112 06| 15 154
FT03-055-9 146 1 0512|1015 14.8
FT03-063-1 25.0]1 21107 12| 1.5 25.1

Table 3.1: Quantitative uncertainty associated with measurements and Fr correction. The total analytical
error is in the far right column.
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Additional error is associated with the measured ages due to properties that were not
accounted for quantitatively. The additional error may come from imperfect crystal
properties discussed in § 3.5 and these include the degree of rounding of a crystal and any
small inclusions. The error may also come from uncertainty associated with (U-Th-
Sm)/He dating and uncertainty in the half lives of radionuclides and the assumption that

23U is equal to 2**U/137.88.
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Chapter 4: Results

4.1 Apatite crystal selection

Apatite crystal selection is an important part of the (U-Th-Sm)/He method and has

a large influence on the quality of ages produced from samples. Of ca. 80 samples

collected in the field for this study more than 50% did not yield sufficient apatite crystals

of suitable size (>100 um) and quality (devoid of inclusions) after the separation process.

Of the samples that did contain apatite crystals the quantity and quality of these crystals

varied.

4.2 Samples Used in this Study

Sample # | Description

Sample of coarse grained basaltic sill, Geodetic Hills area, blocks the valley
FT03-038 | to Fossil Forest. Intrudes finely laminated brown ss and siltstones.
FT03-046 | Sample of coarse diorite sill, intrudes black shale of Triassic Blaa Mtn. Gp.
FT03-063 | Sample of basaltic sill, dip 30SE, in the Eureka Pass area, medium grained.

Sample of sandstone, gray, cross-bedded, dip 30NE, Blaa Mtn. Gp, Triassic;
FT03-055 | very close to one of the rare basaltic dykes .

Sample of olivine-rich coarse basalt sill, 30-40 m thick, summit of Wolf
FT03-065 | Intrusion.
FT05-029 | Sample of basaltic sill (Wolf Intrusion), close to SF03-66.
FT05-028 | Sample of basaltic sill, SW of Colour Lake (Wolf Intrusion family).

Sample of basaltic sill, medium grained, within Little Matterhorn diapir
FT05-034 | complex .

Sample of 50cm bed of quartz sandstone within laminated siltstones
FT05-036 | (Triassic) west of Colour lake.

Sample of quartz sandstone at foot off Little Matterhorn; (Christopher Fm,
FT05-033b | Cretaceous).

Sample of sandstone, Tertiary age, youngest exposed in syncline; Strand Bay
FT05-031 | Fm.

Sample of coarse white sandstone, NE side of island near AXS reflector.
FT08-03 Christopher Fm, Lower Mbr, Cretaceous.
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4.3 (U-Th-Sm)/He ages

The crystal ages that were determined using apatite He dating in the crystals had a
large range (Appendix B.) The youngest age determined in this study was 0 Ma and the
oldest age was 16.0 Ga, these ages were rejected. Ages that were anomalously young or
old were rejected; the basis of each rejection is outlined in Appendix B. The accepted
ages in this study range between 12.5 Ma and 56.8 Ma (Table 4.1, Figure 4.2) and
samples came from two distinct geographic locations, the Expedition Fiord Area and
Geodetic Hills Area (Figure 4.1). Ages older than the age of crystallization of the
formation sampled and ages that were older than any regional (U-Th-Sm)/He from Grist
and Zentilli (2005) were rejected as the crystals tested may not have been apatite and the
method of testing is only valid for apatite crystals. In some samples only one or two
possible crystals which were less than ideal for the process were found to be analyzed.
Photos of each crystal are shown in Appendix C, and it can be seen in the photos that
some crystals did not have an ideal shape or were broken, these tended to produce
inaccurate ages. The ages obtained from crystals that failed the He re-extract test (§ 3.5)
were rejected due to the likelihood that these crystals contained zircon or monazite
inclusions that would not be dissolved by HNO; before the ICP-MS and would therefore
provide “parentless” He resulting in an anomalously old age (e.g. Farley, 2002; Grist and
Zentilli, 2005.) Ages that were very young and had “He measurements less than the blank
were rejected due to the uncertainty associated with the precision of a measurement that
is less than the blank. Processes such as the He re-extract and blank measurement are put
in place to ensure that the ages we compute are reliable and this information allows us to
reject ages that fail these tests and are therefore judged unlikely to be correct and place

confidence in ages that pass these test.



Sample Location Map:
Expedition Fiord Region; Axel Heiberg Island
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Figure 4.1: Sample numbers plotted beside locations on Axel Heiberg Island in two geographic areas;
Expedition Fiord and Geodetic Hills. Geology from Harrison and Jackson (2008).
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Sample Location Map:
Expedition Fiord Region; Axel Heiberg Island
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Figure 4.2: He ages plotted beside sample locations on Axel Heiberg Island. Geology from Harrison and
Jackson (2008).
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Sample Location Map:
Expedition Fiord Region; Axel Heiberg Island
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Figure 4.3: Sample location map with apatite fission-track (violet), zircon fission-track (green) and apatite
(U-Th-Sm)/He ages (blue). Geology from Harrison and Jackson (2008). Ages are associated with green

sample locations, perennial springs are symbolized with light green triangles and exposed salt is in red.
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4.4 Analysis of data

Thirteen apatite He cooling ages were obtained from seven samples by the writer
in this study. An additional six apatite He cooling ages were obtained for three samples
by Alexander Grist of the Dalhousie Geochronology Centre. The results from these
analyses are combined in Table 4.1. As all samples were processed for He at the
Dalhousie Geochronology Centre by K. Taylor and for U-Th-Sm at the University of
Kansas by D. Stockli all methods are consistent. For this reason the ages should be
reliable and are used for comparisons and interpretations in this study. The ages are
consistent as can be seen in Table 4.1, sample FT05-034b analyses by A. Grist obtained
ages of 33.3 £ 2.6 and 37.6 + 3.0 on two grains while analyses by the writer obtained
comparable ages of 37.0 = 7.2, 28.1 £ 4.6 and 56.8 + 5.8. The weighted average for this
sample from A. Grist is 35.4 + 2.8 Ma and the weighted average from He ages for this
sample in this study is 39.5 + 6.3 Ma, these weighted average ages are within the same
range at a confidence of 26. The equations used to calculate weighted average and
weighted standard deviation are shown in Appendix A, the weighted average calculation
is used because it places less importance on ages that have more error with the goal of

having a more accurate average age.
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Chapter 5: Discussion & Interpretations
5.1 Organization of Discussion and Interpretations
The results of this study are first discussed as individual or groups of samples, and
later regionally. For dates referred to in this chapter refer to Tables 4.1 and 4.2 and
Figures 4.1, 4.2 and 4.3. It is evident that a larger number of samples and analyses is

needed to reach more robust interpretations.

5.2 Discussion of individual samples
5.2.1 Samples FT03-038, FT03-046, FT03-063

These samples were dated with the apatite fission-track (AFT) method by A. Grist
and represent tholeiitic basaltic sills in the Eureka Pass and Geodetic Hills areas of the
Princess Margaret Range, where they intrude Triassic sediments of the Blaa Mountain
Group. This group of sills yields a zircon fission-track (ZFT) age of ca. 120 Ma, therefore
they belong to the oldest set of Cretaceous sills (the younger being ca. 90 Ma). Their AFT
age is ca. 60 Ma. If this age represents cooling due to exhumation, and the geothermal
gradient was approximately 37°C/km (Andersen et al. 2001), these rocks (now at the
surface), were 3-4 km below the surface at 60 Ma. This cooling age is interpreted to
represent uplift and exhumation of the hanging wall of the Stolz Thrust during the
Eurekan Orogeny (e.g. Arne et al. 1998; Zentilli et al. 2008).
5.2.2 Sample FT03-055

This is a sample from the area of Eureka Pass. It is of sandstone from the Blaa
Mountain Fm, which belongs to the Triassic, thus its absolute age is between 251 to 200

Ma (geological scale of ICS; Gradstein and Ogg, 2004). The sample was collected in the
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vicinity of the older set of basaltic sills, and therefore was thermally affected at ca. 120
Ma (see above). The ZFT age is 164 = 6 Ma, Jurassic, but the AFT age is 60 = 3 Ma,
reflecting the same age of Eurekan Orogeny exhumation cooling as the basalt sill samples

discussed above; FT03-038, FT03-046, FT03-063.

5.2.3 Samples FT03-065, FT05-029, FT05-028, FT05-034

These samples are from basaltic sills of the younger age group, mainly
represented by the thicker Wolf Intrusion. The ZFT age of samples FT03-065 and FT05-
028 is 79 £8 Ma. The AFT age of these samples is 41.4 + 3.8 Ma, substantially younger
than the AFT ages in the Eureka pass region to the northeast. The weighted He average
ages obtained for samples FT05-028 and FT05-034 are 32.7 + 3.5 Ma and 37.5 + 4.5 Ma

respectively but there is significant variation (Table 4.1).

5.2.4 Samples FT05-036, FT05-033b, FT05-031

These three samples were taken from sandstones. Sample FT05-033b is a quartz
sandstone from the Cretaceous aged Christopher Fm, collected from Little Matterhorn, a
major diapiric structure (Fig 1.1). The apatite He age obtained for this sample, analyzed
by A. Grist, is 40.5 + 3.2 Ma. The He age obtained for sample FT05-036 (7229+ 622 Ma)
as well as the ages from sample FT05-031 (16040 £ 5250 Ma, 12252 + 3404 Ma) are
much older than the He ages from the Sverdrup Basin and considered geologically
meaningless. These data were rejected; the crystals dated were most probably not apatite
or contained undetected uranium-rich inclusions (e.g. zircon) that were not dissolved

during analysis for U, Th and Sm.
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5.2.5 Sample FT08-03

This sample was taken near sea level at the western end of the thesis area, from an
island in Expedition Fiord. The sampled strata belong to the Cretaceous aged Christopher
Fm, and the island is dominated by a small evaporite diapir (see Figure 4.1) The apatite
He weighted average age is 13.9 + 1.4 Ma which is significantly younger than any other
ages in the Expedition Fiord region. More samples from the western part of the thesis
area are needed for comparison with this sample in order to make interpretations of this
anomalously young age.
5.3 Implications of ages

All of the accepted He ages from this study (FT03-065, FT05-028, FT05-034b,
FT05-033b, FT08-03, FT05-029) from the Expedition Fiord area of the eastern Sverdrup
Basin are younger than the regional eastern Sverdrup Basin ages determined by Grist and
Zentilli (2005) (Fig 5.1). These He ages from the Expedition Fiord area are also younger
than the ages from the Geodetic Hills area (FT03-055, FT03-063) determined in this
study. This local young age effect is also shown by apatite fission-track ages. As apatite
He ages indicate a cooling through the 75°C isotherm (e.g. Farley, 2002) it can be
concluded that the rocks present on the surface of the Expedition Fiord area cooled later
than the rocks of the eastern Sverdrup Basin.

The anomalously younger apatite He cooling ages from sample FT08-03 may be
the result of analytical error or evidence that the rocks of the western island cooled in the
Neogene (Miocene-Pliocene). If this is the case they may have been exhumed later than

the rest of the region to the east, or there was some unexplained thermal effect in the
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western Expedition Fiord area. Without more analyses in the western area from

moresamples the question cannot be resolved.

He Age vs. Number
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Figure 5.1: Plot of He age vs. Number in order to compare regional ages from the eastern Sverdrup Basin
from Grist and Zentilli (2005), to ages determined in this study for the Expedition Fiord Region. Note that
all Expedition Fiord ages are younger than values from the Geodetic Hills Area as well as regional values.

There may be several explanations for the observed age contrast between
Expedition Fiord and the rest of the eastern Sverdrup Basin: 1) It is possible that the
rocks on Axel Heiberg Island were exhumed at a later time than rocks in other parts of
the basin, 2) It may be that the area where the ages are relatively younger is located in an
area with a higher heat flow than the rest of the basin. Since there is no known volcanic
activity in the area younger than ca. 90 Ma, (Villeneuve and Williamson, 2003) possible
explanations for a thermal effect may be associated with the proximity to salt structures,

the action of heat advection by warm fluids, or both.

|
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5.4 Possibility of later exhumation of Expedition Fiord

The regional He ages determined by Grist and Zentilli (2005) date the time at
which the rocks currently on the surface of the Sverdrup Basin passed through the 75°C
isotherm during basin inversion associated with the Stolz Thrust of the Eurekan Orogeny.
The Stolz Thrust is located to the west of Expedition Fiord in the Geodetic Hills area (Fig
1.1) and in order for exhumation of the rocks at Expedition Fiord to occur 5-10 Ma later
than the Eurekan Orogeny, such as the rocks in the Stolz Thrust area; a tectonic event
would be required to cause this exhumation. It is unlikely that a tectonic event in this area
caused later exhumation of the rocks at Expedition Fiord although it is a possibility. The
geological map (e.g. Harrison and Jackson, 2008) shows that Tertiary rocks of the Strand
Bay and Iceberg Formations are deformed in the cores of synclines. These deformed
formations are Late Paleocene to Middle Eocene (approximately 59 - 47 Ma; Figure 7 in
Harrison et al. (1999), thus older than the Buchanan Bay Formation (Middle Eocene; ca.
46 - 41 Ma in Fig. 7 in Harrison 1999)). The Buchanan Bay Formation occurs NE of the
Stolz Thrust and represents sediments shed during advance of the Stolz Thrust. The
young Buchanan Bay Formation yields Eocene AFT ages characteristic of the Eurekan
Orogeny (Zentilli et al. 2008) while the rocks found at Expedition Fiord, that are older
than this formation, show younger AFT ages post-Eurekan orogeny . There is no tectonic
activity recognized after the Middle Eocene in Axel Heiberg Island. Therefore the post
Middle Eocene ages obtained in the thesis area, the head of Expedition Fiord are highly
anomalous. Because this area is underlain by the salt canopy of Jackson and Harrison
(2006) the possibility exists that the salt structure led to continued exhumation in the

canopy domain. This hypothesis is a possibility and Zentilli and Williamson (2004) have
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suggested that the evaporite diapirs in this region have risen since ice withdrawal from
the area 10,000 years ago, and are probably rising to this day. M. Zentilli and P.
Budkewitsch of the Canadian Centre for Remote Sensing have installed a total of 9 radar
reflectors in 2007 and 2008 to test this hypothesis using radar satellite interferometry
although there are no results yet.
5.5 Possible causes of thermal imprint

Possible mechanisms to explain the anomalous thermal signature discovered in
the thesis area may include topographic variations or paleotopography, increased igneous
activity in this area in relation to the rest of the eastern Sverdrup Basin, a thermal effect
from an individual salt diapir, a thermal effect due to the underlying salt canopy, or an
effect due to perennial springs. These possibilities are discussed sequentially below.
5.5.1 Topography variations or paleotopography

As discussed in chapter two, apatite He ages are strongly influenced by surface
topography and due to exhumation, rocks found at the peak of a mountain should have
cooled through the 75°C isotherm earlier than rocks at the base of the mountain (Fig 3.2;
Ehlers and Farley, 2003.) For this reason there is often a linear relationship between older
He age and higher elevation that can be used to estimate exhumation rates (Braun, 2002.)
In this study only four ages were determined and there appears to be a negative trend
between elevation and age with older ages occurring at the lowest elevations (Fig 5.2.)
This pattern can be interpreted to indicate that the present day surface relief is smaller
than it was when the rocks now at the surface crossed the closure temperature isotherm
(e.g. Braun, 2002.) Braun’s paper explains this trend as follows: “For the rocks that will

be collected at the top of ridges, relief reduction leads to a shortening of the distance
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travelled between the time the rocks crossed the closure temperature and the time they
reached the surface. Conversely, the rocks found at valley bottoms will see that distance
increase (in comparison with the case where relief remains constant). This leads to a
reduction in apparent age at the ridge tops and an increase in apparent age at the valley
bottoms and, thus, a counter-clockwise rotation of the age elevation relationship.”
(Braun, 2002) A relative planation of the topography after the Eurekan Orogeny (which
created high mountains) seems to be supported by the existence of Pliocene-Pleitocene
gravels on angular unconformities deposited over regional paleosurfaces (e.g. Harrison et
al. 1999). Changes in relief explain the pattern observed within local ages but is not the
cause of anomalously young ages in the Expedition Fiord region as the samples with
younger ages in this region were taken at similar elevations as the rocks that cooled

significantly earlier from the Geodetic Hills area.

|
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Figure 5.2: Plot of age vs elevation of the samples from Expedition Fiord. Error is shown at 28 .

The decreasing age with elevation indicates that the surface relief when the rocks reached the surface was
less than what the relief was when the rocks crossed the 75°C isotherm. Note Sample FT08-03 does not
show general trend as it is anomalously young age.
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5.5.2 Increased igneous activity

The largest volume of igneous rocks of Mesozoic age have been identified in the
western Axel Heiberg Island region of the Sverdrup Basin, and as the thermal profiles for
basins with significant magmatic components are affected by heat introduced by intrusive
and extrusive igneous rocks this activity needs to be explored as a contributor to the
thermal effect (Jones, 2006). The igneous rocks in the study area were deposited as
hypabyssal lava flows, sills and dykes during two main pulses at ca. 130 and 90 Ma
(Villeneuve and Williamson, 2003). Jones et al. (2007) explored the effects of magmatic
events on the thermal history of the Sverdrup Basin using numerical modelling. Their
models showed that the thermal effects from the emplacement of sills in the Cretaceous
would not persist after the basin inversion caused by the Eurekan Orogeny (40 — 60 Ma).
Therefore the increased igneous activity associated with the western Axel Heiberg Island
area most likely did not have a persistent thermal effect that would cause a later cooling
through the 75°C isotherm as compared to other areas within the eastern Sverdrup Basin.
The thermal conductivity of basalt is 4-6 mW/°C (Table 2.1) which is higher than many
of the rocks in the area and this could provide a minor contribution to the anomalously
young ages observed at Expedition Fiord.
5.5.3 Salt diapirs

The exposed diapirs in the thesis area consist of anhydrite and gypsum, but
elsewhere in the island (e.g. Stolz Diapir) halite is exposed; hence all diapirs are assumed
to be underlain by salt; therefore the term salt is used as a general term (Jackson and
Harrison, 2006). As salt is known to have a higher thermal conductivity than other

sedimentary rocks (5.5 mW/°C; Table 2.1) and there are many exposed diapirs on the
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surface of Axel Heiberg Island, one questions whether these diapirs may be linked to the
observed thermal effect. The predicted effect on He ages by diapirs, a decrease in He age
with proximity to a diapir, would be expected according to the thermal geometry
indicated in Figure 3.3. However, only a weak relationship exists in the proximity of the

diapirs on Axel Heiberg Island (Fig 5.3).

He Age vs. Proximity to Salt
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Figure 5.3: Plot of He age vs. approximate distance from a surface salt diapir. Error is shown at 2S .
Although there are only four data points there does not appear to be a clear trend associated with He age
and distance from salt. The expected trend if individual salt structures thermally affect (U-Th-Sm)/He ages
would be a decrease in He age with proximity to salt.

As salt has the ability to funnel heat from surrounding rocks it can draw heat from
rocks adjacent to the salt body and thermal anomalies should be focused in the region
directly above a salt body (see section 2.3). The heat associated with diapirs needs to
have a source, therefore, a deeply rooted diapir in hot rocks is required to have high

thermal anomalies.
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The samples taken on Axel Heiberg Island were taken from areas on the surface
adjacent to diapirs as overlying sediments have been eroded from the tops of diapirs and
they are exposed. The thermal focusing of heat through diapirs would indicate that
individual diapirs most likely do not have a thermal effect on adjacent sediments rather
this effect is pronounced in overlying sediments.

It is shown in Figure 2.5 that a diapir’s thermal effect is most significant above
and below the strucutre with very little effect adjacent to the structure. Samples for this
study were taken adjacent to diapirs and for this reason it is unlikely that the observed
thermal effect is due to individual diapirs.

5.5.4 Salt canopy

Jackson and Harrison (2006) interpreted the diapirs in the western Axel Heiberg
Island area as second-generation diapirs rooted in a shallow allochthonous salt canopy
(Fig. 2.6). A deeply rooted evaporite canopy could probably cause a thermal anomaly in
overlying sediments through absorption of heat at depths that travels, preferentialy,
through the canopy as a result of the salt’s low thermal resistance. The samples from
Expedition Fiord with anomalously young He ages all occur within the region of the salt
canopy described by Jackson and Harrison (2006) (Fig. 5.4). The structural style of
diapirs associated with the proposed salt canopy is only present in the western Axel
Heiberg Area. The older eastern Sverdrup regional He ages are not taken from areas with
diapir extrusion or known salt canopies. Therefore, it seems possible that the
anomalously young He ages observed at Expedition Fiord could be caused by the

underlying allochthonous evaporite canopy.
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Salt Canopy Outline with Sample Locations
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Figure 5.4: Sample locations plotted within the area of the salt canopy. Sample locations where He ages
were determined are shown with green circles and the approximate outline of a salt canopy is shown in
green. The brown circles show sample locations where He dates could not be determined based on reasons
discussed in chapters 3 and 4.

The thermal effect of salt on sedimentary basins has been known for some time

(e.g. Keen 1983, Keen and Lewis, 1982), and this phenomenon has been at the root of the
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Dalhousie research project on Axel Heiberg Island since 2003 (Zentilli and Williamson,
2004). Numerical models confirming this effect on the isotherms in sediments are
plentiful in the literature. For example, Yu et al. (1992) discuss the effect of salt on
isotherms (Fig 2.5, Fig 5.5). One such model shows that above a salt sheet the
tempereature profile is affected by the presence of salt but larger temperature
perturbations are caused by the edge effect causing enhanced heat flux through sediments
near the edge of a salt sheet. In other words, the temperature of sediments above a salt
canopy will be increased as opposed to sediments not overlying a salt canopy and the

temperature of sediments near the edge of a salt canopy will be further increased.
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Figure 5.5: The effect of a salt sheet on geothermal gradient. Heat flow is sensititve to lateral variations in
conductivity which are prominent at the edge of a salt the sheet. The effect caused by a salt sheet or canopy
is not as prominent vertically due to the scale of this figure and an enhanced heat flux is observed near the
edge of the salt sheet. Figure from Yu et al. 1992.
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5.5.5 Perennial springs

Warm water perennial springs that are present in the Expedition Fiord area
introduce warm fluids to the surface of Axel Heiberg Island (Fig 4.2, Pollard et al. 1999,
Andersen et al. 2002) This fluid introduction is anomalous in that Axel Heiberg Island is
a region of continuous permafrost (to ca. - 600 m) and springs that emit water at a
constant flow rate and constant temperature year-round most likely have a deep
geothermal source that is not affected by shallow events such as melting of glaciers and
increased air temperatures in the summer or the freezing of lakes in the winter.

Andersen et al. (2002), proposed a model that describes the springs as a glacial
phernomenon with the source of the springs being glacial lakes (see section 2.5; Fig. 2.7).
Keen (1983) proposed the idea of hot fluids flowing through the zone of mechanical
incompetence between a diapir and adjacent sediments as a migration pathway which had
the effect of enhancing the thermal maturity of sediments overlying the Primrose Diapir,
offshore Nova Scotia. Keen used numerical modelling in order to quantify the thermal
maturity of the sediments observed at the Primrose Field and concluded that the high
thermal conductivity of salt could not, by itself, cause the observed maturity as had
previously been proposed. It appears that Keen’s hot fluid model could explain the
springs observed on Axel Heiberg Island.

For this reason the perennial springs are interpreted to support the interpretation
that the anomalously young ages are due to the salt structures as the presence of these
springs is interpreted to be, based on Keen’s model, facilitated by the zone of mechanical

incompetence adjacent to salt structures forming a pathway for these hot fluids.
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It is possible that more than one factor is involved in producing the anomalously
young (U-Th-Sm)/He dates in apatite encountered in the thesis area, and the writer
prefers the hypothesis that the salt canopy and heat advection by fluids can better explain
the data. However, as indicated above, the area underlain by the canopy may have been

upwardly mobile and led to exhumation in post Eocene times.
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Chapter 6: Conclusions and Recommendations
6.1 Conclusions

6.1.1 The rocks present at Axel Heiberg Island’s Expedition Fiord Area of the
eastern Sverdrup Basin have anomalously young apatite (U-Th-Sm)/He ages. These
young ages mean that the rocks in this area passed through the 75°C isotherm later than
other rocks of the eastern Sverdrup Basin.

6.1.2. These anomalously young ages are interpreted to be due to continued post-
Eocene exhumation of the rocks in the canopy domain by the mobile salt at Expedition
Fiord or a thermal effect.

6.1.3. Based on this study the writer concludes the most likely cause of
anomalously young apatite He ages at Expedition Fiord is a thermal effect caused by
fluid advection associated with an allochthonous salt canopy present in the Expedition

Fiord Area.

6.2 Unanswered Questions and Recommendations for Future Work

This study was unable to determine an unequivocal reason for the younger He
ages observed in the Expedition Fiord area of Axel Heiberg Island. For this reason brief
descriptions of possible methods to test each hypothesis are explained.

The hypothesis that the anomalously young He ages are due to the salt structure
causing continued exhumation in the canopy region is currently being tested. This is
being done using radar satellite interferometry as discussed in section 5.4. The question
whether the young ages are due to this movement remains unanswered but this

hypothesis is already being tested and is therefore not discussed.
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The thermal effect caused by the salt canopy could be tested by using the apatite
He method to date rocks that are not underlain by a salt canopy and comparing the results
to the He ages found in this study for rocks overlying the canopy. Using the apatite
fission-track method to date the cooling of the rocks that are not underlain by the canopy
through ~100°C could be used in addition to the He method in order to support the He
data. If the thermal effect is an artifact of the allochthonous salt canopy then the observed
He cooling ages from rocks above the canopy should be younger than the ages from
rocks not underlain by the canopy, also an increased thermal effect producing slightly
younger ages may be observed near the edges of the salt canopy due to the edge effect of
salt.

This study did not determine if the thermal effect of salt diapirs can be detected
using (U-Th-Sm)/He thermochronology. In order to test this effect samples from rocks
overlying diapirs that have not been exposed on the surface could be obtained, as well as
samples from rocks adjacent to these diapirs to observe differences in their cooling ages.
Another way to test the thermal effect of salt diapirs would be to date samples from
Cretaceous sills that are present within salt diapirs as the sills should have cooled through
the 75°C isotherm much earlier than basin inversion and if the salt had a thermal effect
the sills should show a younger cooling age than regional Sverdrup Basin rocks.
Although in order for a thermal effect to be observed in the sills they must have been
present near the top of the diapir as they passed through the 75°C isotherm as the thermal
focusing of salt may draw heat from the sills themselves and transfer it to overlying

sediments. It would also be expected that cooling ages of sills within the diapirs
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themselves would be younger than cooling ages that may have been thermally influenced
by a salt canopy.

Another important recommendation for future work is that more samples are
taken from the western edge of the thesis area where a significantly younger cooling age
was detected by sample FT08-03 in order to interpret the relevance and potential causes

of this age.
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APPENDIX A: Equations used in this study

1. Equation used to determine the He age from amount of U, Th, Sm, and He nuclei:

*He = 8 P8 (e"(hasst)— 1) +7 (33U/137.88) (e (hasst)— 1)
+62Th (" (axt) - 1) + Sm (M (Mat) - 1)) (3.1);

where A is the decay constant for the parent atoms (Ay3s = 1.551 x 10710 y'I) A23s =9.849x 1070y
! 023=4.948 x 10y, h147=6.539 x 10™"%y") and t is the time (years) (Farley, 2002).

2. Ft Correction equations:

= (2.31L+2R)/(RL) (3.2);
Where 8 is the surface area to volume ratio, L is the length of the hexagonal prism and R is half
the distance between opposite apices of the hexagonal crystal face.

281J series: UFr=1 - 5.138° + 6.788 (3.3);

22T series: "Fr=1 — 5.908% + 8.998 (3.4);

Mean Fr=**%a YFr + (1- 2%2) TF; (3.5);



3. Determination of U-TH-Sm nuclei from ratios for He age determination
(Evans et al., 2005);

- Determining # of 2**U Atoms from **U/ 2*U (Isotopic Ratio):
RUs, = Isotopic ratio of the spiked sample (measured);

RUj, = Isotopic ratio of calibrated spike (calibrated);
RUmin = Isotopic ratio of the mineral in nature (0.0072);
RUjtandara = Isotopic ratio of standard solution (calibrated);
RUs: = Isotopic ratio of spiked standard solution (measured);
Uust= Total # of 28 atoms in the unspiked standard solution;
U, = Total # of 23317 atoms in spike;
Ucg = Concentration of 2*%U in the calibrated standard solution, ng/mL;
UV = Volume of 238 of standard solution added, pL;

238Uatoms =# of 2®U in the sample;

P Ustoms = **Usp * (RUsa— RUgp)/( RUpnin— RUsy)

23 SUsp =# of 28U in the spike;

$Up = Uust * RUg— RUgg)/(RUg— RUsp)

238Uust = # of moles in the unspiked standard

28Ut = (Ucsy238 * UV (10%)*((1/RUg)/((1/RUg) + 1))
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Determining # of Th and Sm atoms from isotopic ratio:

RX;a = Isotopic ratio of the spiked sample (measured);
RXp = Isotopic ratio of calibrated spike (calibrated);
RXst = Isotopic ratio of spiked standard solution (measured);
Xust= Total # of X atoms in the unspiked standard solution;
Xsp = Total # of X atoms in spike;
Xcgt = Concentration of x in the calibrated standard solution, ng/mL;
XVt = Volume of X of standard solution added, pL;
x = molecular weight of X (Th =232, Sm = 149)

Xatoms = # of X in the sample;

Xatoms = AbS( X * (RXqp—~ RXea)/( RUss)

X = # of X in the spike;

Xsp = Xust * (RXst)/(RXp — RXs51)

Xust = # of moles in the unspiked standard

Xust = (Xegi/x * XV (10%))

4. Error calculation: Adding up uncertainties in quatrature

6 = (U*+ Th*+ Sm? + He? + F%) /2 3.6;

5. Weighted Average
X= weighted mean
H= corrected He age
U=uncertainty

X=(H;*1/U; + Hy*1/Uy+ H3*1/U;j ........ ) (1/U;+ 1/Uy+ 1/Us ........ )



6. Weighted Standard Deviation
¢ = standard deviation
X= weighted mean

U=uncertainty

G:X*(U1+U2+U3 ........

71



~
PIFEYL 00 601 cu PrrLe'ST  L16S°C PLLO VI 60+d99°1 §'6S 861 91
joeNXxe-21 pofie,| 90F6'€ 600 8'C I-£ 00+H00°0 [O0+HST'€ O00+HLTT LO+HI8'1 S'Sy 161 8
3yue[q UeY) SSo] paInseat of 3unok 00T,  $00'0 F #0'0  #0°0 00 [=1 C0+H99'6  CO+HIV'S T0+HEC'E L0+H0T'1 Si19 00€ L
VIFSTL 900 €6 [-u CO+HEE'T  TO+HSL'9  TO+HIS'E 60+dLY'C S'ov 9LT €
Isew 8T (AAEETT66'T6 ‘NLIETE 6L) du0Ispues ¢0-80.LA
9TF8IE 100 L6l o-u ¢0+d95°€  T0+HES'T  00+H9Y ¥ LO+d8Y'€ 8've G181 *C4
8TFI9E V00 ¥'Te o-u C0+d19'v  10+dE6'lT  00+dS6°S LO+HTI € rars £8¢¢E x19
OLFEET  SI0 I'vl [-u C0+d99°L  TO+HIL'T 10+H0EL 80+H06°S (43 61 14!
(8unok oo, vy +98 C2( (44 [-u €0+H6YV' I TO+HL9'9 TO+HTY'T 80+H0T'I S¢ 8L 01
jusweoe|dus uey) 1ap[o {p[o 00, L F89F  [10 9067 [-u €0+H0E' T  CO+HITS CTO+HASI'T O0I+H€0°C o¢ E11 6
(oElxaad palted 8O0IFI'IE LI O €81 I-& CO+HLL'6  TOHHTL'E  T0+HEL'6 60+d10°1 §'6T ]I S
(8unok oo, 8STESBL 910 Il [-u CO+HIVL TO+H00V T[0+HS8I'L 80+HS8'8 JiE 9C I
Isew 78¢ (AMG66L8°06 ‘NTOVTH6L) II'S 8T0-S0.LA
SYFSLL €10 sol1 cu 10+d1€C 00+d¥9°€  10+HS89 60+dCE1 S6t L0T L1
Juewaordue Ukl J9pJo P[0 00], Y61 S8s O1'0 | 61L6E cu C0+HE9C  00+HL8'9 TO+HIL'S 60+d68 € ]S 0LI1 ¢l
8SF8I9S S00 44 [-u €0+d¥8'C  CO+HVYTT  TO+ALL'T 0l+dvy1 §es 0€T 01
9y FI'8C 800 gel [-u €0+dPTT  TO+HOT'S TO+dPT’L 60+HE6'€ Sy 0¥c S
CLFOLE 000 8'vC [-u ¢0+d00°9  TO+dPL'T  T10+d09°L 60+dSEY ¢'8¢ ¥0¢ 14
9TFEEE  ¥00 €€T 0-u C0+d8¢9  10+d¥9°€  00+HLL'8 CI+HIT € (47 6'€LE *C
0EFILE  +00 (%4 0-u c0+d19'v  10+dC9°CT 00+dLT9 CI+H0L'E vt §'T6T x1
Isew 77 (AASE99L°06 ‘NSOTH'6L) IS AP£0-SOLA
JoqunN
(eI (eN) yoyed
O7F 38y o3y -(u/k) (wdd) (wdd) (wdd) (jowy) (wm) (wrl)
Pa)33110)  JOLIg mey  joenxe-oy wg UL n o YueolNy Juesly ojdweg

“Uwn[od WYSLI JeJ oY) Ul UMOUS
uorjoafar 10y uoseal e yim Aeid papeys a1 sade pajdafoy ‘mo[aq umoys are Apnjs siy) ur pajojduos sasAjeue Jo is1y 93o[dwos ay [,

suneq JH/(WS-y-N0) wo.ay sy eje( d[dwo) :g XIANAIIV



73

popaau sasATeue a1ow safe ojqeuoseaIu )

popaau sesA[eue a1oul sae s[qeuoseaIun)

s]qeuoseaun)
J0BIIXS-31 pafIe]

9[qeuosearu)

enx9-al pajie

yuatuesedurs ULty Jop[Q ;UOSIZ -pP[0 00],
yustede[duls ey} Jop|O ;U09HZ -P[O 00 ],

Jusweoe]de UBY) JOP|O {U0IMZ -P[O 00],

Sunok oog,

T8TF09S

S8'9 F9°CI
06 F€SE
€08 FSTE

6€T F 856
LEOF 6V’
6TOF VLI

CCTFILE
99°0 F 6L°C
VYL F9°8p
00°0 F00°0

I'vT F9°S¥
8IIF6°LT

8089 F TSTTI
00S0T
F0¥091

PPTL F 6TTL

TET6°6E
TEFTIY

8EFI'SI
9°8 F0°6€

VIFLPI

S0

LTO0
€10
1o

zro
cro
elo

0C0
cro
ST°0
ST0
S1Io
120
050
¥S0
810

89°0

70°0
¥0°0

£ro
I1°0

S0°0

6'6C

619
6'1¢C
8°LIC

I'L29
60
L0

e
61
L 6T
00
L9t
Lyl
0°0¢

¥'LT99
0°959L

8 veov

£'8¢C
e€1e

86
6'SC

il
u
u

7-u
7-u
L

-4

[-u

1-u

0-u

I-u

I-u

cu

[1+d9°C

60+HET'S
IT+HLT'C
60+d86'9

60+dETS
60+d86°9
60+d86'9

00009081
00009081
60+H67'8
0

TT+dCP' 1
TT+HLET

OI+HLL

[0+HEY'S
10+d390°€

00+d01°9

C0+d€0°S
C0+dE9°C

E0+HST'I
C0+d6¥'8

10SvT vl

01+d€9'8  OT+A6'T  60+dSS'T sz L9T I
Isew L0L (M86F9E68 NEOE6S 6L) IS £90-E0LA

OT+TEL'T  60+H6V'T  00008THS S'hT 1zl €1
OI+8YTS OI+dTy'l  80+ALLL Ve £pl s
OI+E1ST 60+AL6'T  60+9ST of 681 81
1SeW 859 (AMLLSLP'S8 ‘N6869°6L) IS 9P0-E0LA

OI+d8'l  60+L0T  60+AITS o 152 6
OI+dPE'T 60+AL8'T 0000209 S've pS1 S
OI+d88'1 60+H90°C 0000209 vE 881 I
Iseu 89y (AMPT6T'68 ‘NTLESS'6L) II'S 8E0-€0LA

60+H86'0 O1+A88T  60+AVT'T 5’87 ad €1
60+86'9 OI+TT  60+T6L'E Sy sel I
TI+A9CT  T1+d19°€  [1+ALET SIE 061 6
60+86'9 OI+dS6'T  60+AETE §'sT 8¢l 8
Iseu £8p (ALT99L'88 ‘N6ST9'6L) SU0ISPUES SSO-EOLA

OI+dPT'S OT+ALI'T  80+dEY'S 1€ 0zl ST
OI+ALE'S OT+AVO'T  80+dSKY LT 86 pl
Ol+dTy'e  60+H8Y'8  SO+AEEY s'81 811 I
152w 58 (MEBTE6°06 ‘NTS06E'6L) IS 620-SOLA

T0+dT6'T  10+AST9  TI+AL6'6 vz 6€¢€ y
TO+H0L°T  10+A81T  [I+ATST ciee N I

Isewr 87L (AA9TS8L 06 ‘NEEOEE6L) II'S T€0-SOLA

CO+dET'T  T10+H88T  T11+d90°C el 891 I
Isewr 68T (AASLOEL 06 ‘NL8TTH 6L) dU0)spues [-9¢(0-S0.LA
[0+dLT°S  TO0+HSY'T  00+HEL'S 9Ly L'60T *C
10+966'T  00+d¥8°6  00+HES'T L'8S €€LT xl
Iseur §ST (AAPL 06 ‘NESE 6L) duolspues qee-So.LA

CO+A0L'S TO+HITT  60+H9¥'T Sve 81T ©
TO+ALTE T10+dSEL  60+dLI'T S'LE 661 I
Iseur 01T (AAL9068°06 ‘NLIS6E 6L) IIIS S90-CO.LA

90¥1°C S650°'16 60+42T°C g 174 L1



74

APPENDIX C: Images of the Apatite Crystals analyzed for (U-Th-Sm)/He

Part 1: Crystals analyzed by the author R. Buckley.

Images of crystals analyzed for (U-Th-Sm)/He taken with a Zeiss Axioplan binocular
microscope and PaxIt software. Sample number followed by crystal number is shown in the
lower left corner of each photo while the radius of the crystal is shown in the lower right corner.
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FT05-028-10 78
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Part 2: Crystals analyzed by A. Grist in February, 2006. Sample number is at the top of
photograph with a scale bar. More than one crystal was placed in each crucible for analysis and
as such more than one crystal is included in the photo for each sample.
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APPENDIX D: Geologic Time Scale

This is the time scale with which this thesis refers to and is from Gradstein and Ogg (2004).
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