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Abstract: A number of hydrocarbon discoveries have been made recently in the Flemish Pass Basin
and Central Ridge, offshore Newfoundland, Canada, but there is only limited geological informa-
tion available. The primary goal of this study was to determine the sedimentary provenance and
paleodrainage patterns of mudstones and sandstones from the Upper Jurassic Rankin Formation,
including the Upper and Lower Kimmeridgian Source Rock (organic-rich shale) members and Upper
and Lower Tempest Sandstone Member reservoirs, in this area. A combination of heavy mineral
analysis, whole-rock geochemistry and detrital zircon U-Pb geochronology was determined from
cores and cuttings from four offshore wells in an attempt to decipher provenance. Detrital heavy
minerals in 20 cuttings samples from the studied geologic units are dominated by either rutile +
zircon + apatite ± chromite or rutile + apatite + tourmaline, with minor zircon, indicating diverse
source lithologies. Whole rock Zr-Th-Sc trends suggest significant zircon recycling in both mudstones
and sandstones. Detrital zircon U-Pb ages were determined in two mudstone and four sandstone
samples from the four wells. Five major U-Pb age groups of grains were found: A Late Jurassic group
that represents an unknown source of syn-sedimentary magmatism, a Permian–Carboniferous age
group which is interpreted to be derived from Iberia, a Cambrian–Devonian group derived from
the Central Mobile Belt of the Newfoundland–Ireland conjugate margin, and two older age groups
(late Neoproterozoic and >1 Ga) linked to Avalonia. The Iberian detritus is abundant in the Central
Ridge and southern Flemish Pass region and units containing sizable populations of these grains
are interpreted to be derived from the east whereas units lacking this population are interpreted to
be sourced from the northeast and possibly also the west. The Upper Tempest Sandstone contains
Mesozoic zircons, which constrain the depositional age of this unit to be no older than Late Tithonian.

Keywords: sedimentary provenance; paleodrainage; Grand Banks; Newfoundland; hydrocarbon;
Kimmeridgian source rocks; U-Pb zircon geochronology; heavy mineral analysis; automated mineralogy

1. Introduction

The prolific Kimmeridgian hydrocarbon source rocks of the Grand Banks of New-
foundland have received considerable attention as they are the primary oil source rock for
this significant petroleum district. The Egret Member, the Kimmeridgian source rock of
the Jeanne d’Arc Basin has been studied in detail there, where there are four producing
fields (Figure 1). Nearby basins, however, have only been studied to more limited degrees.
The Flemish Pass Basin, in particular, has had significant hydrocarbon discoveries at the
Mizzen area (2009), the Harpoon and Bay du Nord areas (2013), and the Bay de Verde and
Baccalieu areas (2016). The region has been the focus for academic research as well [1]. The
Flemish Pass Basin is separated from the Jeanne d’Arc Basin by a topographic high called
the Central Ridge, in which hydrocarbon discoveries have also been made. Tithonian-aged

Minerals 2021, 11, 265. https://doi.org/10.3390/min11030265 https://www.mdpi.com/journal/minerals

https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://doi.org/10.3390/min11030265
https://doi.org/10.3390/min11030265
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/min11030265
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min11030265?type=check_update&version=4


Minerals 2021, 11, 265 2 of 32

sandstone, consisting of four siliciclastic intervals interbedded with shale, is the primary oil
reservoir at Mizzen [2]. The primary source for the oil is considered to be a Kimmeridgian
organic-rich shale, likely equivalent to the Egret Member in the Jeanne d’Arc Basin [3].
Unlike the Jeanne d’Arc Basin, however, the source rock here is present as two distinct
intervals, designated as the Upper and Lower Kimmeridgian Source Rock members of the
Rankin Formation (Figure 2) [4,5]. Previous work on the Upper and Lower Kimmeridgian
Source Rocks in the Flemish Pass has focused on organic geochemistry and hydrocarbon
source potential of the units [6,7]. This study presents new mineral data that contribute to
the understanding of this important interval within the basin. In addition to the Upper
and Lower Kimmeridgian Source Rock members, the provenance of the entire Rankin
Formation is investigated, including the interbedded Upper and Lower Tempest Sandstone
members as well as intervals not assigned to a specific member. The Tempest sandstones
have only been encountered in wells on the Central Ridge and are not well studied. Pre-
vious work has focused on the sedimentology and depositional environment [8–10]. As
the Tempest sandstones are interbedded with the hydrocarbon source rock units, studying
their provenance provides a more complete picture of drainage patterns during the Late
Jurassic and adds a new dataset to better understand these potential reservoir sandstones.

Figure 1. Regional location and geology of the Newfoundland Grand Banks. BP = Bonavista Platform; CR = Central
Ridge; FC = Flemish Cap; OK = Orphan Knoll. Wells: P-52 = Panther P-52; I-78 = Baccalieu I-78; G-70 = Lancaster G-70;
G-88 = South Tempest G-88; Mizzen L-11; O-85 = Harpoon O-85; C-78 = Bay du Nord C-78. Fields: HIB = Hibernia;
HEB = Hebron; TN = Terra Nova; WR = White Rose. Well and field locations are approximate. Modified from Lowe et al. [1]
and Enachescu [11].

The goal of this study is to determine the provenance and paleodrainage patterns
during deposition of the Rankin Formation within the Flemish Pass Basin and Central
Ridge. Lowe et al. [1] determined provenance patterns within the coarse-grained reservoir
intervals of the basin using detrital zircon U-Pb geochronology as well as the geochemistry
of detrital tourmaline. For this project, detrital zircon U-Pb geochronology, heavy min-
eral analysis and whole rock trace element geochemistry has been applied to determine
provenance, with a focus on the finer-grained hydrocarbon source units. This enabled an
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estimate of the areas where major drainage systems existed, and sediment supply was
most abundant. All of the information gathered will enable a more accurate prediction of
prospective areas for hydrocarbon exploration.

Figure 2. Stratigraphic chart for the Middle and Upper Jurassic in the Central Ridge and Flemish
Pass Basin. UTS = Upper Tempest Sandstone; UKSR = Upper Kimmeridgian Source Rock; LTS =
Lower Tempest Sandstone; LKSR = Lower Kimmeridgian Source Rock. Stratigraphic chart based on
Sharp et al. [12], C-NLOPB [4,5].

2. Geological Setting

Mesozoic rocks of offshore Newfoundland are restricted to a series of northeast-
trending rift basins. These basins are typically half-graben structures separated by Pre-
cambrian and Paleozoic basement highs and include the Jeanne d’Arc, Flemish Pass, East
Orphan, and West Orphan basins (Figure 1). These Mesozoic basins were formed by
rifting associated with the break-up of Pangea, spanning from the Permo-Triassic to the
mid-Cretaceous [11,13,14]. Rifting progressed from south to north during the Late Triassic
to the Early Cretaceous, which provided the conditions necessary for basin formation on
the continental margin of Newfoundland. From the mid-Cretaceous to the present day,
the evolution of the basins has been controlled by North Atlantic seafloor spreading and
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passive margin sedimentation [11,13,14]. Of these basins, the Jeanne d’Arc Basin is the
most prolific hydrocarbon province, with four producing fields.

Three rifting stages, interpreted to have affected sedimentation in many of the North
Atlantic Basins [8,11], are clearly important in both the Flemish Pass and Jeanne d’Arc
basins. The three rifting phases, according to Sinclair [8], include: (1) Triassic to Early
Jurassic rifting during a period of NW-SE oriented extension, resulting in the break-up
of Africa and North America; (2) Tithonian to early Valanginian rifting, during a period
of E-W oriented extension, resulting in the break-up of Iberia and the Grand Banks; (3)
Aptian-Albian rifting, during a period of NE-SW oriented extension, resulting in the break-
up of Europe and North America. From the Late Cretaceous onwards, thermal subsidence
was the dominant mechanism affecting the newly created continental margins. At this
point, the Atlantic margin became a passive margin and hence associated passive margin
sediments were deposited which continues to the present day.

2.1. Flemish Pass Basin Geological Overview

The Flemish Pass Basin is located on the continental shelf of the Grand Banks ap-
proximately 400 km east of St. John’s, Newfoundland (Figure 1). It covers an area of
approximately 30,000 km2 with water depths between 400 and 1100 m [15,16]. The basin is
separated from the Jeanne d’Arc Basin to the southwest by the Central Ridge, bounded to
the east by Beothuk Knoll and Flemish Cap basement high, to the north by the Cumberland
High, and to the South by the Avalon Uplift [11,15,16] (Figure 1).

The oil and gas potential of the Flemish Pass Basin has been of great interest, par-
ticularly in recent years, as several large discoveries have been made and the existence
of mature Upper Jurassic hydrocarbon source rocks, as well as the presence of potential
reservoir units of Late Jurassic and Early Cretaceous age, has been confirmed. Additionally,
industry 3-D seismic mapping has identified numerous significant structural traps, particu-
larly some large faulted extensional anticlines [16,17]. In 2004, the Canada-Newfoundland
and Labrador Offshore Petroleum Board (C-NLOPB) and the Geological Survey of Canada
estimated that the Flemish Pass Basin contains 1.7 billion barrels of undiscovered petroleum
resources (50% probability), with a range of field sizes from 528 to 44 million barrels [17].

Mature hydrocarbon source rocks of Kimmeridgian age were intersected in the Bac-
calieu I-78 well in the northern Flemish Pass. Rock-Eval analysis of samples from this
well from McCracken et al. [6] defined total organic carbon (TOC) values from 0.92–4.83%
(average 2.1%), and hydrogen indices (HI) ranging from 109–510 mg HC/g TOC (average
355 mg HC/g TOC), indicating type II, marine source rocks. Analyses of oil samples from
sandstone reservoir intervals in Mizzen L-11 [3] and Gabriel C-60 [7] indicated the source
rock possessed characteristics similar to the Egret Member of the Jeanne d’Arc Basin, with
a likely more terrestrial component to the organic matter. Excellent reservoir quality sand-
stones were intersected in the Mizzen L-11 well into Upper Jurassic sandstones as well as
5 m of non-commercial oil pay in Cretaceous sandstone [18]. In 2009, StatoilHydro drilled
the Mizzen O-16 well, and discovered 26 m of oil pay. Oil was found in the uppermost
sand of the Tithonian, in a unit laterally equivalent to the Jeanne d’Arc sandstone of the
Jeanne d’Arc Basin [2] (Figure 2). The Mizzen and Baccalieu areas are estimated to contain
102 and 45 million barrels of recoverable oil, respectively [19]. This discovery in the North
Flemish Pass Basin has demonstrated the existence of a proven petroleum system, and
Statoil has continued their evaluation of this system with a series of regional projects [2].
In addition to the O-16 well, Statoil made significant discoveries in both the Harpoon O-85
and Bay du Nord C-78 wells in 2013. In these wells, light, sweet oil was discovered in
Tithonian fluvial sandstones [20]. The Bay du Nord and Harpoon areas are estimated to
contain 407 and 40 million barrels of recoverable oil, respectively [19].
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2.2. Central Ridge Geological Overview

The Central Ridge is a faulted intrabasinal high that separates the Jeanne d’Arc and
Flemish Pass basins. The geological evolution of the Central Ridge is similar to that of the
Flemish Pass Basin. Enachescu [11,13] stated that the Central Ridge was a relatively high
area during the initial Late Triassic rifting episode. It was likely in a relatively elevated
position until the late Jurassic [13]. Sinclair [8] demonstrated that the major appearance
and uplift of the Central Ridge structure was predominantly Tithonian, and that this marks
the initial isolation of the Jeanne d’Arc Basin from the northern Flemish Pass Basin. By the
Early Cretaceous, the ridge reached its maximum elevation, and was exposed as an island
chain or peninsula [13]. Since the island chain or peninsula was subaerially exposed, some
of the Upper Jurassic and Lower Cretaceous sediments were eroded and are missing [13].
However, approximately 5 km of Upper Triassic to Upper Jurassic sediments remain a part
of the succession at the Central Ridge [13].

There have been both oil and gas discoveries in the Central Ridge despite sparse
drilling. Oil has been found in the South Tempest G-88 well, and gas at both North Dana
I-43 and Trave E-87. High quality Kimmeridgian source rocks have been intersected in
North Dana I-43, South Tempest G-88, and Panther P-52 and the ridge possesses a variety of
structural trapping configurations [10,21]. These include tilted fault blocks, and inversion
structures, in addition to a number of stratigraphic trapping possibilities [10]. Upper and
Lower Tempest sandstone units are interbedded with shales and siltstones of the Upper and
Lower Kimmeridgian Source Rock units (Figure 2). The Tempest sandstones are described
as fine- to medium-grained sandstones interbedded with shales. They are interpreted
as turbidite deposits [8–10] and flowed oil and gas at rates up to 1250 bbl per day and
4.9 mmcf per day, respectively, in the South Tempest G-88 well [4]. The North Dana I-43
well flowed 12 mmcf and 292 bbl per day of gas and condensate, respectively, from the
equivalent Tempest sandstones [4]. The Tempest sandstones are interpreted as having been
deposited from turbidity currents flowing to the north as structurally high areas exist to the
South [10]. In addition to addressing the provenance of the Kimmeridgian hydrocarbon
source rocks and associated Rankin Formation intervals, this study will also investigate the
provenance of interbedded Tempest sandstones.

3. Sample Collection and Methods

Conventional cores and cuttings samples of Kimmeridgian hydrocarbon source rocks
were collected from four wells from the study area. The wells chosen, Baccalieu I-78 and
Lancaster G-70 from the Flemish Pass Basin, and South Tempest G-88 and Panther P-52
from the Central Ridge all intersected the Rankin Formation. The cores and cuttings were
logged and sampled at the C-NLOPB Core Storage and Research Centre in St. John’s,
Newfoundland. Although samples from conventional cores were preferred for this study,
the units of interest were not widely cored; thus cuttings, which were available from each
of the four wells, were sampled where cores were unavailable.

Several different analytical methods were employed. For heavy mineral analysis,
epoxy grain mounts from cuttings were analyzed on a scanning electron microscope using
mineral liberation analysis techniques (hereafter referred to as MLA-SEM). For detrital
zircon U-Pb geochronology, MLA-SEM imaging was followed by laser-ablation microprobe
(LAM) ICP-MS analysis using both grain mounts and thin sections. Techniques employed
for whole rock geochemical (major and trace element) analysis included X-Ray Fluores-
cence (XRF), and inductively coupled plasma–mass spectroscopy (ICP-MS). All sample
preparation and analysis were done at Memorial University (St. John’s, NL, Canada).

3.1. MLA-SEM Analysis

Two different methods were used to prepare samples for MLA-SEM analysis depend-
ing on whether the material in question was from core or cuttings. Where cores were
available, it was only possible to obtain a small (5 cm × 3 cm × 3 cm) sample. With such
a small sample, crushing and heavy liquid separation are not feasible as material would
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likely be lost through the sample preparation process. Therefore, numerous polished thin
sections were made from each small sample. Even where zircon was not abundant in the
sample, there were enough grains identified to date zircon U-Pb ages by cutting several
thin sections from the same interval.

For work on cuttings, approximately 50 g samples were available from the CNLOPB.
The cuttings were taken from 5 m intervals and were received unwashed. The cuttings were
gently disaggregated, cleaned, and wet sieved through a 15 µm mesh to remove the drilling
mud and fine clays. This mesh size is considered appropriate because, for detrital zircon
geochronology, the ability of the LAM-ICP-MS to analyze zircons smaller than 15 µm is
limited by the sensitivity of the ICP-MS and thus the laser spot size. After the samples were
cleaned, they were left to dry overnight and then sieved through a 180 µm mesh. This split
the sample into two fractions: one 15–180 µm and the other >180 µm. The 15–180 µm split
was then put through either the organic heavy liquid bromoform or a hydroseparator (CNT
HS-11) to concentrate heavy minerals. For mudstone samples, the hydroseparator was used
for heavy mineral separation because organic heavy liquids such as bromoform have been
shown to be ineffective in clay-rich rocks [22,23]. For the sandstone samples, both heavy
liquid separation using bromoform as well as hydroseparation were used. Bromoform
and the sample were added to a separatory funnel which was carefully agitated to mix
the bromoform and the sample. The heavies collected in the bottom of the funnel and
were drained into an Erlenmeyer flask. The agitation, settling, and collecting process was
repeated two more times. The heavy portion was then rinsed with acetone, and dried
under a heat lamp. The hydroseparator produces heavy mineral concentrates using a
controlled upward flowing, pulsating water stream. Based on the principles of Stokes’ Law,
light minerals are carried upwards in a glass separation tube while heavy minerals collect
at the base of the tube. This methodology proved more effective than heavy liquids in the
mudstone samples of this study. Once the heavy mineral concentration was completed,
the sample was mounted in 25 mm epoxy rounds, left to cure overnight, and polished the
next day.

Thin sections and grain mounts were imaged for heavy mineral grain abundance
including zircon using the FEI MLA 650F SEM. The field emission SEM is equipped with
an energy dispersive X-ray (EDX) detector, a backscattered electron (BSE) detector and
Mineral Liberation Analysis software, which is capable of X-ray aided image analysis.
The technique relies primarily on backscattered electron imaging (BEI) to define grain
boundaries, and energy-dispersive X-ray (EDX) analysis, which classifies the grains as
known mineral species. The MLA software has the ability to quantify mineral abundances,
define associations of different mineral species, and define the sizes and shapes of minerals
in a systematic fashion. Further details on the MLA-SEM system are available in Sylvester
(2012) [24].

Typical instrument settings for MLA runs were: voltage set at 25 KeV, a beam current
of 10 nA, a working distance of 13.5 mm, and a spot size of about 5.5 µm. Between 10,000
and 300,000 particles were identified and analyzed in each individual sample. Unknown
mineral phases were identified based on matching their EDX spectra to that of EDX spectra
of mineral standards (i.e., rutile, tourmaline, apatite, monazite, chromite, titanite, zircon).
This is completed using the MLA Image Processing Tool software. Minerals of interest from
the sample (particularly zircon) were imaged manually using the MLA Viewer Software.
For detrital zircon geochronology, this permits the user to image and choose spots in the
zircons that are optimal for age dating (i.e., free of inclusions, cracks, or other imperfections
that could compromise quality of U-Pb analysis). The MLA outputs coordinates for the
location of the imaged zircons within the thin section or grain mount.

A potential drawback of the MLA method in this study is the inability of the analyti-
cal equipment to differentiate between rutile and other TiO2 minerals such as anatase and
brookite. Therefore, MLA counts of rutile may also include some anatase and brookite.
Additionally, rutile, brookite and anatase can all be found as authigenic phases and are com-
mon in sedimentary rocks [25,26]. The detrital TiO2 minerals may be difficult to distinguish
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from diagenetic phases as the detrital grains often have secondary porosity or inclusions. In
addition, the authigenic grains may sometimes be fairly homogenous [25,26], particularly
when dealing with fine grain sizes such as in this study. Textures of several rutile grains
were analyzed in each sample but authigenic grains were not recognized. However, given
the caveats mentioned, it is possible that authigenic TiO2 grains may be present. This is a
consideration for the analysis of provenance based on heavy mineral ratios.

In addition to rutile, apatite can also form authigenically as noted by Pe-Piper and
Weir-Murphy [27] and Lowe et al. [1]. The authigenic grains can be identified based on
texture, and some representative apatite grains from each sample were analyzed to identify
the presence of authigenic grains. A few samples were found to have grains with authigenic
textures and these samples were excluded from the analysis.

There are several benefits of using the MLA-SEM for detrital zircon geochronology
over traditional methods. Removing the need to manually pick zircon grains is a significant
advantage, particularly in fine-grained rocks of this study where manually picking of tiny
grains would be challenging. Additionally, in offshore settings such as the Newfoundland
Grand Banks, there is often a scarcity of sample material. Using the MLA-SEM ensures
that any grain that may be ideal for analysis is discovered, which allows the user to
maximize the available material. Counts of number of grains, area % and wt.% for the most
abundant heavy mineral species identified in the studied samples are listed in Table S1 of
the Supplementary Materials.

3.2. Detrital Zircon Geochronology

LA-ICPMS U-Pb zircon geochronology was carried out using a Thermo-Scientific EL-
EMENT XR magnetic sector, single-collector ICPMS coupled to a Lambda Physik ComPex
Pro 110 ArF excimer GeoLas laser ablation system operating at a wavelength of 193 nm
and a pulse width of 20 ns. The laser was operated at an energy density of 5–7 J/cm2 and
a repetition rate of 4–5 Hz, with a spot diameter of 20 micrometers. The sample aerosol
was transported from the sample cell to the ICP using a He-carrier gas to reduce sample
redeposition within the ablation cell, improving sample transport efficiency and resulting
in more stable time-resolved signals.

Data acquisition for each analysis was about two minutes, with the first ~30 s used to
measure the gas background followed by ~40 s of laser ablation, and ~50 s of wash out.
Measurements were carried out in peak-jumping mode with one point measured per peak.
Isotopes measured were 200Hg, 202Hg, 204Hg+Pb, 206Pb, 207Pb, 208Pb, 232Th, 235U and 238U
from both the zircon and gas background. Intensities for 235U were calculated from 238U
assuming a natural, present-day 238U/235U ratio (137.88), as the measured 235U intensities
for many analyses were low and thus had large uncertainties.

Raw data were dead-time corrected and reduced off-line using the Iolite 2.5 soft-
ware [28] with the VizualAge DRS [29], which carries out background and signal interval
selections, gas background subtraction, signal drift corrections, external calibration, and
age and uncertainty calculations. The external calibration provides corrections for in-
strumental mass bias and laser-induced U/Pb fractionation. Common Pb corrections
were ignored for all unknown zircons except those in sample Lancaster G-70 (4405 m),
which had elevated 204Pb count rates. In this sample, common Pb was calculated and
subtracted using the method of Andersen (2002) [30] in VizualAge [29]. Signal intensities
of zircon of unknown age and Th/U concentration ratio were calibrated against standard
reference material 91500 zircon (1065 ± 3 Ma) [31]. Ages and 2-sigma uncertainties were
calculated from the corrected 207Pb/206Pb, 207Pb/235U and 206Pb/238U ratios. Age deter-
minations were calculated using the decay constants of Jaffey et al. [32]. Final Concordia
diagrams, U-Pb age histograms and probability density plots were produced using the
Isoplot/Ex3.75macro [33]. U-Th-Pb LA-ICP-MS detrital zircon data for the studied samples
are listed in Table S2A of the Supplementary Materials.
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In order to monitor the efficiency of the instrumental mass bias and laser-induced
fractionation corrections, standard reference materials, 02123 zircon (295 ± 1 Ma; [34]),
Plešovice zircon (337.13 ± 0.37 Ma; [35]), 91500 zircon (1065 ± 3 Ma; [31]), and OG-1
zircon (3465.4 ± 0.6 Ma; [36]) were analyzed between every 8 unknown zircons during
each analytical session. These standard measurements also provided an estimate of the
accuracy and reproducibility of the U-Pb analyses. The weighted mean 206Pb/238U age
for all analyses of 02123 was 294.63 ± 0.8 Ma (2σ, MSWD = 1.7; n = 203), for Plešovice
was 342.4 ± 1.6 Ma (2σ, MSWD = 2.4; n = 85), and for 91500 was 1062.0 ± 1.6 Ma (2σ,
MSWD = 0.78; n = 368) over the course of all the U-Pb analytical sessions. The weighted
mean 207Pb/206Pb age for all analyses of OG-1 was 3475.5 ± 2.5 Ma (2σ, MSWD = 1.7;
n = 79) over the course of all the U-Pb analytical sessions. U-Th-Pb LA-ICP-MS zircon
data for the reference materials are listed in Table S2B of the Supplementary Materials. In
this study, the 206Pb/238U age was used for grains younger than 1.2 Ga. The 207Pb/206Pb
age was used for grains older than 1.2 Ga. Only grains that were concordant within 10%
were accepted.

For detrital zircon geochronology, the aim is to analyze as many zircons as possible to
reduce the probability of missing an age population. Fedo et al. [37] stated that analysis of
59 randomly selected zircon grains from a sedimentary rock that has a normal abundance
of zircon grains reduces the possibility of missing an age population to 5%. Similarly,
Dodson et al. [38] indicated at least 60 grains must be analyzed to reduce the possibility of
missing an age population greater than 0.05 to 95%. However, Vermeesch [39] calculated
that to be 95% confident that no age population greater than 0.05 has been missed, 117
grains must be dated. However, this assumes that the sample has a perfectly uniform
age distribution where each age group has the same number of grains [39]. This type of
distribution is uncommon in naturally occurring populations. Therefore, Vermeesch [39]
proposed that if age populations are not uniformly distributed, it is sufficient to date 95
grains to be 95% confident no age population greater than 0.05 has been missed. Ver-
meesch [39] suggested that if fewer than 117 grains are dated per sample, the probability
of missing at least one age fraction should be reported.

In this study, as many grains as possible were analyzed in each sample. However,
since these samples are derived from core and cuttings from offshore wells, a limited
amount of sample material is available. Where cuttings were used, only 50 g samples over
5 m intervals were available. Samples could have been combined to cover 10 m or greater
intervals, but this would have resulted in lower resolution for the provenance analysis and
was therefore avoided. In samples where fewer grains were analyzed, it is possible that
only the major age peaks were detected. However, given that this is the first study of this
nature on these Upper Jurassic units from offshore Newfoundland, the major age peaks
will still provide unique datasets and important provenance information. For each sample,
the probability that an age peak has been missed is noted as suggested by Vermeesch [39].

3.3. Whole Rock Geochemistry

Samples for X-ray fluorescence (XRF) were taken from conventional cores, which
were preferable as cuttings samples may possess unknown levels of contaminants from
drill bit shavings, drilling mud and/or cave-ins from overlying units. Sample preparation
involved pulverizing the rock into a fine powder using the Siebtechnik grinding mill. Strict
laboratory protocols were followed to prevent contamination throughout this process.

XRF analysis was completed using a Fisons/Applied Research Laboratories model
8420+ sequential wavelength-dispersive x-ray spectrometer which has the capability for
quantitative determination of major and minor/trace elements. Pressed pellets were used
to obtain a full analysis of all, major, minor and trace elements. For the preparation of
the pressed pellets, approximately 9 g of rock powder was weighed and mixed with 2.7 g
of wax binder. This mixed powder was then put in a Herzog Pellet Press and pressed at
276 MPa for 10 s. The final preparation step was baking the pellet at 90 ◦C for 15 min. The
pressed pellet analysis for trace elements, Fe2O3 and MnO was completed on a Bruker
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S8 Tiger WDXRF using the Geo-Quant T package. Two geological reference standards
(USGS SGR-1B-1 Green River Shale and SDO-1-1 Devonian Ohio Shale) were analyzed
with each group of 13 samples to confirm accuracy and precision for the results. XRF data
for major and minor/trace elements are listed in Tables S3 and S4, respectively, of the
Supplementary Materials.

To obtain a more complete analysis of trace elements, particularly those that are below
the detection limit of XRF, inductively coupled plasma mass spectrometer (ICP-MS) was
also carried out. For introduction of the rock powders into the ICP-MS as solutions, samples
were digested in acid before analysis. The analytical procedure was as follows: (1) Initial
digestion of a 0.1 g sample aliquot using HF/HNO3 (also boric and oxalic acids); and (2)
the resultant solution was analyzed using ICP-MS correcting for matrix effects using the
method of standard addition. Full details of the procedure are given in Jenner et al. [40]. If
any sample material was not dissolved fully in HF/HNO3, it was treated with HCl/HNO3.

In some samples, some resistant phases, most notably zircon, may not always dissolve
completely in acid. In these cases, Zr, Hf, and HREE values should be considered minimum
concentrations. Thus, samples were also digested as a Na2O2 sinter which provides more
complete decomposition of refractory phases and complete recovery of Zr, Hf, and HREE
concentrations. For quality control, SGR-1B-1, and SDO-1-1 were prepared and analyzed
with the other samples for both ICP-MS methods. ICP-MS data for trace elements are listed
in Table S5 (HF/HNO3 acid digestion) and Table S6 (Na2O2 sinter digestion), respectively,
of the Supplementary Materials.

4. Results
4.1. Whole Rock Geochemistry

Whole rock geochemical analyses were completed on samples of Upper Jurassic
rocks from the Central Ridge and Flemish Pass Basin. Both sandstone and mudstone
beds of the Upper and Lower Kimmeridgian Source rock members were sampled as
well as of the Lower Tempest Sandstone member. Additional interbedded samples of
the Rankin Formation were also analyzed with the above-mentioned Members. Since a
significant amount of core was available over the Late Jurassic interval, all samples were of
conventional core.

To help ascertain the composition of the detrital source region(s) and determine
provenance, trace element plots were examined. Typically, the distribution of trace elements
such as Ti, Mn, Zr, Hf, Nb, Sn, Cr, Ni, V, Co, La-Lu, Y, and Sc are sensitive to the nature
of their detrital source region [41]. These elements have short residence times in seawater
and are less susceptible to mobilization during sedimentary processes [41].

Figure 3 indicates that detritus for these Upper Jurassic units was predominantly
derived from an upper crustal or felsic terrane as both the mudstone (Figure 3A) and
sandstone (Figure 3B) samples plot in close proximity to the average composition of the
upper continental crust. It is difficult to say precisely where this average upper crustal
detritus is derived. However, nearby terranes such as the Avalon Zone and Central Mobile
Belt of the Newfoundland-Ireland conjugate margin represent likely detrital sources as
they both possess abundant felsic volcanic rocks as well as sedimentary cover sequences.
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Figure 3. Zr/Sc vs. Th/Sc provenance diagrams for Upper Jurassic (A) mudstone and (B) sandstone samples. Figure from
McLennan et al. [42].

The sandstone samples plot closer to the passive margin field than the mudstones as
hydraulic sorting and sedimentary recycling processes acted to enrich the sand beds in
recycled zircon. This indicates that the zircon in these beds is likely multi-cycle, and has
been through multiple erosional and depositional cycles. However, the sandstones may
not necessarily have had a different provenance than the mudstones, because recycling and
enrichment of heavy minerals may have been more dominant in the sand-sized fraction
of the detritus, which was not well sampled by the mudstones, which are biased to finer
grains as a result of hydraulic sorting.

Samples from different stratigraphic units appear to have a similar provenance based
on these plots. However, the Lower Tempest Sandstone samples plot slightly closer to
the average composition of the Bulk Continental Crust. This suggests a slightly different
provenance for the Lower Tempest Sandstone and that either felsic rocks or recycled
sedimentary rocks were not as abundant of detrital sources for this unit compared to
the others.

4.2. Heavy Mineral Data

Methods for analyzing heavy minerals in this study follow the process outlined
by Morton and Hallsworth [43,44]. This approach was applied by numerous authors
to sandstones [1,45–47] as it employs detrital heavy mineral ratios to “fingerprint” the
provenance of a given sample. This “fingerprint” is useful for correlation with provenance
signatures from other units and to detect changes in provenance over time. It is necessary
to use heavy minerals that are not significantly differentiated by hydraulic sorting during
transport, and are not susceptible to dissolution during diagenesis. Minerals chosen for the
analysis therefore have similar densities and are considered stable during burial diagenesis.

Typically, heavy mineral counts for conventional ratios are completed using a fine
sand size bracket (63–177 µm) [1,43]. This grain size is typically chosen because within
this range, all of the heavy minerals transported from the detrital source are considered to
co-exist in the sedimentary deposit [43]. A 63–177 µm size range is unsuitable for this study
which includes fine-grained mudstones. Totten and Hanan [48] stated that the median size
of heavy minerals in shales is approximately 25 µm less than those found in sandstones.
Therefore, placing the low end of the size bracket at 63 µm would eliminate a significant
portion of the heavy minerals in the samples studied. In Macquaker and Adams [49]
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mudstone classification chart, they indicate a mudstone is any rock with >50% of the grains
that are <63 µm. Understanding hydraulic equivalency [50], it is reasonable to expect heavy
minerals within the mudstones and siltstones of this study to be significantly smaller than
63 µm. Therefore, the lower end of the size range used for these samples was 15 µm.

Heavy mineral counts were obtained from 20 cuttings samples from intervals of the
Upper and Lower Kimmeridgian Source Rock, the Upper and Lower Tempest Sandstone
and the interbedded Rankin Formation. Pie charts of the proportions of heavy minerals
in a series of 13 representative samples are shown below in Figure 4. Of the 13 samples
shown, seven are dominated by rutile (61–75% of the total heavy mineral count), zircon
(8–17%) and apatite (7–17%), and three of the seven also contain significant amounts of
chromite (5–10%). This heavy mineral assemblage is the most widespread among the
samples, comprising the G-88 well in the Upper Tempest Sandstone, the I-78 and P-52
wells in the Upper Kimmeridgian Source Rock, the I-78, G-88 and G-70 wells in the Rankin
Formation and the I-78 well in the Lower Kimmeridgian Source Rock. Thus, this heavy
mineral assemblage is present in all of the units examined in this study except the Lower
Tempest Sandstone.

A subordinate, heavy mineral assemblage dominated by rutile, apatite and tourmaline
is found in four wells: the P-52 well in the Lower Tempest Sandstone and Lower Kim-
meridgian Source Rock contains 30–41% rutile, 29–34% apatite and 19–27% tourmaline
whereas the G-70 well in Upper and Lower Kimmeridgian Source Rock contains 66–71%
rutile, 7–11% apatite and 10–11% tourmaline. Both types contain minor zircon (2–6%). This
heavy mineral assemblage is present in all of the units examined in this study except the
Upper Tempest Sandstone.

Two samples are anomalous with regard to their heavy mineral population: the sample
from the P-52 well in the Upper Tempest Sandstone, which contains 61% zircon and 34%
rutile, and that from the G-88 well in the Lower Kimmeridgian Source Rock, which contains
49% rutile, 23% apatite and 20% titanite.

Thus, in terms of heavy minerals, for geologic units analyzed from 3 or 4 wells, the
Rankin Formation is most homogeneous, the Upper Kimmeridgian Source Rock somewhat
more heterogeneous and the Lower Kimmeridgian Source Rock the most heterogeneous.

The heavy mineral populations of the various units of this study may also be de-
scribed by the ZTR (zircon-tourmaline-rutile) index [51]. This index measures the per-
centage of zircon, tourmaline and rutile grains among all non-opaque and non-micaceous
heavy minerals such as zircon, tourmaline, rutile, apatite, monazite, chromite, and titanite
(ZTR = (Z + T + R)/(Z + T + R + A + Mz + Cr + Ti) × 100). The minerals in the denomina-
tor of the ZTR ratio are more susceptible to breakdown and dissolution during weathering
and transport processes [44]. As the detritus is subject to progressively greater weathering
and transport, it will become enriched in the more stable heavy minerals (chemically
and mechanically) such as zircon, tourmaline and rutile compared to the unstable heavy
minerals [51]. Therefore, this index is considered to be a reliable measure of sedimentary
recycling [51]. This is the same principle as the Zr/Sc vs. Th/Sc plot shown in Figure 3
from the bulk rock trace element geochemical data.

One consideration for this study with respect to the ZTR index is that the minerals
used in the denominator do not include all of the possible non-opaque, non-micaceous
heavy minerals as in the standard definition of the ZTR index. The excluded minerals
(such as epidote and olivine) are more unstable under diagenesis and were not included in
the denominator of the ZTR index in this study. Since the dissolution of unstable phases
and the variable nature of the effects of intrastratal dissolution are not well understood
between these samples from different wells, it was important that only the diagenetically
stable minerals listed above were used for this study. These minerals have been shown
to be diagenetically stable up to depths of 4 km [44,52–54]. This allows for a reasonable
comparison of maturity levels and contribution of first-cycle versus recycled detrital sources
between samples.
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Figure 4. Pie charts of detrital heavy mineral proportions for Upper Jurassic samples from the Flemish Pass Basin and
Central Ridge. Sandstone samples: I-78 (4500 m), P-52 (3210 m), P-52 (3600 m), P-52 (3500 m), G-88 (3500 m), G-70 (3500 m),
G-70 (4200 m). Mudstone samples: I-78 (4900 m), I-78 (5075 m), P-52 (3950 m), G-88 (4600 m), G-88 (4495 m), G-70 (4820 m).
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Two plots are show below with the ZTR values for 20 samples from the various
formations (Figure 5). Substantial heterogeneity is present for the Upper and Lower Kim-
meridgian Source Rock units, while the Upper Tempest Sandstone and Rankin Formation
samples are more homogeneous. Having only a single sample from the Lower Tempest
Sandstone limits the significance of an interpretation of this interval. Overall, looking at
the average values, it appears that most of the formations possess a similar average ZTR
value in the range of 70–80. However, the average ZTR of the Upper Tempest Sandstone is
slightly higher, at 85.

Figure 5. ZTR ratio plot for all Upper Jurassic samples from the Flemish Pass Basin and Central
Ridge. Average heavy mineral index value from each formation also shown.

Overall, the detrital provenance of the Upper and Lower Kimmeridgian Source Rock
and Rankin Formation appears to be broadly similar based on the ZTR values as well as
a comparison of the heavy mineral pie charts. However, portions of the Upper Tempest
Sandstone have slightly elevated ZTR ratios compared to the other studied units. This could
indicate that sedimentary recycling was more significant in the Upper Tempest Sandstone
samples, consistent with the unit containing a greater proportion of mature, zircon-rutile-
rich coarse sandstone material than the 5 m cuttings intervals from the mudstone units
(Kimmeridgian Source Rocks, Rankin Formation).

Only a single sample from the Lower Tempest Sandstone was analyzed. However, the
sample does have an unusual heavy mineral signature, being rutile-apatite-tourmaline rich
with a comparatively low ZTR ratio. This suggests an unusual provenance for this unit,
consistent with the whole rock trace element plot presented in Figure 3B.

4.3. Detrital Zircon U-Pb Geochronology

The geochronological analyses for this study were undertaken to define detrital zir-
con ages for mudstone and interbedded sandstone beds from the Upper Jurassic units.
Six representative samples are discussed in the following section.

4.3.1. Upper Kimmeridgian Source Rock

Several thin sections were prepared from a sample of conventional core from the
Upper Kimmeridgian Source Rock at 3837.3 m depth in the South Tempest G-88 well.
Although within the Upper Kimmeridgian Source Rock unit, this sample represents an
interbedded sandstone bed and is defined as an arkosic wacke. Zircons from three thin
sections were imaged using the MLA-SEM and then dated, yielding 56 concordant U-Pb
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ages (Figure 6A) with three major populations. With 56 dated grains, using the method
of Vermeesch [39], there is a 95% confidence that no fraction >0.10 was missed. The first
of the grain populations is a peak of 11 Cambrian–Devonian aged grains (533–405 Ma);
the second group a major peak of 20 late Neoproterozoic-aged grains (626–544 Ma); and
the third group is composed of 19 grains >1 Ga (2740–970 Ma). Two smaller groups are
also present. These are a Middle Neoproterozoic group of three grains (788–841 Ma), and
two Permian–Carboniferous grains (281–341 Ma). One ungrouped grain is also present
(941 Ma).

The Th-U ratios of the zircon vary from 0.11–1.24 (Figure 7A). The Cambrian–Devonian-
aged grains have Th-U ratios ranging from 0.11–0.99, averaging 0.49. Grains from the
prominent late Neoproterozoic peak have Th-U ratios ranging from 0.21–1.24 with an
average of 0.62. and grains from the older, >1 Ga group have Th-U ratios ranging from
0.21–1.01 with an average of 0.61. The Middle Neoproterozoic-aged grains have Th-U
ratios ranging from 0.24–0.5 with an average of 0.36 while the two Permian–Carboniferous
grains have Th-U ratios of 0.35 and 1.05, respectively. The single ungrouped grain has a
Th/U of 0.36.

The key feature of grain morphology is also assessed for the dated grains from this
sample (Figure 8A). Of all the grains, a subangular morphology was most common as
39% of all dated grains were subangular in shape. Five Cambrian–Devonian grains are
subrounded, with four subangular, and two angular grains as well. Late Neoproterozoic
grains are predominantly subangular (11 grains), with four angular grains, two subrounded
grains, and three rounded grains. The group of >1 Ga grains are composed primarily of
subrounded grains (10 grains), with five rounded and four subangular grains present as
well. Two of the Middle Neoproterozoic grains are subangular with one angular grain as
well. The Permian–Carboniferous grains are both angular and the single ungrouped grain
is rounded. Some representative grains of the various groups and their morphologies are
shown in Figure 9.

Another sample of the Upper Kimmeridgian Source Rock was obtained from the
Baccalieu I-78 well. The sample is a 5 m thick cuttings sample over the 4500–4505 m
interval. Based on observations of the cuttings, this interval is composed of fine-grained
mudstones with some interbedded siltstone. Grains were imaged using the MLA-SEM
and 27 yielded concordant analyses (Figure 6B). With 27 dated grains, using the method
of Vermeesch [39], there is a 95% confidence that no fraction >0.16 was missed. The
most abundant group of grains is late Neoproterozoic with 11 grains of this age present
(552–661 Ma). Nine grains composed a group of Cambrian–Devonian grains (363–529 Ma).
A small group of five grains >1 Ga is also present. One Middle Neoproterozoic grain was
dated (822 Ma) as well as one ungrouped grain of 949 Ma.

The Th-U ratios range from 0.10 to 1.05 (Figure 7B). The Cambrian–Devonian group
of grains possess Th/U ranging from 0.18–1.05 with an average of 0.51. Grains from the
prominent late Neoproterozoic peak have Th/U values from 0.41 to 0.99 with an average
of 0.65, while grains from the >1 Ga group have much lower Th/U with values ranging
from 0.10–0.50 with an average of 0.29. The Middle Neoproterozoic grain has a Th/U of
1.05 and the ungrouped grain has a Th/U of 0.71.
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Figure 6. Detrital zircon age histograms (bars) and probability density plots (curves) for samples from four wells. The
number of analyses shown includes only those that are concordant within 10%. Bin widths vary based on number of grains
analyzed per sample. (A) Upper Kimmeridgian Scheme 88. (3837.3 m). (B) Upper Kimmeridgian Source Rock Mudstone
cuttings sample from Baccalieu I-78 (4500 m). (C) Upper Tempest Sandstone cuttings sample from Panther P-52 (3210 m).
(D) Lower Tempest Sandstone core sample from South Tempest G-88 (4195.8 m). (E) Rankin Formation Mudstone cuttings
sample from Lancaster G-70 (4405 m). (F) Rankin Formation Sandstone core sample from Baccalieu I-78 (4135.29 m). First or
multi-cycle zircon grains identified on the basis of grain morphology.
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Figure 7. Age vs. Th/U graphs for samples from four wells. (A) Upper Kimmeridgian Source Rock Sandstone core sample
from South Tempest G-88 (3837.3 m). (B) Upper Kimmeridgian Source Rock Mudstone cuttings sample from Baccalieu
I-78 (4500 m). (C) Upper Tempest Sandstone cuttings sample from Panther P-52 (3210 m). (D) Lower Tempest Sandstone
core sample from South Tempest G-88 (4195.8 m). (E) Rankin Formation Mudstone cuttings sample from Lancaster G-70
(4405 m). (F) Rankin Formation Sandstone core sample from Baccalieu I-78 (4135.29 m).

The morphology of all dated grains was also documented and may be the most impor-
tant feature for determining the level of sedimentary recycling and/or the transportation
distance (Figure 8B). Subangular grains are the most abundant type of grain making up
41% of all those dated. The Cambrian–Devonian group of grains is composed of mostly
subangular grains with minor angular, subrounded, and rounded grains present as well.
The late Neoproterozoic group of grains are also mostly subangular, however, subrounded
and rounded grains are more important here than in the younger Cambrian–Devonian
group. In the >1 Ga group of grains, the majority of grains are subrounded and rounded,
with only one subangular grain. The Middle Neoproterozoic grain as well as the ungrouped
grain are both subangular.
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Figure 8. Histograms of zircon grain morphology for samples from four wells. (A) Upper Kimmeridgian Source Rock
Sandstone core sample from South Tempest G-88 (3837.3 m). (B) Upper Kimmeridgian Source Rock Mudstone cuttings
sample from Baccalieu I-78 (4500 m). (C) Upper Tempest Sandstone cuttings sample from Panther P-52 (3210 m). (D) Lower
Tempest Sandstone core sample from South Tempest G-88 (4195.8 m). (E) Rankin Formation Mudstone cuttings sample
from Lancaster G-70 (4405 m). (F) Rankin Formation Sandstone core sample from Baccalieu I-78 (4135.29 m).
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Figure 9. Images of detrital zircon grains from various Upper Jurassic samples. (A) Angular
Jurassic grain in Upper Tempest Sandstone from Panther P-52 (3210 m). (B) Angular Permian grain
in Upper Tempest Sandstone from Panther P-52 (3210 m). (C) Subrounded Ordovician grain in
Upper Kimmeridgian Source Rock Sandstone from South Tempest G-88 (3837.3 m). (D) Subangular
Neoproterozoic grain in Lower Tempest Sandstone from South Tempest G-88 (4195.8 m). (E) Rounded
Paleoproterozoic grain in Lower Tempest Sandstone from South Tempest G-88 (4195.8 m). (F)
Rounded Paleoproterozoic grain in Upper Kimmeridgian Source Rock Sandstone from South Tempest
G-88 (3837.3 m). Red circle represents location grain was ablated.

4.3.2. Upper and Lower Tempest Sandstone

A 5 m thick cuttings sample from the 3210–3215 m interval in the Upper Tempest
Sandstone from the Panther P-52 well contained sufficient detrital zircons for analysis.
Observations of the cuttings indicated that the interval was predominantly composed of
fine-grained sandstone with some minor interbedded siltstones and mudstones. Grains
were imaged using the MLA-SEM and 29 yielded concordant data (Figure 6C). With
29 dated grains, using the method of Vermeesch [39], there is a 95% confidence that no
fraction >0.15 was missed. Five major groups of zircons are present. The most abundant is
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the late Neoproterozoic group (545–649 Ma), with eight grains present. The next most abun-
dant group consists of seven Permian–Carboniferous grains (275–345 Ma). Six older grains
form a cluster of >1 Ga grains, ranging from 1026–2752 Ma. Another cluster is composed of
three grains that are Late Jurassic in age (145–150 Ma). Three Middle Neoproterozoic grains
are also present (691–743 Ma) as well as a final group of two grains that are Ordovician
and Devonian, respectively.

Th/U of all concordant grains in this sample range from 0.17–1.04 (Figure 7C). The
late Neoproterozoic grains possess values from 0.33–1.03 with an average of 0.63. The
Permian–Carboniferous grains have values ranging from 0.23–0.55 with an average of 0.38.
The >1 Ga grains have Th/U values ranging from 0.17–0.64 with an average of 0.31. The
Jurassic grains possess higher Th/U values ranging from 0.64–0.91 with an average of 0.75.
The Middle Neoproterozoic grains have Th/U values from 0.37–1.04 with an average of
0.65. The final group consists of two grains of Ordovician and Devonian age which possess
high Th/U of 0.78 and 0.88 with an average of 0.83.

Of all concordant grains in the Upper Tempest Sandstone sample, the most common
morphology is angular, as 38% of all grains possess this shape (Figure 8C). The late Neo-
proterozoic grains, however, are predominantly subangular (4 grains), with 3 subrounded
and 1 angular grain. The Permian–Carboniferous grains, which are a new population not
detected in previous samples, are predominantly angular (5 grains) with one subangular
and one subrounded grain. These grains are a younger population, and the angular shape
of the majority of these grains is evidence they have been subject to less attrition that some
of the older populations. This can also be said for the Upper Jurassic grains, which are pre-
dominantly angular (2 grains), with one subangular grain. The >1 Ga grains are markedly
different, as 4 of these grains are rounded, with 1 subrounded grain, and one angular grain.
These grains have clearly been subject to more weathering and erosion than the other
grains, as is evidenced by their predominantly rounded shapes. The Ordovician grain is
subangular, while the Devonian grain is angular in shape. The Middle Neoproterozoic
Group possesses one angular, one subangular and one subrounded grain.

A sample of the Lower Tempest Sandstone was obtained from a conventional core at
4195.8 m depth from the South Tempest G-88 well. The sample is a fine-grained sandstone.
Zircons were mapped and imaged using the MLA-SEM. Of the imaged grains, 87 yielded
concordant results (Figure 6D). With 87 dated grains, using the method of Vermeesch [39],
there is a 95% confidence that no fraction >0.07 was missed. These grains fall into five major
groups. The first is a group of 57 late Neoproterozoic grains (570–682 Ma). The second
group is composed of 16 grains >1 Ga (986–2838 Ma) and the third group is a cluster of six
Carboniferous–Permian grains (286–298 Ma). A group of six Cambrian–Devonian grains
(416–541 Ma) as well as a small group of 2 Middle Neoproterozoic grains (696–707 Ma) are
also present.

Th-U ratios of all concordant grains in this sample range from 0.08–2.03 (Figure 7D).
The late Neoproterozoic grains possess Th/U values between 0.08–1.35 with an average of
0.61. The >1 Ga grains possess Th-U ratios ranging from 0.15–2.03 with an average of 0.53.
The Permian–Carboniferous grains have Th-U ratios between 0.34–0.81 with an average of
0.60 and the Cambrian–Devonian grains possess Th-U ratios ranging from 0.09–0.61 with
an average of 0.40. The two Middle Neoproterozoic grains have Th-U ratios of 0.93 and
0.12, respectively.

The most common grain morphology of all concordant grains in this Lower Tempest
Sandstone sample is subangular, as 56% of the grains possess this shape (Figure 8D).
The late Neoproterozoic grains are mostly subangular (34 grains), although 13 angular
grains and 10 subrounded grains are also present. The >1 Ga grains are composed of
six subangular, six subrounded and four rounded grains. As observed in previous samples,
these grains tend to have more mature morphologies, indicating more attrition than the
younger zircon groups. Of the six Permian–Carboniferous grains, four are subangular,
while the other two are angular. The Cambrian–Devonian grains are composed of three
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subangular grains, two subrounded grains, and one angular grain. The two Middle
Neoproterozoic grains are both subangular.

4.3.3. Rankin Formation

A 5 m thick cuttings sample from the 4405–4410 m interval from within the Rankin
Formation was obtained from the Lancaster G-70 well. Observations from the cuttings
indicated this interval was predominantly fine-grained, consisting of mudstones interbed-
ded with minor siltstones and fine-grained sandstones. Unfortunately, many of the grains
contained abundant 204Pb, and yielded discordant results. In this sample, of the 62 grains
ablated, only 20 were less than 10% discordant. However, a common lead correction
following the method of Andersen [30] was applied to the grains. After applying the
correction, 56 of the 62 ablated grains plotted concordantly (Figure 6E) excluding one anal-
ysis with an anomalous age (112 ± 5 Ma), some 40 Ma younger than the established Late
Jurassic biostratigraphic age of this interval as defined by Robertson Research [55]. Other
biostratigraphic reports from Jenkins [56] and BP Exploration [57] also date this interval
as latest Callovian to earliest Oxfordian (~160 Ma) and Early Kimmeridgian (~157 Ma),
respectively. Since this sample is from drill cuttings, it is likely that this zircon grain was
derived from higher in the stratigraphic section, from cavings of Cretaceous or younger
strata. With 56 dated grains, using the method of Vermeesch [39], there is a 95% confidence
that no fraction >0.10 was missed. The grains define five prominent clusters. The youngest
group is composed of seven Late Devonian–Permian-aged grains (361–248 Ma) (Figure 6E).
Another group consists of 15 Cambrian to Silurian-aged zircons (545–431 Ma). A group
of 11 late Neoproterozoic grains (664–548 Ma) is also present as well as a smaller group
of three Middle Neoproterozoic grains (837–817 Ma). The largest and oldest group is
composed of 19 grains with ages >1 Ga (2636–1017 Ma). Additionally, one Upper Jurassic
grain was dated at 175 ± 9 Ma.

The Th/U of zircon grains from this sample range from 0.06–1.6 (Figure 7E). The
Jurassic grain has a Th/U of 1.27. Th/U ratios are 0.3–1.31, with an average of 0.75 in the
Late Devonian to Permian grains, 0.06–1.15 with an average of 0.62 in the Cambrian to
Silurian grains, 0.3–1.19 with an average of 0.64 in the late Neoproterozoic grains, 0.29–1.12
with an average of 0.58 in the Middle Neoproterozoic grains and 0.15–1.60 with an average
of 0.65 in the >1 Ga grains.

The most common grain shape here is subangular, with 46% of the grains possessing
this morphology (Figure 8E). The Jurassic grain is subangular, whereas the Late Devonian
to Permian grains are characterized by three angular and four subangular grains. The
Cambrian–Silurian grains possess a wide range of morphologies, with three angular, eight
subangular, three subrounded and one rounded grain. The Late Neoproterozoic grains are
characterized by one angular, five subangular, three subrounded, and two rounded grains.
The Middle Neoproterozoic group is composed of one subangular and two subrounded
grains. The group of >1 Ga grains is predominantly subrounded (nine grains), with
two rounded grains, seven subangular grains, and one angular grain.

A sample was obtained from conventional core in the Baccalieu I-78 well at 4135.29 m
and is classified as an arkosic wacke. Thirty-four grains from this sample yielded concor-
dant analyses (Figure 6F). With 34 dated grains, using the method of Vermeesch [39], there
is a 95% confidence that no fraction >0.14 was missed. The most abundant group of grains
is late Neoproterozoic, and 16 grains of this age are present (546–683 Ma) (Figure 6F). The
second most abundant group is the >1 Ga grains, which is made up of 12 grains (1084–
2130 Ma). A small group of four Silurian–Devonian grains is also present (370–404 Ma).
Two other grains of 862 ± 37 Ma, and 938 ± 52 Ma were also dated.

Th/U of all dated zircon grains range from 0.02–1.61 (Figure 7F). The late Neopro-
terozoic grains possess values ranging from 0.02–1.61 with an average of 0.78. The >1 Ga
grains have values ranging from 0.03–0.83 with an average of 0.35. The Silurian–Devonian
grains have values ranging from 0.2–0.65 with an average of 0.44. The grains of 862 and
938 Ma possess Th/U values of 0.37 and 0.36 respectively.
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The most common grain morphology of all dated grains is subangular, as 50% of the
grains possess this shape (Figure 8F). The late Neoproterozoic grains are mostly subangular
(eight grains), although four angular grains and four subrounded grains are also present.
The >1 Ga grains are predominantly subangular as well (six grains), although two sub-
rounded and four rounded grains were also present in this group. The Silurian–Devonian
grains are characterized by three subangular grains and one angular grain. The grain of
938 Ma is subrounded while the grain of 862 Ma is angular.

5. Discussion
5.1. Detrital Zircon U-Pb Age Groups

The most abundant zircon grains in the majority of the samples are late Neoproterozoic
(~600 Ma), and these zircon are interpreted to have been derived from Avalon Zone rocks.
Figure 10 demonstrates the similarity in detrital zircon age peaks between grains previously
dated from the Avalon Zone [58] and from the late Neoproterozoic detrital zircon ages from
this study. It is evident that the main detrital zircon peak seen in the data of Pollock et al. [58]
matches nearly identically with the main late Neoproterozoic peak seen in grains from this
study. In addition, data from other offshore Newfoundland samples from Lowe et al. [1]
are plotted. These are also interpreted to be derived from Avalon Zone rocks, and also share
the late Neoproterozoic age peak. Based on the grain morphologies as well as Th/U, these
grains are likely derived from a mixture of recycled sedimentary rocks as well as plutonic
and volcanic igneous rocks. This is consistent with a derivation from the Avalon Zone,
as this terrane is characterized by volcanic and intrusive igneous rocks and associated
sedimentary successions.

Figure 10. Comparison of detrital zircon age peaks from this study, Lowe et al. [1], Pollock et al. [58]
and Willner et al. [59]. For this study, all concordant grains were plotted (n = 310). All concordant
grains from Lowe et al. [1] (n = 335), Pollock et al. [58] (n = 278) and Willner et al. [59] (n = 600) were
also plotted. Data from Lowe et al. [1] are from Mesozoic sedimentary rocks offshore Newfoundland
while samples from Pollock et al. [58] are from Neoproterozoic to Cambrian sedimentary rocks of the
Avalon Zone onshore Newfoundland. Data from Willner et al. [59] are from sedimentary rocks of the
Central Mobile Belt onshore Newfoundland.
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It is likely that the Avalon Zone was also an important detrital source for the group of
grains of >1 Ga. Grains ranging from the Mesoproterozoic to the Late Archean are thought
to be related to the basement of Avalonia. It has been proposed that the Avalon terrane
is built upon a dominantly c. 1.0–1.2 Ga basement with a smaller component of c. 1.6 Ga
crust [60,61]. Furthermore, rare c. 2.0 and 2.4 Ga xenocrystic zircons have been detected by
Bevier and Barr [62] in the Mira terrane and Zartman and Hermes [63] in New England
in Avalonian plutonic rocks. Therefore, it is possible the >1 Ga grains are derived directly
from Avalon basement. However, these grains are also common in Avalon Zone cover
sequences, especially within the Cambrian–Ordovician cover sequences [58]. These Lower
Paleozoic cover sequences are thought to occur in the Avalon Uplift and Bonavista Platform
areas, in addition to beneath the West Orphan, Northern Jeanne d’Arc and Flemish Pass
Basins [64,65].

The characteristics of these grains, such as their low Th/U as well as their predomi-
nantly rounded to subrounded nature, were helpful in determining the parent rock type.
It is probable that they were derived from a mixture of sedimentary and metamorphic
detrital sources based on these features. This is reasonable because grains of this age would
likely have experienced either significant sedimentary recycling or metamorphism. The
rounded characteristic of these grains supports derivation from cover sequences of the
Avalon Zone. >1 Ga grains from the Early Paleozoic cover sequences would have been
subject to numerous sedimentary cycles, and would have many of the same features seen
in the >1 Ga grains.

Another cluster of grains is a Cambrian–Devonian group, and these zircon are inter-
preted to be derived from Gander and Dunnage zone rocks in the Central Mobile Belt as
the ages of these grains closely match those of rocks found in that region. As shown in
Figure 10, the Cambrian–Devonian age peak from grains of this study closely matches that
of Lowe et al. [1], suggesting the grains have a similar origin. Lowe et al. [1] also interpreted
these grains to be derived from the Central Mobile Belt. Data from Willner et al. [59] from
the Central Mobile Belt of Newfoundland are also plotted and show some correlation with
the Cambrian–Devonian group from this study. There is an offset in the age peaks, as the
main peak from Willner et al. [59] is slightly older than that of this study. However, this is
explained by the data from Willner et al. [59] being from sedimentary rocks deposited prior
to the emplacement of abundant Silurian–Devonian plutons in the Central Mobile Belt.

An additional consideration for the detrital source of the Cambrian–Devonian grains
is that they may have been derived from Carboniferous sedimentary rocks. Abundant
Carboniferous sedimentary rocks are present both in the Maritimes basins as well as on-
shore and offshore Ireland. The St. Anthony Basin as well as the Sydney Basin both extend
from northwestern and southwestern Newfoundland towards the east to the Northeast
Newfoundland Shelf and the southern Grand Banks, respectively. Additionally, a number
of wells on the southern Grand Banks intersected Carboniferous clastic sequences [65].
These Carboniferous sediments would probably be filled with Cambrian–Devonian-aged
zircons as they most likely formed from the erosion of the Central Mobile Belt. This is
the case for the Carboniferous clastic rocks of the Deer Lake and Bay St. George Basins
of western Newfoundland which are dominated by zircons of Ordovician and Silurian
age [66]. Carboniferous clastics deposited in the Clare Basin in Ireland also contain zircons
in the Cambrian–Devonian age range eroded from rocks analogous to those of the Central
Mobile Belt [67]. These clastics represent a potential detrital source, although the main
zircon group in these samples is actually late Neoproterozoic [67]. The characteristics of
the Cambrian–Devonian grains show a mixture of morphologies as well as variable Th/U.
This indicates a mixture of parent rock types for these grains including both igneous and
sedimentary detrital sources. Therefore, it is likely that rocks found within the Central Mo-
bile Belt (Cambrian to Silurian sedimentary rocks, volcanic rocks, and Silurian to Devonian
granites) are more important as a detrital source than the Carboniferous clastic rocks. If
Carboniferous clastics were the predominant detrital source, there would likely be more
rounded grains than what is observed for the Cambrian–Devonian grains, which were
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often angular to subrounded. Although some of these are probably polycyclic, this can be
explained from a derivation from sediments of the Central Mobile Belt.

Middle Neoproterozoic grains were dated in numerous samples but there are few
known correlative detrital sources for grains of this age. A likely detrital source, however,
is the Flemish Cap granodiorite, which is considered an offshore extension of the Avalon
Zone. With an age in the 750–830 Ma range [68], it is located to the east and northeast of
the Flemish Pass Basin.

Two other important age groups detected include the Permian–Carboniferous grains,
as well as a group of Upper Jurassic grains. Permian–Carboniferous grains are noteworthy
as there are few known correlative detrital sources from Newfoundland or the Newfound-
land offshore. As shown in Figure 8, grains of this age were not detected by Lowe et al. [1]
in other rocks from offshore Newfoundland. On the island of Newfoundland, there are
some late Devonian intrusions such as the St. Lawrence Granite and Francois Granite,
dated at 374 ± 2 and 378 ± 4 Ma, respectively [69]. However, no Permian–Carboniferous
igneous rocks have been observed. If they did exist, they were either eroded, or are just very
uncommon. However, even if Carboniferous igneous rocks were present in Newfoundland,
it is unlikely that they would make statistically significant detrital zircon populations in
offshore sediments, as Avalon, Gander, and Dunnage Zone related grains would be much
more abundant. Additionally, if Carboniferous igneous rocks existed in Newfoundland, it
is likely that the Carboniferous sedimentary rocks on the island would have a population
of Carboniferous zircon grains. Sylvester [66] found no Carboniferous detrital zircon grains
in the sedimentary rocks of the Deer Lake or Bay St. George Basins. Therefore, the presence
of a sizable population of Carboniferous–Permian grains implies a detrital source external
to Newfoundland.

Our preferred interpretation for the presence of Permian–Carboniferous zircons found
in these samples is that they were derived directly from Iberia. Permian–Carboniferous
granitic intrusions are abundant on the Iberian Peninsula [70], and therefore, detritus of this
age would be abundant if the Iberian Peninsula represented a significant detrital source.
Another possibility is that these grains represent second cycle detritus and are derived
from recycled sediments of the Hercynian foreland basin. Hiscott et al. [71] preferred this
interpretation to explain the presence of Permian–Carboniferous aged detrital micas within
post-rift sediments in the Newfoundland Basin, east of the Grand Banks. However, the
predominantly angular to subangular morphologies of the zircon grains within the samples
of this study (Figure 8C–E) support a derivation as first-cycle detritus from a plutonic
detrital source such as the Iberian granites as opposed to being derived from recycled
sedimentary rocks.

The provenance of the Upper Jurassic grains is difficult to identify as they have few
known correlatives. Some potential Mesozoic detrital sources exist offshore Newfoundland,
as well as on the island of Newfoundland. However, it is also possible that they are from a
currently unknown detrital source of contemporaneous magmatism. The high Th/U as
well as angular shapes of these grains indicate they are likely derived from igneous detrital
sources, and are first-cycle in nature.

5.2. Paleodrainage Model–Upper and Lower Kimmeridgian Source Rock

This section provides an overview of the proposed drainage model for the Upper and
Lower Kimmeridgian Source Rock members based on the zircon age-dates as well as whole
rock geochemical signatures and heavy mineral analysis. The detrital zircon groups from
the Upper Kimmeridgian Source Rock were characterized by detritus related to Avalonia
(late Neoproterozoic, >1 Ga grains), detritus from the Central Mobile Belt (Cambrian–
Devonian grains) as well as detritus linked to the Flemish Cap (Middle Neoproterozoic
grains). The whole rock geochemical signatures also suggest an upper crustal provenance
for the Upper Kimmeridgian Source Rock from rocks such as the Avalon Zone or Central
Mobile Belt. Although no detrital zircons were analyzed from the Lower Kimmeridgian
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Source Rock member, this unit shared the same geochemical fingerprint and is interpreted
to have the same sediment sources.

It is difficult to determine conclusively the direction from which the dated detrital
zircon grains were derived, as both Avalon Zone and Central Mobile Belt rocks exist west
and northeast of the study area. It is possible that both areas were supplying detritus and
this is shown in Figure 11A. The presence of detritus interpreted to be from the Flemish
Cap granodiorite or correlative sequences, however, suggests that sediment input was at
least in part from the northeast for these units. It is likely that basin entry points existed
to the northeast, as interpreted by Cody et al. [2] for Upper Jurassic reservoir units of
the Flemish Pass Basin. Figure 11A shows the interpreted large-scale drainage routes
and Figure 11B shows the interpreted basin-scale entry points and areas of abundant and
restricted sediment supply. In addition, much of the detritus in these samples is multi-
cycle, as evidenced by both the Th/Sc–Zr/Sc plots (Figure 3) and the morphology of the
detrital zircon grains (Figure 6A,B, and Figure 8A,B). Thus, sedimentary recycling was an
important process in the deposition of these units.

Figure 11. (A) Interpreted large-scale drainage routes during deposition of the Upper and Lower Kimmeridgian Source
Rock. Figure modified from Lowe et al. [1]. (B) Interpreted basin entry points and areas of abundant and restricted sediment
supply during deposition of the Upper and Lower Kimmeridgian Source Rock, and the Rankin Formation. Figure modified
from Cody et al. [2].

If sediment was derived from the northeast, this implies sediment supply would
have been much more abundant in the northern regions of the basin, with a likely thicker
hydrocarbon source rock sequence. This is an important consideration for the petroleum
potential of the source rock. If the hydrocarbon source rock is indeed more proximal to
sediment supply in the north, then it is likely that it has a more terrestrial component in
this region.
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5.3. Paleodrainage Model–Upper and Lower Tempest Sandstones

The proposed drainage model for the Upper and Lower Tempest Sandstone members
is based on the zircon age-dates as well as whole rock geochemical signatures and heavy
mineral analysis. When the major zircon groups of the Tempest Sandstone samples are
compared to those of the Upper Kimmeridgian Source Rock samples, it is clear they possess
a different provenance. Permian–Carboniferous grains as well as Jurassic grains are found
in the Tempest Sandstone samples, but are absent in the Upper Kimmeridgian Source Rock
samples. Additionally, the Cambrian–Devonian group of grains is much more sparse in the
Tempest Sandstones. The difference in morphology between zircon grains from the Tem-
pest Sandstones versus those of the Upper Kimmeridgian Source Rock is also noteworthy.
There are significantly more angular grains found in the Tempest Sandstone samples. The
whole rock Th/Sc–Zr/Sc signature of the Lower Tempest Sandstone (Figure 3A) as well
as heavy mineral assemblage of at least part of the Upper and Lower Tempest Sandstone
(Figures 4 and 5) is also unique compared to the other studied units. The combination of
these elements all suggests a different provenance for the Tempest Sandstone units. In
contrast to the Upper and Lower Kimmeridgian Source Rock, the Tempest Sandstone units
are interpreted to be derived from the east. The main driver for this is the presence of
Permian-Carboniferous grains which are interpreted to be derived from Iberian granitic
intrusions to the east. The lack of Cambrian–Devonian aged grains in the Tempest Sand-
stone samples likely also supports an easterly provenance. If there was a predominantly
westerly provenance at this time, a larger population of Cambrian–Devonian grains would
be expected, as was seen in samples from Lowe et al. [1] (Figure 10), who interpreted a
westerly provenance in younger reservoir units in the Flemish Pass Basin.

As the Tempest Sandstone units are important reservoir intervals on the Central
Ridge (flowed 1250 barrels of oil per day in the South Tempest G-88 well), the drainage
orientations and basin entry points have important implications for reservoir quality
during this time. Presumably, accumulations of coarse-grained, high quality reservoir
rocks are more likely to occur in close proximity to sediment supply and basin entry
points whereas finer-grained shales would be deposited basinward. If this is applied to the
current interpretation for the Tempest sandstone, it is likely that higher reservoir quality
rocks would have been deposited in the east, with decreasing reservoir grade to the west
(Figure 12). This may be an important consideration for further exploration and drilling in
this area.

5.4. Paleodrainage Model–Rankin Formation

Samples from the Rankin Formation were taken at various stages of the Upper Jurassic
section and are broadly called Rankin Formation samples as they are not assigned to a
specific member in the established stratigraphy [4,5] (Figure 2). The whole rock Th/Sc–
Zr/Sc systematics and heavy mineral assemblages of the Rankin Formation samples are
similar signatures to those of the Upper and Lower Kimmeridgian Source Rock units.
However, the major zircon groups found in the Rankin Formation samples show different
results. One sample from Baccalieu I-78 (4135.29 m) possesses very similar age peaks to
the Upper Kimmeridgian Source Rock samples, with abundant grains related to Avalonia,
as well as grains derived from the Central Mobile Belt. Conversely, the Rankin Formation
sample from Lancaster G-70 (4405 m) has a detrital zircon age distribution that more closely
matches that of the Tempest Sandstone samples from the Central Ridge. It is therefore
interpreted that drainage patterns during deposition of the Rankin Formation were at times
from the northeast (Figure 11), similar to the Upper Kimmeridgian Source Rock and at
times from the east, comparable to the Tempest Sandstones (Figure 12). Eustatic changes or
changes in the hinterland such as climate, uplift and erosion likely controlled which region
was the primary sediment source.
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Figure 12. (A) Interpreted large scale drainage routes during deposition of the Upper and Lower Tempest Sandstone. Figure
modified from Lowe et al. [1]. (B) Interpreted basin entry points and areas of abundant and restricted sediment supply
during deposition of the Upper and Lower Tempest Sandstone. Figure modified from Cody et al. [2].

5.5. Regional Comparison

When the detrital zircon data are evaluated more regionally, a noteworthy provenance
difference is seen in comparing results from wells in the Central Ridge and southern
Flemish Pass area (South Tempest G-88, Panther P-52 and Lancaster G-70) against results
from the northern Flemish Pass region (Baccalieu I-78). Firstly, the Iberian-related Permian–
Carboniferous zircons are only seen in samples from the Panther P-52, South Tempest G-88
and Lancaster G-70 wells, but not in samples from the Baccalieu I-78 well. This suggests
the Iberian influence was only present in the Central Ridge and southern Flemish Pass area,
but not the northern Flemish Pass. Additionally, the Cambrian–Devonian-aged grains are
much more significant in samples from the Baccalieu I-78 well than in samples from the
other three wells, indicating the Central Mobile Belt was more of a minor sediment source
for wells in the Central Ridge and Southern Flemish Pass areas during the Upper Jurassic.
These two observations are important as it suggests that northern areas of the basin are more
likely to see detritus from the northeast or west, with the Central Mobile Belt representing
a major sediment source, whereas the Central Ridge and southern Flemish Pass Basin is
more likely to have detritus that was derived from the east from Iberian-related rocks.

5.6. Constraints on Depositional Ages

The three Jurassic zircon grains (145 ± 5 Ma, 148 ± 4 Ma, 150 ± 6 Ma) from the Upper
Tempest Sandstone sample (Panther P-52 (3210 m)) can help refine the depositional age of
this unit (Figure 13). In this sample, the weighted average of age dates from these three
grains is 147.5 ± 2.8 Ma (MSWD = 0.85), which may be taken as the maximum depositional
age [72]. If the age of the youngest single grain is accepted, the maximum depositional age
would be reduced to 144.9 ± 5.6 Ma. Whether the youngest single grain or the weighted
average of the three grains is used, a Late Tithonian depositional age for the Upper Tempest
Sandstone is suggested, as the Tithonian Stage ranges from 152.1±0.9 to ~145 Ma [73].
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When compared to biostratigraphic interpretations for this interval, a Late Tithonian age is
consistent with findings from Robertson Research [74] but conflicts with interpretations
from Bujak Davies Group [75] who interpreted this interval to be Early Kimmeridgian
in age. Based on the detrital zircon age results, and Robertson Research [74], the Upper
Tempest Sandstone from the Panther P-52 well is considered to have a Late Tithonian
depositional age. As cuttings were used for this sample, there is a possibility that caving
occurred (material from previously penetrated beds up section in the well) and potentially
contaminated this sample with younger detrital zircons from above. However, given the
presence of multiple Upper Jurassic grains in this sample and the absence of any Cretaceous
or younger grains, it is improbable they originated from cavings.

Figure 13. 238U/206Pb ages of the three youngest detrital zircons (represented by red lines) from
the Upper Tempest Sandstone sample from the Panther P-52 well. Weighted average of these three
Jurassic grains (shown by green line) is 147.5 ± 2.8 Ma (MSWD = 0.85), which may be taken as the
maximum depositional age [72].

5.7. Significance of Heavy Mineral Assemblages

Detrital heavy mineral assemblages in cuttings samples from the Upper Jurassic
sandstones and mudstones are dominated by either rutile + zircon + apatite ± chromite or
rutile + apatite + tourmaline, with minor zircon. These are among the most stable heavy
minerals surviving burial diagenesis [76] suggesting that less stable detrital heavy minerals
(olivine, pyroxene, amphibole) may have been lost preferentially during diagenesis of
these units. Detrital apatite may be preferentially dissolved in acidic groundwaters during
transport or alluvial storage on floodplains of major rivers in humid tropical climates [43],
suggesting that apatite-bearing detritus was transported under arid temperate conditions
or stored/recycled to only limited extents.

Rutile occurs in a large range of medium- to high-grade metamorphic rocks and
particular kinds of igneous rocks (e.g., quartz veins, alkalic granites, pegmatites, carbon-
atites, kimberlites, metasomatised peridotites) as well as detrital grains in sediments and
sedimentary rocks [77]. Apatite, tourmaline and zircon are common in many of the same
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lithologies as well as a wide range of granitic rocks; chromite is particularly abundant
in mafic and ultramafic rocks. Thus, it is likely that the detrital source terranes of the
sedimentary units of this study contained diverse lithologies. This is consistent with the
whole rock Th/Sc–Zr/Sc ratios of the Upper Jurassic sandstones and mudstones units
being similar to the composition of average upper continental crust (Figure 3).

6. Conclusions

Often, less focus is shown to finer-grained intervals in detrital mineral provenance
studies as it is predicted that there will not be enough heavy mineral grains large enough
to separate and analyze. Results of this study demonstrate the utility and effectiveness
of MLA/SEM techniques combined with LA-ICP-MS for fine-grained sedimentary rocks.
Detailed analysis of Upper Jurassic rocks from the Flemish Pass Basin and Central Ridge
through a combination of detrital zircon U-Pb geochronology, whole rock geochemistry
and heavy mineral analysis highlights important provenance characteristics of these units.
Whole rock geochemistry was employed on both Upper Jurassic sandstones and mud-
stones to identify sediment provenance. Whole rock Th/Sc–Zr/Sc systematics indicate
that the units were derived from sediment sources with upper crustal compositions, com-
monly seen in passive margins, with significant zircon recycling. In addition, detrital
zircon geochronology revealed significant information for generating provenance and
paleodrainage models. Zircon populations indicate grains from most units were likely
derived from the Avalon Zone, Central Mobile Belt, and underlying basement. A signifi-
cant population of Permian–Carboniferous grains, however, are present in a few samples
suggesting derivation from Iberian intrusive rocks.

In addition to important provenance information, Upper Jurassic detrital zircons
constrain the age of the Upper Tempest Sandstone to Late Tithonian or younger. This
is a particularly useful result as conflicting ages exist in the published biostratigraphic
interpretations for this unit.
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