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Abstract: This study, based on fluid inclusion petrography, microthermometry and ultraviolet
microspectroscopy of inclusion oil, investigates the petroleum charge history at Parsons Pond,
western Newfoundland. To address this matter, drill core and cuttings samples of allochthonous
and autochthonous strata in the Parson’s Pond area were collected from three exploration wells.
Fluid inclusions were examined from fragments of calcite and quartz veins, diagenetic cements in
sandstone, and in large hydrothermal dolomite and calcite crystals. Primary aqueous inclusions
in authigenic sandstone cements indicate that cementation occurred at relatively shallow depths
and low temperatures (<50 ◦C). Hydrocarbon-bearing fluid inclusions (petroleum, wet gas and gas)
are generally restricted to calcite and quartz veins, indicating that petroleum and gas migration at
Parson’s Pond is fracture-controlled. No hydrocarbons were observed in the diagenetic cements of
the essentially tight sandstones. Fluid inclusion microthermometry and ultraviolet microspectroscopy
indicate the presence of multiple generations of hydrocarbon fluid, ranging in composition from
~33 API gravity petroleum to pure CH4. Petrographic evidence suggests that hydrocarbons were
generated multiple times during progressive burial and heating. In addition, the distribution of
hydrocarbon bearing inclusions with depth suggests that deeper levels are gas-prone, with petroleum
confined to relatively shallow depths. Although only gas flow was encountered during the drilling
of exploration wells at Parson’s Pond, the presence of petroleum-bearing fluid inclusions in calcite
and quartz veins indicates that the historical production from shallow wells in the Parsons Pond area
likely tapped small reservoirs of fractured petroliferous strata.

Keywords: fluid inclusions; petroleum; fluorescence spectroscopy; fractured reservoir; Newfoundland

1. Introduction

In western Newfoundland (Figure 1) the search for hydrocarbons has been ongoing for nearly
200 years, with small quantities of oil produced in the 19th and 20th centuries from the Port au Port
Peninsula and Parsons Pond areas [1]. Recent exploration indicates the presence of active petroleum
systems in Cambro-Ordovician strata, with source rocks located in the allochthon (e.g., organic-rich
mudstones in the Green Point Formation) and carbonate reservoirs in the Lower Ordovician St. George
Group of the autochthon [2]. However, there have been no previous studies investigating the relative
timing of petroleum migration and potential migration pathways. In addition, it is unclear whether
oil and gas represent a single phase petroleum migration event or multiple migration events from
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multiple sources. An understanding of syn- and post-diagenetic petroleum and aqueous fluid flow
has important implications for new exploration strategies.
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Figure 1. Simplified map of the geology of western Newfoundland, showing the location of Parsons 
Pond, adapted from [3]. Inset map showing detailed geology of Parsons Pond area, with locations of 
exploration wells, adapted from [4]. 
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petroleum charge history (e.g., [6–12]).  

In this study, we present data from fluid inclusion petrography and microthermometry of 
petroleum, gas-bearing, and aqueous inclusions in drillcore and cuttings samples from the Parsons 
Pond area. In addition, ultraviolet fluorescence microspectroscopy of inclusion oils is conducted to 
determine whether there are variations in the composition of inclusion oils. The combined results 
are used to determine the nature and relative timing of oil and gas migration events at Parsons Pond. 

2. Geological Setting 

Late Precambrian rifting and younger Early Paleozoic spreading of what was then the southern 
margin of Laurentia (and now eastern North America) created accommodation space for several 
thousand metres of shallow and deep marine clastic and carbonate strata. These largely flat-lying 
beds, collectively identified as the St. Lawrence Platform, are now separated and divided according 
to their position along the Appalachian tectonic front. Deformed and broken strata laying east and 
south of this structural boundary are now referenced as forming part of the outer domain of the 
Humber Zone (Figure 1), and the westernmost part of the five tectonostratigraphic terranes that 
form the Appalachians [13].  

The Humber Zone is a broad terrane along the western edge of the Appalachian orogenic belt, 
where mostly Cambro-Ordovician sedimentary rocks record the evolution and destruction of the 
Laurentian continental margin from about 610 to 390 Ma [2,14–17]. Progressively deformed 
autochthonous and mostly sedimentary strata (Figure 2) generally represent relatively shallow, 

Figure 1. Simplified map of the geology of western Newfoundland, showing the location of Parsons
Pond, adapted from [3]. Inset map showing detailed geology of Parsons Pond area, with locations of
exploration wells, adapted from [4].

Fluid inclusions represent micro-scale samples of fluids, trapped during the evolution of
sedimentary basins, and can be used to identify the composition of fluids associated with diagenetic
and post-diagenetic fluid processes [5]. In petroleum systems, fluid inclusion data have been widely
used to define hydrocarbon migration and charge histories, especially where there is a complex
petroleum charge history (e.g., [6–12]).

In this study, we present data from fluid inclusion petrography and microthermometry of
petroleum, gas-bearing, and aqueous inclusions in drillcore and cuttings samples from the Parsons
Pond area. In addition, ultraviolet fluorescence microspectroscopy of inclusion oils is conducted to
determine whether there are variations in the composition of inclusion oils. The combined results are
used to determine the nature and relative timing of oil and gas migration events at Parsons Pond.

2. Geological Setting

Late Precambrian rifting and younger Early Paleozoic spreading of what was then the southern
margin of Laurentia (and now eastern North America) created accommodation space for several
thousand metres of shallow and deep marine clastic and carbonate strata. These largely flat-lying
beds, collectively identified as the St. Lawrence Platform, are now separated and divided according
to their position along the Appalachian tectonic front. Deformed and broken strata laying east and
south of this structural boundary are now referenced as forming part of the outer domain of the
Humber Zone (Figure 1), and the westernmost part of the five tectonostratigraphic terranes that form
the Appalachians [13].
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The Humber Zone is a broad terrane along the western edge of the Appalachian orogenic
belt, where mostly Cambro-Ordovician sedimentary rocks record the evolution and destruction of
the Laurentian continental margin from about 610 to 390 Ma [2,14–17]. Progressively deformed
autochthonous and mostly sedimentary strata (Figure 2) generally represent relatively shallow,
nearshore depositional environments. In contrast, now significantly deformed allochthonous strata,
deposited in deep distal shelf, slope and rise settings, originated some distance to the east. During the
Taconic Orogeny from ca. 495–450 Ma [18], the allochthonous strata and associated Lower Ordovician
ophiolite complexes (e.g., Bay of Islands complex), were thrust up to 100 km west and over the
autochthonous rocks [19].
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Figure 2. Modified and simplified regional tectonostratigraphy and correlations for Lower Paleozoic
sedimentary rocks in the western Newfoundland (adapted from [20]).

2.1. Lower Cambrian to Middle Ordovician Autochthonous Sequence

In western Newfoundland, significant late Proterozoic and early Cambrian [16] rifting, associated
with the opening of the Iapetus Ocean, is first recorded as late Proterozoic, fault-bounded, terrestrial
clastic and volcanic rocks of the lower Labrador Group. Later, in the early and middle Cambrian, these
beds were unconformably overlain by <1 km of coarse and fine clastic rocks of the upper Labrador
Group and a thick (~1.5 km) middle Cambrian to lower Ordovician carbonate platform succession
(Port au Port and St George groups), deposited on what was by then a passive continental margin
along the southern coast of Laurentia [14]. The middle to late Cambrian Port au Port Group is a narrow,
high-energy carbonate platform that slowly developed into the wide, low-energy carbonate platform
of the early to middle Ordovician St. George Group [14].

The St. George Group forms a sequence of subtidal and peritidal limestones and dolostones
deposited, in ascending order, as the Watts Bight, Boat Harbour, Catoche and Aguathuna formations.
This group has been mapped throughout western Newfoundland [21] and is extensively dolomitized
in many areas [22]. A regional unconformity, the St. George Unconformity, marks the top of the
St. George Group and defines a shift from a passive margin to a foreland basin at the beginning of the
Taconic orogeny [23]. Shallow to deep subtidal carbonates and mudstones of the Table Head Group
were deposited in this foreland basin [15], and were subsequently buried beneath muddy flysch of the
Goose Tickle Group [14].
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2.2. Lower Cambrian to Middle Ordovician Allochthonous Sequence

In western Newfoundland, the Lower Cambrian to Middle Ordovician allochthons represents a
sequence of slope and basin sediments and ophiolites transported and thrust over the autochthonous
succession. There are two main allochthons in western Newfoundland, the smaller Hare Bay
Allochthon in the north and the larger Humber Arm Allochthon (HAA) in our study area to the
south (Figure 1).

The base of the HAA can be observed south of our study area where it crops out as a deep water
sedimentary succession of Early Cambrian clastics and turbidites. Locally known as the Curling
Group, these beds are considered to be the distal equivalent of the shallow marine autochthonous
rocks of the Labrador Group [24,25]. Curling Group strata are overlain by Middle Cambrian to Middle
Ordovician sedimentary rocks of the Northern Head Group in the south [26], and the correlative Cow
Head Group in the north [24]. The Cow Head Group is subdivided into two distinct end members, the
Shallow Bay and Green Point formations [24]. In reference to the carbonate platform of the autochthon,
the more proximal Shallow Bay Formation consists of transported coarse limestone conglomerates,
calcarenites and thinly bedded limestones. The more distal Green Point Formation dominantly consists
of undifferentiated mudstones with less common organically enriched mudstone, and minor, thin
conglomerate, calcarenite, and lithic arenite beds. Due to the complex shifting of facies through time
and the subsequent tectonic deformation, most measured sections comprise mixed successions of the
two end members, carbonate and mudstone [24,27].

The Middle Ordovician Lower Head Formation unconformably overlies the Cow Head Group
and was deposited during the early stages of foreland basin development and Taconic deformation [28].
The Lower Head Formation is highly variable in character, but mainly consists of medium- to
coarse-grained sandstones with lesser conglomerate and mudstone units [28]. In the south, where it
overlies the Northern Head Group, the Lower Head Formation is called the Eagle Island Formation [26].
In this locality, this Taconic flysch carries the same graptolite assemblage as that found in the uppermost
Middle Arm Point [26].

2.3. Parsons Pond Geology

The surface geology in the Parsons Pond area is dominated by thrust-bounded imbricate sheets of
Lower Head Formation and Cow Head Group strata. These allochthonous rocks were first carried
west over autochthonous platform during the Taconic orogeny. Later in their history, suites of east
verging post-Taconic thrusts (e.g., the Parsons Pond thrust), are thought to have been reactivated and
inverted [29].

Organic geochemical studies of oils and strata, mineralogy, fission tracks, and fossils [30–32] offer
substantial evidence to show that some organic Green Point Formation mudstones can be rich Type 1
and 2 source rocks with as much as 10% TOC and with oils enriched with cyanobacterial biomarkers
that correspond with some of the abundant the fossil acritarchs in these beds. The Green Point strata are
the most likely source of petroleum in the Parsons Pond area. Furthermore, the maturation indicators
from fossils in outcrops show the mudstones are marginally mature to mature [33], and additional
mature and overmature strata may occur at depth. A number of potential oil and gas bearing reservoir
rocks have been suggested to exist in the Parsons Pond area [1], including porous sandstones of the
Lower Head Formation. However, Knuckle [34] suggested that these sandstones commonly have such
poor porosity and permeability that natural fracture-enhanced porosity would be required to account
for any historical production. Other potential reservoir rocks include dolomitized carbonate sands of
the Cow Head Formation and porous dolomite and clastic formations in underlying autochthonous
rocks, similar to the potential reservoir rocks identified on the Port au Port Peninsula [2].

In 2004, Contact Exploration Inc. drilled the Parsons Pond #1 well about 5 km southeast of the
town of Parsons Pond (Figure 1). The well was drilled into the allochthonous cover rocks (Lower
Head Formation and Cow Head Group) with core recovered from 111 to 1062 m (Figure 3); full drill
logs and drilling details are available in [35]. The Lower Head Formation, as logged from 111 to
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635 m, predominantly consists of fine- to coarse-grained sandstone with well-developed calcite cement.
The sandstone is generally tight but with minor sections containing up to 12% intergranular porosity
and gas shows (up to 3.94% total gas; [35]) associated with more fractured zones. The Lower Head
Formation unconformably overlies the Cow Head Group, the base of which is not intercepted in
this well. The Cow Head strata from 635 to 755 m are mudstones and dolomitic mudstones with
minor limestone horizons (possible Green Point Formation). This is followed by 307 m of rhythmically
bedded limestone, with local conglomeritic limestone horizons (possible Shallow Bay Formation).
The limestone horizons (rhythmically bedded and conglomeritic) are commonly crosscut by thin
(generally 1–2 mm) calcite veinlets, with oil and gas shows recorded in the most intensely faulted and
fractured sections [35].
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Figure 3. Simplified stratigraphic logs for exploration wells in the Parsons Pond area, showing the
location of drillcore and cuttings samples used in this study (location of wells shown in Figure 1).
(A) Stratigraphic log for Nalcor et al. Finnegan (northern well); (B) Stratigraphic logs for Nalcor et al.
Seamus and Parsons Pond #1 (southern wells). Stratigraphy adapted from [35–37].

In 2010 Nalcor Energy drilled two exploration wells in the Parsons Pond area. Nalcor et al.
Seamus is located close to the Parsons Pond #1 well and Nalcor et al. Finnegan is located ~10 km
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northeast of Parson’s Pond (Figure 1). These wells reached depths of 3130 and 3160 m, respectively,
and were the first wells at Parsons Pond to penetrate the allochthonous cover rocks and reach potential
reservoir rocks in the autochthonous sequence below (Figure 3). They were drilled into spate thrush
sheets making correlations between the allochthonous strata in each well impossible. Full drill logs
and drilling details are available for Nalcor et al. Seamus at [36] and for Nalcor et al. Finnegan at [37].

Nalcor et al. Seamus encountered Lower Head sandstones to 635 m, and Cow Head Group
mudstones and limestones from 635 to 1529 m. From 1529 to 2227 m, a sequence of limestones,
mudstones and sandstones of unknown affinity were encountered. Nalcor et al. Finnegan encountered
Cow Head Group limestones and mudstones to 1005 m, followed by limestones, mudstones and
sandstones of unknown affinity from 1005 to 1837 m. These unknown sedimentary sequences
are interpreted to represent Eagle Island and Yellow Point formation rocks [36] or undifferentiated
allochthonous sediments [37], and further work is required to determine their relationships with other
allochthonous strata in western Newfoundland. A faulted contact with the underlying autochthonous
sediments is assumed based on seismic sections [36,37], and the autochthonous shelf rocks in both
wells record a full sequence from the Goose Tickle to the Port au Port groups (Figure 3).

Numerous gas shows with up to 64.89% total gas were recorded in both allochthonous and
autochthonous strata [36,37]. Higher total gas values are generally associated with fractured host rocks
and/or major faults and stratigraphic contacts (Figure 3). Minor gas shows are also reported from
St. George Group carbonates.

3. Sampling and Methodology

A total of 15 drill core samples from the Parsons Pond #1 well and 43 cutting samples from Nalcor
et al. Seamus and Nalcor et al. Finnegan were collected for fluid inclusion analysis (Table 1, Figure 3).
These samples represent all major allochthonous and autochthonous units in the Parson’s Pond area,
with special emphasis on samples from horizons containing elevated gas shows. Doubly polished
wafers for fluid inclusion analysis were prepared from core samples. Suitable grains (generally 1–5 mm
in size) for fluid inclusion analysis (e.g., calcite and quartz vein material, well cemented sandstone,
late-stage hydrothermal dolomite and calcite rhombs) were hand-picked from cuttings, mounted on
glass slides and polished for analysis.

Table 1. Sample locations and brief lithological descriptions from Parsons Pond #1 well (prefix CE),
Nalcor et al. Seamus (prefix S) and Nalcor et al. Finnegan (prefix F).

Sample Name Sample Type Formation/Group Sample
Depth (m) Lithology Host Minerals of Analysed Fluid Inclusions

CE368.4 Core Lower Head 368.4 Sst Calcite vein

CE415.2 Core Lower Head 415.2 Sst Calcite vein

CE569.7 Core Lower Head 569.7 Sst Quartz–calcite vein

CE570.3 Core Lower Head 570.3 Sst Quartz–calcite vein, authigenic quartz cement

CE588.9 Core Lower Head 588.9 Sst Quartz–calcite vein, authigenic quartz cement

CE605.3 Core Lower Head 605.3 Sst Quartz–calcite vein, authigenic quartz cement

CE607.4 Core Lower Head 607.4 Sh Quartz–calcite vein

CE917.4 Core Cow Head 917.4 Vein Calcite vein

CE918.2 Core Cow Head 918.2 Vein Calcite vein

CE922.7 Core Cow Head 922.7 Lst Two generations of calcite vein

CE927.2 Core Cow Head 927.2 Vein Calcite vein

CE949.2 Core Cow Head 949.2 Lst/Sh Calcite vein

CE950.4 Core Cow Head 950.4 Lst/Sh Calcite vein

CE955.5 Core Cow Head 955.5 Lst/Sh Calcite vein

CE1054.2 Core Cow Head 1054.2 Lst Calcite vein

F765 Cuttings Cow Head 760–765 Lst/sh Calcite vein
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Table 1. Cont.

Sample Name Sample Type Formation/Group Sample
Depth (m) Lithology Host Minerals of Analysed Fluid Inclusions

F800 Cuttings Cow Head 790–800 Lst/sh Quartz–calcite vein

F990 Cuttings Cow Head 985–995 Lst Calcite vein

F1145 Cuttings Lower Head 1145–1150 Sst Calcite vein

F1165 Cuttings Lower Head 1160–1165 Sst Authigenic quartz cement

F1495 Cuttings Lower Head 1490–1495 Sst Calcite vein

F1530 Cuttings Lower Head 1520–1530 Sst Quartz vein

F1800 Cuttings Lower Head 1795–1800 Sst Quartz vein

F1885 Cuttings Lower Head 1875–1885 Sh Quartz–calcite vein

F1970 Cuttings Goose Tickle 1965–1970 Sst Quartz vein, authigenic quartz cement

F2045 Cuttings Goose Tickle 2040–2045 Sst Authigenic quartz cement

F2060 Cuttings Goose Tickle 2055–2065 Sst Quartz–calcite vein

F2065 Cuttings Goose Tickle 2055–2065 Sst Calcite vein

F2135 Cuttings Goose Tickle 2130–2135 Sst Calcite vein, authigenic quartz cement

F2225 Cuttings Goose Tickle 2220–2225 Sst Calcite vein, authigenic quartz cement

F2480 Cuttings Aguathuna 2475–2480 Lst/dol Hydrothermal dolomite, calcite vein

F2575 Cuttings Catoche 2565–2575 Lst/dol Hydrothermal dolomite

F2615 Cuttings Catoche 2605–2615 Lst/dol Hydrothermal dolomite

F2755 Cuttings Watts Bight 2750–2755 Lst/dol Hydrothermal dolomite

F2790 Cuttings Watts Bight 2785–2790 Dol Hydrothermal dolomite

F2915 Cuttings Berry Head 2910–2915 Dol Hydrothermal dolomite

S715 Cuttings Cow Head 710–715 Lst Calcite vein

S720 Cuttings Cow Head 715–720 Lst Calcite vein

S810 Cuttings Cow Head 805–810 Lst Calcite vein

S940 Cuttings Cow Head 935–940 Lst Calcite vein

S1050 Cuttings Cow Head 1045–1050 Lst Calcite vein

S1105 Cuttings Cow Head 1100–1105 Lst/dol Calcite vein

S1320 Cuttings Cow Head 1315–1320 Sst Calcite vein

S1420 Cuttings Cow Head 1415–1420 Lst Calcite vein

S1860 Cuttings Lower Head 1855–1860 Sst Authigenic quartz cement

S1885 Cuttings Lower Head 1880–1885 Sst Quartz–calcite vein

S2005 Cuttings Lower Head 2000–2005 Lst Quartz–calcite vein

S2140 Cuttings Lower Head 2135–2140 Lst Calcite vein

S2295 Cuttings Goose Tickle 2290–2295 Sst Calcite vein

S2505 Cuttings Goose Tickle 2500–2505 Sst Quartz–calcite vein

S2595 Cuttings Table Point 2590–2595 Lst Calcite vein

S2605 Cuttings Table Point 2600–2605 Lst Calcite vein

S2775 Cuttings Aguathuna 2770–2775 Dol Quartz vein, hydrothermal dolomite

S2865 Cuttings Catoche 2860–2865 Dol Hydrothermal dolomite

S2895 Cuttings Catoche 2890–2895 Dol Hydrothermal dolomite

S3085 Cuttings Watts Bight 3080–3085 Dol Hydrothermal dolomite

S3120 Cuttings Watts Bight 3115–3120 Dol Hydrothermal dolomite

S3150 Cuttings Berry Head 3145–3150 Dol Hydrothermal dolomite

All analytical work was carried out at the Core Research Equipment and Instrument Training
Network (CREAIT) Fluid Inclusions Facility, Memorial University of Newfoundland. Petrographic
studies established a fluid inclusion classification scheme for aqueous, petroleum-bearing and
gas-bearing fluid inclusions (>2 µm in size). The fluid inclusion petrographic study adopted the
concept of fluid inclusion assemblages (FIA) described by Goldstein [38]—An approach that places
fluid inclusions into assemblages interpreted to have been trapped at approximately the same time.
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Textural relationships between inclusions and the host mineral are therein used to constrain the relative
timing of fluid migration.

Fluid inclusion microthermometry was conducted using a Linkam THMSG600 heating freezing
stage (Surrey, UK). Calibration was carried out using synthetic H2O and CO2 standards; precision of
±0.2 ◦C at –56.6 ◦C and ±0.5 ◦C at 300 ◦C. Homogenization temperatures (Th) were recorded from
aqueous, petroleum and gas fluid inclusions. All Th values of inclusions in a single FIA vary by
<10 ◦C, which indicates that these inclusions have not re-equilibrated post-entrapment (e.g., stretching,
leaking) Eutectic temperatures (temperature of first ice melting) were recorded in some Type 2 and
3 inclusions (described below), and later used to estimate the composition of aqueous inclusions.
In addition, fluid salinities (equivalent weight % NaCl; eq. wt % NaCl) in aqueous inclusions were
calculated using temperatures of last ice melting (Tmice), according to the equation of [39].

The presence of petroleum bearing fluid inclusions was determined using an Olympus BX51
microscope (Tokyo, Japan) attached to the Linkam THMSG600 heating freezing stage illuminated with
both visible and ultraviolet (UV) light sources. The UV excitation was approximately 365 nm with a
420 nm epi-fluorescence barrier. The fluorescence colour of petroleum fluids under UV light can be
related to API gravity [40,41], although variations in fluorescence colours may also related to other
processes such as water washing and fractionation during migration [42] or source rocks [43].

UV microfluorescence spectroscopy can be used to better determine the composition and API
gravity of the fluids, and to discriminate between separate populations of petroleum fluid inclusions,
as it provides a more detailed evaluation of the fluorescence characteristics of petroleum fluids at a
range of wavelengths [11,12,44–46]. The fluorescence spectra for inclusion oils were measured with a
CRAIC QDI 202Tm Microspectrophotometer (San Dimas, CA, USA), according to the methodology
outlined by [46]. In order to discriminate between different oil types, the maximum intensity of peaks
(λmax) and the relative intensity at 650 and 500 nm (QR/G; [44]) and at 500 and 430 nm (QG/B; [45])
were calculated for petroleum-bearing fluid inclusions.

4. Results

4.1. Fluid Inclusion Petrography and Microthermometry

Fluid inclusions were recorded in authigenic quartz cements in sandstones (allochthonous and
autochthonous strata), veins which crosscut all lithologies allochthonous and autochthonous strata)
and in hydrothermal dolomite cements (autochthonous strata only). The veins are predominantly
composed of calcite and quartz, and the dominant mineralogy is controlled by the host rock (calcite
veins in limestone and shale unites, quartz and quartz–calcite veins in sandstone units). Detailed
analysis of drillcore have only recognised crosscutting veins in a single sample (CE922.7), where an
early calcite veinlet is crosscut by a later calcite vein.

FIA are recorded in a variety of settings, including clusters of inclusions and inclusions in
trails parallel to and not crosscutting grain boundaries (primary, pseudosecondary) and trails of
inclusions along annealed fractures crosscutting grain boundaries (secondary). Where possible,
microthermometric measurements were made on FIA of demonstrably primary and pseudosecondary
origin. However, grain boundaries were not observed in some vein fragments in cutting samples and
therefore it was not possible to determine the precise paragenesis of these inclusions. Numerous FIA
were also recorded in detrital quartz grains in sandstone horizons. These FIA likely represent inherited
fluid signatures (from the source of the quartz sand grains), and were not included in this study.

Six main fluid inclusion types were identified from their optical characteristics at room
temperature and their phase behaviour on cooling (Table 2). In the case of Type 3 (petroleum
bearing) inclusions, their identity was determined using UV microscopy. Fluid inclusions in all
samples display a range of morphologies from ellipsoidal to irregular shapes, and rare negative crystal
shapes. Microthermometric analysis shows that there is no systematic variations based on host mineral
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(calcite, quartz or dolomite), indicating that these inclusions did not re-equilibrate by post-entrapment
processes such as stretching.

4.1.1. Type 1 Inclusions

Type 1 inclusions are monophase (liquid only), non-fluorescent aqueous inclusions (Figure 4a)
observed in authigenic calcite and quartz cements in nine samples from the Lower Head Formation,
the allochthonous sandstones of unknown affinity, and the Goose Tickle Formation (Table 3). No
microthermometric measurements were carried out on Type 1 inclusions, but their presence indicates
that cements probably formed at low temperatures (<50 ◦C) [5].

Table 2. Characteristics of fluid inclusion types.

FI Type Composition Phases (Room
Temperature) Host Minerals Paragenesis

1 H2O ± NaCl ± other salts L Authigenic quartz cement Syn-cementation

2 H2O + NaCl ± KCl ± CH4 ± CO2 L + V Calcite and quartz veins
(multiple generations) Post-cementation

3 H2O + NaCl + CaCl2 L + V Hydrothermal dolomite Post-cementation

4 Petroleum L, L + V Calcite and quartz veins
(multiple generations) Post-cementation

5 CH4 ± CO2, C2H6, C3H8, other gases L
Calcite and quartz veins (multiple
generations), authigenic cement

(single sample)

Predominantly
post-cementation

6 Petroleum (wet gas) L Calcite and quartz veins
(multiple generations) Post-cementation

Table 3. Distribution, relative abundance and microthermometric data from fluid inclusions in samples
from Parsons Pond. xxx = abundant. xx = common. x = rare.

Sample FI Type Abundance n
Th (◦C) Salinity (wt % NaCl)

mean stdev mean stdev

CE368.4 2 xxx 17 97.6 7.2 7.3 0.8

CE415.2 2 xxx 24 105.6 7.4 7.5 0.4

CE569.7 4 x n/a

CE570.3

1 x n/a

2 x n/a

4 xxx 14 88.6 2.8 n/a

CE588.9
1 x n/a

2 xx n/a

CE605.3
1 x n/a

2 xx 9 103.9 6.8 8.0 0.5

CE607.4 2 xxx 15 94.4 12.5 15.3 0.5

CE917.4

2 xxx 23 96.5 6.8 9.1 0.7

4 xx 10 60.2 6.7 n/a

5 xxx 9 −66.6 1.6 n/a

CE918.2
2 xxx 15 99.6 9.2 n/a

5 xxx 13 −68.1 3.0 n/a

CE922.7

2 xxx 10 102.8 16.5 9.3 0.4

4 (early) xx 9 38.5 3.9 n/a

4 (late) xx 6 70.7 8.7 n/a

5 xxx 6 −72.6 3.0 n/a

CE927.2
2 xx 10 98.2 12.4 9.0 0.5

4 xxx 26 54.3 2.5 n/a

CE949.2

4 xx 22 52.1 10.7 n/a

5 x 2 −73.9 1.2 n/a

6 xx 31 1.3 13.5 n/a
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Table 3. Cont.

Sample FI Type Abundance n
Th (◦C) Salinity (wt % NaCl)

mean stdev mean stdev

CE950.4
2 xx 4 73.8 6.0 n/a

4 x 4 111.7 7.4 n/a

CE955.5
2 x 11 84.9 12.4 13.0 0.4

4 xxx 23 71.1 12.6 n/a

CE1054.2 4 xx n/a

S715 2 x n/a

S720 2 x n/a

S810
4 xx 5 98.0 2.4 n/a

6 xx 2 −4.0 2.8 n/a

S940
2 x n/a

4 xx 4 40.0 1.0 n/a

S1050
2 xx 3 146.3 3.7 n/a

5 xx 6 −74.7 1.4 n/a

S1105
4 xx 10 41.3 18.4 n/a

6 xx 6 −13.6 5.3 n/a

S1320
2 xx n/a

4 xx n/a

S1420
2 xx 8 131.7 22.3 8.1 1.4

5 xx 8 −64.7 4.8 n/a

S1860 1 n/a

S1885 2 xx n/a

S2005 5 xxx 24 −72.9 11.8 n/a

S2140 4 xx 7 35.2 1.4 n/a

S2295
2 xx 5 184.0 2.9 7.2 0.3

5 xx 14 −92.2 4.6 n/a

S2505 5 xx 18 −94.7 5.2 n/a

S2595
2 x 5 124.6 4.6 n/a

5 xx 21 −95.8 4.8 n/a

S2605 5 x 5 −71.8 2.8 n/a

S2775
3 x n/a

5 X 4 −84.4 0.8 n/a

S2865 3 xx n/a

S2895 3 xx n/a

S3085 3 xx 4 129.0 3.6 n/a

S3120 3 xx 4 160.5 3.2 n/a

S3150 3 xx n/a

F765 2 x n/a

F800 4 xx n/a

F990 4 xx 15 14.8 10.8 n/a

F1145 2 xx 4 115.0 4.6 3.0 0.1

F1165 1 x n/a

F1495 5 xx 10 −53.8 1.2 n/a

F1530
2 xx 4 193.8 5.7 n/a

5 xx 8 −84.3 5.6 n/a

F1800
2 xx 3 207.0 0.5 1.8 0.1

5 xx 15 −79.9 9.4 n/a

F1885
2 xx 6 219.7 3.0 2.4 0.2

5 xxx 20 −84.2 4.2 n/a

F1970
1 x n/a

5 xxx 16 −90.9 4.0 n/a
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Table 3. Cont.

Sample FI Type Abundance n
Th (◦C) Salinity (wt % NaCl)

mean stdev mean stdev

F2045 1 x n/a

F2060
2 xx 5 207.3 24.2 3.4 0.4

5 xxx 27 −88.6 5.1 n/a

F2065
2 xx 6 236.8 31.8 3.1 0.9

5 xx 8 −90.9 2.9 n/a

F2135
1 x n/a

5 x 5 −89.8 1.3 n/a

F2225
1 x n/a

5 xx 19 −83.5 12.4 n/a

F2480
3 x n/a

5 x n/a

F2615 3 x n/a

F2755 3 xx 12 144.8 3.3 29.2 0.5

F2790 3 xx n/a

F2915 3 x n/a

Minerals 2016, 6, x FOR PEER REVIEW 11 of 20 

 

Table 3. Cont. 

Sample FI Type Abundance n 
Th (°C) Salinity (wt% NaCl) 

mean stdev mean stdev 

F2135 
1 x n/a 
5 x 5 −89.8 1.3 n/a 

F2225 
1 x n/a 
5 xx 19 −83.5 12.4 n/a 

F2480 
3 x n/a 
5 x n/a 

F2615 3 x n/a 
F2755 3 xx 12 144.8 3.3 29.2 0.5 
F2790 3 xx n/a 
F2915 3 x n/a 

 
Figure 4. Photomicrographs of fluid inclusion types. (a) Small, monophase liquid Type 1 inclusions 
in C1 calcite cement (sample CE570.3); (b) two-phase aqueous Type 2 inclusions in C2 calcite vein 
material (sample F1530); (c) cluster of two-phase Type 3 inclusion in dolomite crystal (sample F2755); 
(d) two-phase petroleum bearing Type 4 inclusions in C2 calcite vein material (sample CE949.2); (e) 
same view as (d); but in ultraviolet light showing blue fluorescence of Type 4 inclusions; (f) Two 
generations of calcite veining in sample CE927.2; (g) same view as (f); but in ultraviolet light showing 
blue-green fluorescence of Type 4b inclusions in early veinlet and blue fluorescence of Type 4c 
inclusions in later calcite vein; (h) calcite-hosted Type 5 inclusions at room temperature in sample 
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4.1.2. Type 2 Inclusions 

Type 2 inclusions are two-phase (liquid + vapour) aqueous inclusions hosted in both quartz and 
calcite veinlets (Figure 4b). They have degrees of fill ((volume of liquid)/(volume of liquid + vapour)) 
between ~0.90 and 0.99. Type 2 inclusions were recorded in 29 samples (Table 3), and accurate 

Figure 4. Photomicrographs of fluid inclusion types. (a) Small, monophase liquid Type 1 inclusions
in C1 calcite cement (sample CE570.3); (b) two-phase aqueous Type 2 inclusions in C2 calcite vein
material (sample F1530); (c) cluster of two-phase Type 3 inclusion in dolomite crystal (sample F2755);
(d) two-phase petroleum bearing Type 4 inclusions in C2 calcite vein material (sample CE949.2); (e) same
view as (d); but in ultraviolet light showing blue fluorescence of Type 4 inclusions; (f) Two generations
of calcite veining in sample CE927.2; (g) same view as (f); but in ultraviolet light showing blue-green
fluorescence of Type 4b inclusions in early veinlet and blue fluorescence of Type 4c inclusions in later
calcite vein; (h) calcite-hosted Type 5 inclusions at room temperature in sample F1800; (i) same view as
(h) but at −120 ◦C, showing a large vapour bubble; (j) large, quartz-hosted Type 5 inclusions at room
temperature in sample S2005; (k) same view as (j) at −120 ◦C, showing a large vapour bubble.

4.1.2. Type 2 Inclusions

Type 2 inclusions are two-phase (liquid + vapour) aqueous inclusions hosted in both quartz
and calcite veinlets (Figure 4b). They have degrees of fill ((volume of liquid)/(volume of liquid +



Minerals 2017, 7, 39 12 of 20

vapour)) between ~0.90 and 0.99. Type 2 inclusions were recorded in 29 samples (Table 3), and accurate
microthermometric analyses were only possible on 20 samples due to poor sample clarity and small
size (<3 µm) of some inclusions.

Upon cooling, Type 2 inclusions freeze below −50 ◦C. First ice melting temperatures were
observed at −22.9 ± 1.0 ◦C, indicating a H2O + NaCl ± KCl composition. Type 2 inclusions from
the southern wells (Parsons Pond #1 and Nalcor et al. Seamus) generally have higher salinities
(8.9 ± 1.9 eq. wt % NaCl) and lower homogenization temperatures (105 ± 21.5 ◦C) than inclusions in
calcite and quartz veinlets from Nalcor et al. Finnegan (1.65 ± 0.42 eq. wt % NaCl; 204.3 ± 39.1 ◦C)
(Figure 5). In addition, some Type 2 inclusions from Nalcor et al. Finnegan display clathrate melting at
temperatures >0 ◦C, consistent with the presence of dissolved CH4 ± CO2 in the aqueous fluids.
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4.1.3. Type 3 Inclusions

Type 3 inclusions in eight samples from the St. George and Port au Port group carbonates are
two-phase aqueous inclusions hosted by dolomite and calcite (Table 3; Figure 4c). These inclusions are
small (<5 µm), and microthermometric measurements were only possible in three samples. Type 3
inclusions freeze at temperatures of <−70 ◦C and form a characteristic brown ice. First ice melting
occurs at ~−50 ◦C, indicating that these fluids are CaCl2-rich brines. Tmice values were recorded in
one sample (F2755) and were used to calculate fluid salinities of 29.2 ± 0.5 eq. wt % NaCl (Figure 5).
Homogenization temperatures of Type 3 inclusions range from 124.6 to 164.9 ◦C (Figures 5 and 6).

4.1.4. Type 4 Inclusions

Type 4 inclusions are petroleum-bearing fluid inclusions found in calcite and quartz vein material
from 15 samples (Table 3). They range in size from <2 to >50 µm, and include both two-phase
(L + V petroleum) and monophase liquid inclusions with a vapour bubble nucleating in some Type 4
inclusions upon slight cooling. The liquid phase in Type 4 inclusions is typically clear or light brown
in transmitted ordinary light and, with light blue to green fluorescence colours under UV light
(Figure 4d,e), indicating a range of petroleum compositions [41]. Fluid inclusion homogenization
temperatures range from between 2.9 and 111.3 ◦C (Figure 6). However, homogenization temperatures
within individual FIA vary by <10 ◦C, and the wide range of homogenization temperatures likely
reflects compositional variations rather than variations in true trapping temperatures).

In sample CE922.7 two generations of calcite veining were observed, with Type 4 inclusions in both
vein generations (Figure 4f,g). Type 4 inclusions in early and late calcite have different homogenization
temperatures (Table 1) and fluorescent colours consistent with multiple petroleum charge events.
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4.1.5. Type 6 Inclusions

Type 6 inclusions, only observed in three samples from the southern wells (CE949.2, S810 and
S1105; Table 3), are classified as “wet gas”. These inclusions have petrographic and microthermometric
characteristics that are intermediate between Type 4 and Type 5 inclusions. They are monophase at
room temperature, with a very weak blue fluorescence. Upon freezing they separate into a liquid and
vapour phase, and show a wide range of homogenization temperatures (−19.8 to 11.4 ◦C).

4.2. Ultraviolet Fluorescence Microspectroscopy

Based on detailed petrography and fluid inclusion microthermometry, samples with Type 4
inclusions were selected for additional ultraviolet fluorescence microspectroscopy to ascertain
additional hydrocarbon properties. A total of 119 Type 4 inclusions and 4 Type 6 inclusions from
16 samples were analysed; nine from the Contact Exploration Inc. Parsons Pond #1 well, five from
the Nalcor et al. Seamus well, , and two from the Nalcor et al. Finnegan well. In some samples, the
Type 4 inclusions contained in the same FIA have a wide range of microspectrographic values, namely,
variations in λmax, QR/G and QG/B. This may reflect pore-scale water washing or in situ biodegradation
of the oils after trapping. Care was taken to avoid Type 4 inclusions containing solid bitumen phases
or with a range of fluorescence colours in the same FIA. In these samples the petroleum composition
may have been modified by other post entrapment processes e.g., gas deasphalting [10]. Based on
λmax, QR/G, QG/B and their spectral shape, the Type 4 inclusions have been separated into three main
populations (Figures 7 and 8 and Table 4).
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Figure 7. Ultraviolet fluorescence spectra for Type 4a, 4b and 4c inclusions. Solid black line represents
an average spectrum, grey shaded area represents standard deviation. Bottom right diagram displays
averages for all three inclusions types, showing progressive shift of intensity to lower wavelengths
from Type 4a to Type 4c inclusions.
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Table 4. Fluorescence data (λmax, Q650/500 and Q510/430) and calculated API gravity from Type 4 and
Type 6 inclusions. Refer to Table 1 for sample depths and formations.

Sample Type
Lmax (nm) QG/B QR/G API Gravity 1,2

Mean stdev Mean stdev Mean stdev Mean stdev

CE569.7 4a 493.4 0.6 1.92 0.14 0.13 0.01 37.2 0.7
CE570.3 4a 493.6 0.8 2.25 0.12 0.14 0.02 36.7 1.3

F800 4a 493.7 0.0 2.00 0.17 0.14 0.00 36.5 0.2
S810 4a 492.7 0.7 1.73 0.01 0.12 0.01 37.8 0.6
S940 4a 490.7 1.1 1.52 0.19 0.14 0.02 36.7 1.1

CE1054.2 4b 491.5 0.8 1.69 0.28 0.04 0.01 41.5 0.5
CE922.7 (early) 4b 490.4 0.4 1.37 0.10 0.04 0.00 41.9 0.2

CE949.2 4b 490.4 0.6 1.35 0.22 0.04 0.01 41.8 0.4
CE950.4 4b 491.0 0.9 1.70 0.45 0.04 0.01 41.4 0.4
CE955.5 4b 492.2 0.9 2.10 0.38 0.04 0.01 41.6 0.4

F990 4b 490.8 0.7 1.38 0.19 0.08 0.01 39.8 0.5
S1105 4b 492.1 0.1 1.99 0.17 0.07 0.01 40.2 0.3
S1320 4b 492.2 0.2 2.08 0.18 0.06 0.01 40.5 0.5
S2140 4b 490.6 0.2 1.48 0.05 0.07 0.01 40.2 0.5

CE917.4 4c 452.6 23.7 0.80 0.12 0.05 0.03 46.5 2.9
CE922.7 (late) 4c 447.5 20.7 0.80 0.11 0.05 0.01 46.2 2.5

CE927.2 4c 450.1 22.3 0.73 0.08 0.03 0.00 48.0 1.8
CE949.2 4c 478.1 22.2 0.82 0.08 0.03 0.01 45.9 1.9

S940 4c 437.2 0.2 0.60 0.04 0.10 0.04 51.1 1.0
CE949.2 6 436.8 0.2 0.50 0.05 0.05 0.01 53.5 1.2

1 API for Type 4a and Type 4b inclusions calculated using the equation API = (−52.101 × QR/G) + 43.78 (from [46]);
2 API for Type 4c and Type 6 inclusions calculated using the equation API = (−24.824 × QG/B) + 66.434 (from [12]).

Type 4a: These inclusions have a green-blue fluorescence under UV light, and were recorded in
five samples (Table 4). They are characterized by a pronounced peak (λmax) at 490–495 nm (Figure 7)
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and when plotted on a bivariate plot of QR/G vs. QG/B (Figure 8) these inclusions have relatively high
QR/G (>0.10) and QG/B (>1.5).

Type 4b: Type 4b inclusions were recorded in nine samples (CE922.7, CE949.2, CE950.4, CE955.5,
CE1054.2, F990, S1105, S1320 and S2140). They have a blue fluorescence under UV light and λmax of
490 to 495 nm and relatively high QG/B values (>1). However, Type 4b inclusions have a sharp drop in
intensity above 500nm (Figure 7) which corresponds to QR/G values of <0.10 (Figure 8).

Type 4c: Type 4c inclusions have a light blue fluorescence and were recorded in samples CE917.4,
CE922.7, CE927.7, CE949.2, and S940. Their spectra is characterised by maximum intensity from
430–435 nm or relatively equal intensity peaks at approx. 435 nm and 490 nm (Figure 7). On a bivariate
plot of QR/G vs. QG/B Type 4c inclusions have QG/B values of <1 (Figure 8).

In addition, a cluster of Type 6 inclusions were analysed in sample CE949.2. These inclusions
have a λmax at ~437 nm, with QG/B of 0.50 ± 0.05 (Table 4).

Previous studies have shown that the API gravity of petroleum fluids can be related to their
fluorescence spectra [12,44–46]. Reports by Stasiuk and Snowden [44] and Gillespie et al. [46] correlated
the intensity of fluorescence at 650 and 500 nm (QR/G) to known API values, and the equation of
Gillespie et al. [46] was used here to calculate the API of petroleum fluids in Type 4a and Type 4b
inclusions. However, Bourdet et al. [12] showed that these equations were not suitable for very light
oils or condensates, as the intensity of fluorescence at 650 nm is weak. Therefore the API of petroleum
fluids in Type 4c and Type 6 inclusions was calculated using the equation of Bourdet et al. [12], based
on correlations between the intensity of fluorescence at 510 and 430 nm (QG/B) to API. The results of
these calculations are shown in Table 4, and record a progressive increase in API from Type 4a inclusion
(~35 to 39), Type 4b inclusions (~39 to 42), Type 4c inclusions (~44 to 52) to Type 6 inclusions (~52 to 55).
Although these calculations may underestimate the API gravity of the live oils contained in inclusions,
they can give an approximation of API gravity and relative maturity of multiple petroleum generations.

5. Discussion

5.1. Aqueous Fluid Flow and Diagenetic History

Aqueous fluid inclusions provide an insight into the diagenetic and post-diagenetic fluid
history in both allochthonous and autochthonous strata at Parsons Pond. Type 1 fluid inclusions
in authigenic cements in both Lower Head Formation (allochthonous) and Goose Tickle Formation
(autochthonous) sandstones are monophase at room temperature, indicating that cementation occurred
at low temperatures [5], early in their diagenetic history. This is consistent with petrographic and stable
isotope analysis of calcite cements in the Lower Head sandstones [47] and has important implications
for the potential for hydrocarbon migration through these sandstones.

Type 2 inclusions, hosted by calcite and quartz vein material, provide a record of the temperature
and nature of the fluids present during vein formation and any coeval hydrocarbon migration.
These inclusions indicate low to moderate temperature fluids, with NaCl (±KCl) as the dominant salt.
In addition, Type 2 inclusions in samples from the southern wells (Parsons Pond #1 and Nalcor et al.
Seamus) have higher salinities than Type 2 inclusions in samples from Nalcor et al. Finnegan (Figure 5).
Type 2 fluid inclusions likely represent the migration of meteoric or modified meteoric fluids that
migrated through the sediments during deformation and faulting. In general, the homogenization
temperatures recorded for Type 2 inclusions increases with depth (Figure 6), which is consistent with
the migration of deep seated fluids that cooled during their assent, after the emplacement of the
allochthonous thrust stacks.

Type 3 inclusions in dolomite and calcite from the St George and Port au Port group carbonates
represent the trapping of high salinity CaCl2 bearing brines during hydrothermal dolomitization.
Similar basinal brines have also been recorded from hydrothermal dolomites on the Port au Port and
Port au Choix peninsulas [48,49].
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5.2. Hydrocarbon Migration at Parsons Pond

Fluid inclusion analysis of core and cuttings samples from Parsons Pond provides strong evidence
for hydrocarbon (petroleum and gas) migration in all three wells. All petroleum bearing fluid inclusions
(Type 4), wet gas inclusions (Type 6), and the majority of gas inclusions (Type 5) are hosted in quartz
and calcite vein material, and with the exception of sample S2775, no petroleum or gas inclusions have
been recorded in any diagenetic sandstone cements. In addition, gas-bearing inclusions were only
observed in one dolomite sample (F2470) from any of the targeted autochthonous carbonate reservoir
rocks in Nalcor et al. Finnegan and Seamus wells. This suggests that any hydrocarbon migration at
Parsons Pond was dominantly through fracture controlled allochthon rocks and no hydrocarbons
were present during lithification of the sandstones of the Lower Head Formation. The fracture
controlled migration of multiple hydrocarbon fluids is particularly evident in sample CE922.7, where
two generations of calcite veining have been recognised (Figure 4f,g), with low temperature migration
of relatively immature hydrocarbon in early calcite veinlets followed by the migration of more mature
hydrocarbons at higher temperatures in later calcite veins.

Hydrocarbon-bearing fluid inclusions (Types 4–6) also show consistent distributions with depth
(Figure 6). Type 4 inclusions are generally confined to intermediate depths; from 569.7 to 1054 m in
Contact Exploration Inc. Parsons Pond #1, 800 to 990 m in Nalcor et al. Finnegan, and 810 to 1320 m
(plus a single sample at 2140 m) in Nalcor et al. Seamus. Although only gas flow was encountered
during drilling, the presence of abundant petroleum-bearing fluid inclusions in calcite veins and
the historical production of oil from shallow wells in the Parson’s Pond area indicate that these
shallow fractured reservoirs were charged with petroleum during their post-diagenetic history. Calcite
and quartz vein material from deeper depths show abundant evidence for gas migration, but only
rare evidence for petroleum migration. This may be related to increased temperatures with depth,
and suggests that deeper levels are gas-prone with the transition from the oil to the gas window
occurring at approximately 1000–1500 m. The timing of this hydrocarbon migration is unknown, but
the petrographic evidence and wide range of hydrocarbon compositions, from ~33 API petroleum
fluids (Type 4a inclusions) to pure CH4 gas (Type 5 inclusions, [50]), are consistent with a complicated
charge history.

Previous studies have shown that the mudstones of the Green Point Formation (Cow Head
Group) are the most likely source for the petroleum present in the Parsons Pond area [32], while other
potential source rocks include mudstones of the Table Head and Goose Tickle groups in the underlying
autochthonous strata. These mudstones are distributed throughout the allochthonous sequence and it
is likely that hydrocarbons were generated at multiple times during progressive burial and heating.
In addition, evidence of increasing temperature with depth (as recorded by aqueous fluid inclusions)
and the presence of hydrocarbon-bearing fluid inclusions in both the allochthonous and autochthonous
strata indicate that hydrocarbon generation and migration at least in part postdates thrusting of the
allochthonous sediments over the autochthonous platform during the Taconic orogeny.

Fluid inclusion evidence indicates that hydrocarbons were not present in any significant quantity
during dolomitization of the St. George Group carbonates, which are thought to have significant
reservoir potential [2]. This does not, however, mean that these carbonate reservoirs were never
charged with hydrocarbons. Analysis of sucrosic and hydrothermal dolomite from the major exposed
reservoir at Port aux Choix, ~70 km to the north of Nalcor et al. Finnegan, found no evidence of
hydrocarbon charge during dolomitization, and filling of the reservoir postdates porosity enhancement
during dolomitization [48,49]. Current data indicate hydrocarbons were generated from overlying
mudstones, but without evidence of the juxtaposition of these mudstones with potential carbonate
reservoirs it remains unresolved if these reservoirs were ever filled.

6. Conclusions

This study has documented a complex hydrocarbon charge history at Parsons Pond, with
hydrocarbons generated during progressive burial and heating. Early cementation of sandstones at
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low temperatures (<50 ◦C) is indicated by the presence of monophase aqueous fluid inclusions in
diagenetic cements. Hydrocarbon-bearing fluid inclusions are common in calcite and quartz vein
material, which suggests that petroleum and gas migration is fracture controlled, and no hydrocarbons
were observed to have been present during the cementation of the essentially tight sandstones of the
Lower Head Formation and Cow Head Group. This supports previous analysis by Contact Exploration,
who conducted an assessment of five fracture zones in Contact Exploration Inc. Parsons Pond #1 which
suggests that the Lower Head Formation sandstones formed a fractured reservoir [35]. The distribution
of petroleum and petroleum and gas-bearing inclusions with depth suggests that deeper levels, and
namely the autochthonous strata, are gas-prone, with liquid petroleum confined to thrust sheets of the
relatively shallow, allochthonous strata. Although only gas flow was encountered during the drilling
of exploration wells at Parson’s Pond, the presence of abundant petroleum bearing fluid inclusions
in calcite veins indicates that the fractured reservoirs may have been charged with hydrocarbons.
Therefore, the limited production from shallow wells in the Parsons Pond area likely represents the
tapping of shallow fractured reservoirs, which would account for the lack of sustained production
over time and small widespread oil seeps.
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