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T'he Catoche Formation of the St. George Group in western Newfoundland consists of carly
Ordovician (Arenigian) shallow marine plattorm carbonates (~ 160 m thick). which were
extensively dolomitized during the course of their diagenetic history. The dolomite occurs as

both replacement and pore-

illing cements and are a major control on porosity distribution in the
formation. The origin and diagenetic history of the Catoche dolomites at Daniel’s Harbour were
analyzed in comparison to equivalent successions at Port au Choix and Port au Port Peninsula to
assay the reservoir potential of Catoche dolomites in western Newloundland. Petrographic
examination identified at least three generatiors of dolomite in the Catoche Formation. which
are: (1) an carly replacement sub- to euhedral micritic dolomite (<4 pm 30 pm, D1). (2) cu- to
subhedral dolomite (70 um 1 mm) often with cloudy cores and clear rims (D2). and (3)
subhedral to anhedral saddle dolomite cement (200 pm - 3 mm. D3). The micritic dolomite (D1)
exhibits dull cathodoluminescence (CL) under the cathodoluminoscope. whereas dolomite D2

exhibits consistent concentric CL zonation.

Somie subhedral crystals of D3 appear zoned both in
plane polarized light and cathodoluminoscope. otherwise D3 exhibits a dull CLL. Stoichiometric

dolomite oceurs in all three generations with D2 as the dominant dolomite by abundance.

The low strontium (47 + 25 ppm) content coupled with depleted 8'%0 value of dolomitizing

Muids (10 to - 11.2%VSMOW) and near-micritic grain size.

uggests an early preeipitation ol

dolomite DI at low temperatures in near-surface conditions from solutions likely formed by

mixing ol carly Ordovician sea and meteoric waters. In contrast, microthermometric

enization

measurements of primary two-phase fluid inclusions in - dolomite D2 (homog

temperatures (73). of 102 10 168°C with a salinity range of 19.8 0

. wi% NaCl) and

dolomite D3 (7}, of 158 10 190°C with a salinity range of 20.2 10 22.2 ¢q. wit% NaCl). sug;

st



that both dolomite generations were generated in mid to deep burial settings from high salinity.
low-temperature hydrothermal fluids likely under suboxic conditions. This is consistent with the
low Sr concentrations for dolomites D2 (36.4 = 8 ppm) and D3 (38.7 + 9 ppm). 3"0 values of

#2.1 10 +8.1%o.

dolomitizing fluids for D2 SMOW) and D3 (+6 to +8.1%0. VSMOW). coupled

with Fe contents of D2 (1684 + 1096 ppm) and D3 (1783.7 + 618 ppm) and Mn for D2 (131.2

50y and D3 (1975 + 55 ppm)

YREE and shale normalized values of Catoche carbonates indicate enrichment in rare carth

and

clement (REE) concentration of the carliest caleite (C1) relative to those of Arenig scawater.

the REEgy profiles of the dolomite generations mimic that of calcite C1. Evaluation of shale

normalized Cerium (Ce) and Lanthanum (La) anomalies of the Catoche dolomite(s) indicate they
precipitated in equilibrium with slightly oxic to suboxic source fluids and chondrite normalized

Europium (Eu) anomalies suggest similar source fluids for D2 and D3 dolomites regardless of

differential in mean homogenization temperatures. Results of fluid inclusion gas analysis are
consistent with petrographic features and geochemical compositions and support the exclusion of

magmatic fluids during dolomitization.

Visual estimates of porosity (¢) from thin sections indicate that it varies from < 1 to about 12
% with four porous (¢ > 4) horizons at approximately 6m. 70m. 120m and 150m from the top of’

the sucy

sion and about 4m. 40m. 4m and 4n thick respectively. Vugs and intererystalline
pores are two types of porosity associated with the dolomites with the latter being the dominant

type and associated mainly with dolomite D2. The porosity coupled with appropriate thermal

maturation. occurrence of suitable traps. and evidence of hydrocarbon accumulation, suggests

that the Catoche dolomites are potential reservoirs and suitable hydrocarbon targets.
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CHAPTER ONE

INTRODUCTION

e of Study

1.1 Seope and Purpo;

n western Newfoundland is a succession of

Ihe Lower Ordovician St. George Group i
alternating subtidal to peritidal platform carbonates (~ 500 m thick). which were affected by
multiphase dolomitization events during the course of its diagenetic history. The St George
Group consists of four formations and unconformably overlies the Berry Head Formation of the
Port au Port Group. The St. George unconformity represents the upper boundary of the St
Gieorge Group which is overlain by the Table Head Group. Hydrothermal fluids played an
important role in the dolomitization process and the resulting hydrothermal dolomites exhibit a
major control on the distribution of porosity in the St. George Group carbonates (knight and
James. 1987; Knight et al.. 1991: Azmy et al., 2008. 2009: Conliffe et al.. 2009. 2010: Azmy and
Conliffe. 2010). Hydrothermal dolomites are formed under mid- to deep burial conditions from
high salinity fluids at temperatures higher than those of the host formation (c.¢. Davies and

Smith, 2000).

Dolomitization of carbonates in sedimentary sequences has been the focus of many studies
particularly in the last few decades as it is a significant diagenetic process that influences
porosity development in carbonate reservoirs. Several models have been put forth to explain the

mechanism(s) via which dolomitization occurs as no consensus exists regarding the general

chemical conditions required for dolomitization. However, all models must explain the source of

magnesium and method(s) of pumping dolomitizing fluids through the pore spaces of rocks



The oceurrence of major hydrocarbon accumulations in Paleozoie hydrothermal dolomites on
the castern Laurentian margin have recently directed  studies to western Newfoundland (cf

Haywick.. 1984: Lane.. 1990: Cooper ct al.. 2001:

avoie et al.. 2005: Azmy et al.. 2008. 2009:
Conliffe et al.. 2009: Azmy and Conliffe. 2010) The current study focuses on the dolomitization
of the Catoche Formation (upper St. George Group) at Daniel’s Harbour on the Northern

Peninsula in western Newfoundland and the main objectives are:

1 To investigate the petrographic and geochemical attributes of the Catoche dolomites

2 To decipher and describe the origin and diagenctic history of the dolomites in the

formation.
3 o better understand the porosity — dolomitization relationship in the suecession. and
4 To correlate results of this study with results from other sections of the Catoche

Formation across western Newfoundlard to better understand the pattern ol porosity
distribution.

1.2 Geological Setting

Ihe St. George Group of western Newfoundland extends approximately 400 km from the

Port au Port Peninsula in the south to Cape Norman on the Great Northern Peninsula (Fig 1.1). Tt

consists mainly of an alternating succession of dolomitized carly Ordovician (Tremadocian to

Arenigian) subtidal to peritidal carbonates (limestones and dolostones). These warm. shallow-

water early Ordovic

an carbonates are divided into two third-order sequences (Knight and James,

1987)

Ihe Laurentian paleoplate developed by active rifting during the late Precambrian around

570 10 550 Ma (Cawood et al.. 2001) and formed a passive pre-platform shell that was covered



by clastics (James et al.. 1989: Cawood et al: 2001). A major transgression along the castern
platform margin of Laurentia during the carly Ordovician resulted in the accumulation of thick
carbonate deposits which formed a carbonate platform (Wilson et al.. 1992: Smith, 2006: Knight
ctal.. 2007, 2008). High-cnergy Cambrian carbonates of the Port au Port Group were buried by
low-energy carly Ordovician carbonates of the St George Group in western Newfoundland
(Knight et al.. 2007, 2008). The St. George Group from bottom to top consists of the Watts

Bight. Boat Harbour,

Catoche and Aguathuna Formations (Fig 1.2) and represents an alternating,
succession of subtidal-peritidal-subtidal-peritidal carbonate sediments respectively (Haywick.
1984: Lane. 1990: Knight et al.. 2008). The Waits Bight and Boat Harbour Formations represent

the lower Tremadocian megacycle whereas the Catoche and Aguathuna Formations represent the

upper Arenigian megacycle (Knight and Jam

5. 1987: Conliffe et al.. 2010: Azmy and Conliffe.
2010). Subsequent tectonic activity led 1o the uplifi. exposure and erosion of the carbonate

platform resulting in the St. George and Boat Harbor unconformities. with the former marking

the upper boundary of the St. George Group and a shift from a passive margin 10 an active

foreland basin (James et al.. 1989: Cooper ¢t al. 2001: Knight ¢t al.. 1991, 2007:). Both

unconformities also mark the end of two megacycles (Knight and James. 1987)

T'he Catoche Formation r

sts conformably or the Barbace Cove Member of the Boat Harbour
Formation and is overlain by the Aguathuna Formation. 1t is about 160 m thick at Port au Choix
(its type area) and consists of well-bedded. fossiliferous. bioturbated gray lower limestone about
120 m thick and an upper dolostone about 40 m thick. However. on the Port au Port Peninsula.
the Catoche Formation in ascending order. consists of a lower limestone (~70 m). a middle
dolostone (-~ 50 m). and the Costa Bay Member (~ 40 m). The Costa Bay Member of the Catoche

Formation is an interval of distinetivel

white limestone which occurs on the Port au
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Port Peninsula (and adjacent arcas) and on the three thrust stacks that deform the shelf rocks
(Knight et al.. 2007). It has been mapped across western Newfoundland and correlated with the
upper (- 40 m) dolostone of the succession at Port au Choix (Knight, 1986, 1987, 1994, 1997
Baker and Knight, 1993: Knight et al.. 2007). The upper ~40 m of the Catoche Formation at Port
au Choix is a series of cyclic, shallowing upward. meter-seale grainstones interpreted as peloidal
sand shoals that have been extensively dolomitized (Knight, 1991: Knight. et al.. 1991: Baker

ion is believed to be Areni

and Knight, 1993: Knight et al.. 2007). The Catoche Form:

n inage

(Knight et al.. 2007: Ji. 1989: Ji ctal.. 1989: Boyce. 1989: Lanc, 1990: Greene. 2008).

1.3 Chemistry of Dolomite (Overview)

Dolomite s a highly ord

red calcium-magnesium carbonate mineral with erystals built up of

layers of cations (C Me®") alternating with anions (CO5™) perpendicular to the c-axis
direction with half of the cation layers as magnesium layers (Tucker and Wright. 1990).
Dolomite is chemically represented as CaMg (CO5)y with equal molar proportions of caleium
and magnesium (stoichiometrie dolomite). but its composition varies from Cay \Mgosi (CO3) 1o
CagoMgy o1 (CO3)y (Land, 1985) Three factors contribute to this non-stoichiometric departure
from ideal composition: (1) the degree to which calcium (Ca) and magnesium (Mg) are
segregated into their respective layers, (2) preseace of excess Ca which is accommodated in the
Mg layers. (3) other cations (e, Sr. Na. and Mn) substitute for Ca in dolomites (Veizer et al..

1978). Departures from ideal composition diminish the ordering of the erystals (Carpenter. 1980)

and increase the solubility of the mineral (Boggs. 2009)

Dolomites form either by direct pre

ipitation from aqueous solutions or by alteration of

calcium bearing carbonate mineral as represented by the following chemical equations



1 Ca?' oy + Mg?

> — CaMg (COWs gy Direct Precipitation

()

(Dolomite)

20aC03 o + Mg (ag) = CaMg (CO3)aunn + Ca™ gy Alteration of carbonate
(Dolomite)

Though direct precipitation of dolomite from aqueous solution is possible. it rarcly occurs at

surface temperatures and pressure even though seawater (the main source of magnesium) is

supersaturated with respect to dolomite (Tucker and Wright. 1990: Boggs. 2009). Limitations to

direct precipitation of dolomite at surface temperature and pressure include:

1 Rapid crystallization from super saturated solutions impede the segregations of Ca™ and
Mg”" into their respective layers such that magnesium layers are contaminated with Ca

and vice versa which results in the precipitation of disordered Ca-Mg carbonate (Folk.

1975)

2 High ionic strength of seawater (Folk and Land. 1975)

3 Mg~ hydration (Lippman. 1973)

4 Low activity of (CO:) relative to Ca® and Mg *" in most natural solutions (Lippman.
1973)

5 Dolomite precipitates from CO5™ and not HCO™ like calcite or aragonite (Tucker and
Wright, 1990)

6 Aragonite and caleite are precipitated preferentially because dolomite is highly ordered

(Tucker and Wright. 1990).

However. these limitations to dolomite precinitation from seawater can be overcome by

evaporation. lowering the SO, content. and inerease in temperature (Tucker and Wright, 1990)



Dilution of natural aqueous solutions such as mixing of scawater or brine with meteoric
water can produce dolomites (Tucker and Wright. 1990). Though simple dilution of seawater or
brine with meteoric water is not enough to precipitate dolomite directly from solution. the

1o alter deposited carbonate minerals it comes in contact with

resulting solution is potent enou
and thus produce dolomites as represented by chemical equation 2 above. This process of
altering prior carbonates to produce dolomites is known as dolomitization. Also the mixing of

aturated solution.

natural aqueous solutions. which invariably causes dilution of the super

reduces the rate of erystallization which creates conditions that favour the development of highly

ordered dolomite crystals (Morrow. 1982: Tacker and Wright. 1990). The occurrence off

dolomite in organic-rich marine sediments (organogenic dolomite) made scientists believe that

chemical processes triggered by sulfate reducing bacteria could cause precipitation of dolomite

However, the actual role of the sulfate reducing bacteria in the low temperature formation of

dolomite and the specific mechanism of dolomitization involving sulfate reducing bacteria is yet

(o be demonstrated (Compton, 1988: Yvonne et al. 2000)

Dolomites contain elements such as strontiurn (Sr), iron (Ie) and manganese (Mn) which can

provide useful insight to the nature of dolomitizing fluids and eny I conditions during

precipitation. Also. the isotopic composition of elements like carbon (C). and oxygen (0) in

dolomite can be used 1o infer the nature of dolemitizing fuids. redox conditions and degree of

organic productivity in environment of deposition. Sr and O-isotope composition of dolomites
reflects the nature of the dolomitizing fluids whereas Fe, Mn, and € may reflect redox conditions
and degree of organic productivity in environment of deposition (Tucker and Wright, 1990:

Boggs. 2009). However the sole use of elements in the interpretation ol paleoenvironmental

conditions is discouraged. instead geochemical data must be supported by data from other



approaches in geology such as petrography. microthermometry. cathodoluminescence. and fluid

inclusion gas analyses. Theoretical considerations suggest that dolomite precipitation is favored

by high Mg> /Ca®" ratios. low Ca®'/CO;” ratios. low salinity. concentration of dissolved SO,

and high temperatures (Baker and Kastner, 1981: Machel and Mountjoy. 1986)

1.4 Dolomite and Dolomitiza

n
Dolomite is a highly ordered mineral that is very difficult to precipitate at temperatures
below 100°C. It can precipitate directly from aqucous solutions (primary dolomite) or formed by

the alteration of calcium bearing carbonate minerals (diagenetic dolomite), via a process known

by Mg in the erystal

as dolomitization. Dolomitization involves the partial replacement of €

lattice of the precursor mineral, henee availability of Mg™" is a prerequisite for dolomitization,
Though direet precipitation of dolomite from aqueous solution is possible. it rarcly precipitates at

near-surface temperatures due to Kinetic limitations discussed carlier. Consequently. a huge

proportion of dolomite in the geologic record is diagenetic and several models have been put

forth 1o explain how these diverse diageneiic dolomites formed as several methods off

dolomitization exists. hence there is no one unique model to explain all dolomite

Dolomitization models are based mainly on various conditions under which dolomites form
in modern environments. However. all models must account for the source of Mg™ and

mechanism for delivering Mg®" to dolomitization sites. Six models have been proposed. namely:

sabkha, secpage-reflux. meteoric-marine mixing zone. Coorong. burial and scawater. Lach
model involves a different type of dolomitizing fluids. mode of low and geologic settings but
there is overlap between the models and several could apply to one setting. The sabkha and
Coorong models are specific to well defined geologic settings whereas the other models are more

generalized and emphasize particular aspects of the dolomitization process that may  be



operational in a variety of geologic settings. As the product of a particular model may not be
very distinetive petrographyically and/or geochemically. the application of these models to

individual - dolostone  mass

s depends on inferences derived from the attributes of these

such as features. I data. internal facies relationship. major

stratigraphic and palcogeographic features. scale and distribution. Therefore. the interpretation
of the origins of a particular dolostone is dependent on inferences that are derived mainly from

comparisons with a variety of dolomitization models.

1.4.1 Sabkha model

Sabkhas are coastal supratidal mudflats that are common in arid regions. Sabkha sediments

often consist of evaporites. carbonates and possible siliciclastics in a capillary zone above a

which carries water

saline water table. Seawater is mainly supplicd by periodic flood recha

onto the supratidal flats particularly along old channcls (McKenzie et al.. 1980). This flood

recharge leads 1o a relatively short lived downward movement of water via the sediment to join

the net scaward flow of groundwater (Fig 1.3). Intense heat over the sabkhas results in
evaporation from the capillary zone above the water table and induces an upward flow ol water

¢ lost by capillary evaporation until the

from the saturated groundwater zone to replace the wat

water table falls below a level where capillary evaporation can operate. This process is known as

evaporative pumping (Hsu and Sicgenthaler. 1969). Water lost from sabkha sediments via

evaporation is replaced by periodic flood recharge from seawater which also provides Mg for

dolomitization (Fig 1.3). Evaporation of water from the sediments causes the salinity of scawater

10 be elevated beyond gypsum saturation within the supratidal flats. which inercases the Mg / Ca

ratio. reduces Mg”" hydration and invariably precipitates dolomite. The resulting brines then
reflux through the sabkha sediments similar to downward flow in the reflux model

10



Sabkha dolomites are usually syngene

ic. Ca-rich. often occur in association with evaporite
minerals and poorly ordered with the degree of order increasing with distance from the shoreline

(Mc

Cenzie and Piggott. 1981: Tucker and Wright. 1990). The Abu Dhabi Sabkha dolomite is

perhaps the best known example of sabkha dolomitization
1.4.2 Seepage-reflux model

This model (Fig 1.4). involves the generation of dolomitizing fuids through evaporation of
lagoon water or tidal flat pore waters and then the decent of these fluids into underlying
carbonate sediments (Tucker and Wright, 1990: Boggs. 2009). Evaporative concentration leads
10 precipitation of aragonite and gypsum which preferentially removes Ca™ from the water and
increases the Mg / Ca ratio of the resultant brine. Subsequent decent of these dense. often hot
highly alkaline Mg?-rich hypersaline brine through deposited caleium carbonate sediment. will

displace less dense scawater in the pores of the sediment and move scawards by seepage through

the seaward dipping beds. Flushing underlying carbonate sediments with large volumes of this
Mg rich brine would bring about dolomitization via seepage refluxion (Boggs. 2000).  In the

seepage-reflux model. evaporated seawater is the source of Mg whereas density difference
drives the pump mechanism. Dolomitization oceurs due to inereased Mg / Ca ratio in

dolomitizing fluids. Dolomites formed via this model are usually associated with evaporites and

are enriched in trace elements and 0. Although there are no good modern analogues of this
model. it has been frequently applied to ancient dolomite sequences. However. seepage-reflux
dolomitization is confined to the platform and cannot be invoked o explain dolomitization

beyond platform margins (Boggs. 2009). The Cretaccous Edward Formation in Texas is an

example of seepage-reflux dolomitization (Tucker and Wright, 1990)
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1.4.3 Meteoric-Marine miving zone model

In the meteoric- marine mixing zone model. dolomitization oceurs within the zone of mixing

of confined or unconfined meteoric water with phreatic scawater (Fig 1.5a-b). The My ions for
dolomitization are derived primarily from scawater and the delivery mechanism is the continual

circulation of seawater induced by the flow of fresh groundwater (Land. 1973). This model

Mls. Mixing of

applies largely to dolomite bodies that are not associated with evaporite mine
meteoric water with scawater causes under saturation with respeet to caleite whereas dolomite
saturation increases. resulting in dolomitization. Folk and Land (1975) maintained that dolomite
could form from solutions of low salinity and low ionic strength even with Mg / Ca ratios as low
as 1:1. When seawater or evaporated brine with high Mg / Ca ratios is diluted by mixing with
fresh water. the resultant mixture will retain the high Mg/Ca ratio but not the high salinity of the
saline water. Thus. the resultant waters become special waters capable of forming ordered
dolomite as dilution also reduces the erystallization rate which allows for the ordered crystals of

dolomite to develop. Hencee, dolomites formed via this model are usually perfeetly elear with

plane mirror like faces and are more resistant o solutions compared to dolomites formed via
other models (Folk and Land. 1975). Meteoric-marine mixing zone dolomites also have low

trace element concentrations and depleted O, The Hope Gate Formation of Jamaica is an

example of mixing zone dolomitization (Tucker and Wright. 1990)
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1. 4A4 Seawater model

In the seawater model. dolomitization oceurs by active pumping of large amounts of normal
unmodified seawater through the pores of sediments (Fig 1.6) such that pore water in the
sediments is constantly being renewed with seawater. Movements of Targe volumes of normal
seawaler through sediments provide a constant source of Mg and remove replaced Ca that might
affeet the dolomite erystal structure. Thus. any riechanism that provides a means of forcing large
amounts of seawater through sediments can presumably bring about dolomitization with
seawater as the source of Mg®' and tidal pumping, thermal conveetion and density reflux
(Whitaker et al.. 1994) as mechanism for pumping seawater through sediments. The Cenozoie

dolomites of the Bahamas platform are probably the best examples of seawater dolomitization

Sea level

Free ‘.‘u*)“ < -

. Convection ', - g

Geothermal
heat
VANPA

Kohout convection

Fig 1.6. Hlustration of the seawater model of dolomitization, arrows indicate directions ol uid

fow. In part after Land (198



1.4.5 Burial model

In the burial model (Fig 1.7). the principal mechanism for is the compactiona

dewatering of basinal mudrocks during burial and the expulsion of Mg®" rich fluids into adjacent

carbonate sediments or rocks. Pore-water and transformational changes of clay minerals provide

the source of Mg®". Dolomitization should sroceed more casily at depth because higher
temperatures, lower proportions of hydrated Mg~ ions. longer time and increased reactions rates

favour dolomite precipitation. However. the effectiveness of compaction flow in dolomitization

is constrained by the small volume of fluids expelled by compaction. Other mechanisms

proposed for moving Mg~ bearing waters through subsurface carbonates include topography
driven flow. thermal convection and hydrothermal flows. The burial model basically advocates

that i a sufficient volume of essentially normal or modified scawater can be foreed through

whonate sediment during burial. dolomitization may oceur. The dolomites of the Upper

Devonian Mictte buildup in Alberta. is an 2xample of burial dolomitization (Mattes and

Mountjoy. 1980)

1.+4.6 Coorong model

The Coorong model (Fig 1.8) named afier the Coorong lagoon in South Australia is belicved
be a hybrid of the sabkha and mixing zone models (Tucker and Wright. 1990: Morrow. 1982)
Rescarch work (Von der Borch and Jones. 1976: Von der Borch, 1976: Von der Boreh and Lock.
1979: and Muir et al 1980) established the Coorong lagoon as a model for carly dolomitization in

many ancient sequences of aphanitic dolomites that are not associated with evaporites. The

Coorong lagoon and a series of ephemeral alkaline lakes extend for about 200 km parallel to the

South Australian coast. Surface drainage follows the existing topography whereas subsurface



: drainage (Fig 1.8). The ephemeral lakes are

eroundwater flow seaward perpendicular to sura
filled during the winter months by scawater and seeping groundwater which are subsequently

evaporated to partial or complete dryness during the summer months

I'he mechanism for dolomitization in the Coorong lagoon is not fully understood as it could

relate to the mixing of seawater with groundwater, the evaporation of the resultant solution and

it 1990: Morrow. 1982

also to the high alkalinity of the lake waters (Tucker and Wrig
Likewise. the source of Mg’ ions could be dircetly from scawater or from groundwater
containing Mg” ions derived from the weathering of basic voleanic rocks (Von der Borch and

Jones. 1976). However. the delivery mechanism is the continual subsurface groundwater flow

n could build

Successive regression of the Coorong model on subsiding continental ma
sequences of evaporite free peritidal to subtidal dolomites (Muir et al.. 1980). The dolomites of
the Yalco Formation of the McArthur Group in northern Australia, is an example of Coorong

dolomitization (Tucker and Wright. 1990).
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CHAPTER TWO
METHODS AND THEORY

2.1 Methodology

The procedures applied in this study for petrographic and geochemical analysis are the same
used in Azmy and Conliffe (2010). Conliffe ¢ al.. (2012). Azmy ct al.. (2007). Azmy ct al..

(2008). Azmy etal.. (2011),

201 Sampling protocol

The Catoche Formation was examined in - core 12i/4-1 (5093 m. spanning the Upper
Catoche) and core 12i/6-121 (103.7 m. spanninz the Lower Catoche) both drilled near Daniel’s
Harbour on the Northern Peninsula (Fig. 1.1: 50714317 N, 57°30'52" W2 NAD 83 and 50°17'38"
N. 57°27'50" Wi NAD 83). Core 12i/4-1 was drilled by US Borax and Chemical Corporation in
1981 whereas  core  12i/6-121  was  drilled by NFLD  Zine mines in 1989

(hup://gis/geosury.gov.nl.ca). The composite core represents a complete section of the Catoche

Formation (154.63 m thick). Ninety-two samples were taken for analysis at 2 m or less intervals
(Appendix 1. Fig 1.2)

212

ctrographic analysis

anide solutions (Lindholm

ind potassium ferricy

T'hin seetions were stained with Alizarin Red:

and Finkelman, 1974) and  examined under  standard  polarizing  microscope  and
cathodoluminoscope for petrographic features. A mirror-image slab of cach thin seetion was also

nd geochemical

polished and cleaned with de-ionized water to be utilized for micro sampling

analyses of the different carbonate generations. Cathodoluminescence was performed using a
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2 KV aceelerating voltage and 0.7 mA gun

Technosyn cold cathodoluminoscope operaied ot
current intensity. whereas ultraviolet luminescence was performed using a CRAIC-QDI 202 UV
unit mounted on a Zeiss imager DIm microscop:

Microthermometrie fluid-inclusion analyses were performed on double polished wafers

(approximately100 um thick) using a Linkam THMSG600 heating-freczing stage. Calibration

with precision of £0.2°C at -56.6°C and +1°C at 300°C was conducted using synthetic H,O and

€O, fluid inclusion standards. The initial melting temperatures (77). last ice melting (7, (ice))
and the homogenization temperatures (7},) were measured in primary two-phase fluid inclusions

following procedures outlined by Shepherd et al.. (1985). Aqueous fluid salinities were

caleulated using Ty, (ice) and the equation of Bodnar (2003).
2.1.3 Geochemical analysis

Polished slabs were washed with deionized water and dried overnight at 50°C prior to

microsampling. Approximately 4 mg were microsampled from the cleaned slabs with a low-

speed microdrill. For Carbon and Oxygen isotope analyses, about 200 pg of samples was reacted

in an inert atmosphere with ultra-pure concentrated orthophosphoric acid at 50°C in a Thermo-
Finnigan Gas bench 11 The CO; produced from the reaction was automatically flushed through a
chromatographic column and delivered to the source of a ThermoFinnigan DELTA V plus

spectrometer in a stream of helium. where the gas was ionized and measured

isotope ratio ma
for isotope ratios. Uncertainties of better than 1).1%o (26) for the analyses were determined by

repeated measurements of NBS-19 (8"0 = -2.20%0 and 8"°C = +1.95%0 vs. VPDB) and 1-

SVECS (50 = -26.64%0 and §"°C 46.48%o vs. VPDB) as well as internal standards during

cach run. For clemental analyses. ~ 4 mg of sample powder was digested in 2.5% (V) pure

. Mg. Sr. Mn and Fe as well as Rare Farth

NO; acid (Coleman et al.. 1989) and analyzed for C:
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Elements (REE) using a HP 4500plus 1CP-MS at Memorial iversity of Newfoundland. The
relative uncertainties of these measurements are better than 4% using DLS 88a-4 and CCH-1-4

as standards. Caleulations of major and trace element concentrations are based on an insoluble

residuc-free basis (100% soluble dolomite or caleite). REE concentrations are normalized based
on Post-Archean Australian Shale (McLennan. 1989) and chondrite values (Bau and Dulski.

1996). whereas anomalies of Cerium (Ce/Ce*)sy — Cean/(0.5Lagy + 0.5Pry). Lanthanum

(Pr/Pr¥)en Pron/( ‘egv + 0.5Ndgy). and Europium  (Eu/Eu*)ey Euen/(0.67Smey +

0.33Tbey) were caleulated with the formulas of Bau and Dulski (1996).

214 Fluid inclusion gas analysis

The procedure applied for fluid-inclusion gas analysis was described by Norman et al. (1996,

1997. 2002). Norman and Blamey (2001). Norman and Moore (2003). and Parry and Blamey

(2010). Approximately 2 g of samples were mildly crushed by hand and sieved in a 30-mesh

sieve with the ~30-mesh fraction discarded. The +30 mesh size fraction was then washed in

20% KO, agitated then decanted. The grains were washed several times in excess amount of

18 MQ deionized water and air-dried.  Gas analyses were conducted with a dual quadrupole
mass spectrometer system (two prisma spectrometers) using the crush-fast scan method (Norman

et al, 1996, 1997, 2002: Norman and Blamey. 2001: Norman and Moore. 2003

Parry and

Blamey. 2010). The method requires 150 mg of prepared samples and uses 6 to 10 ineremental

8 . A
crushes in a vacuum ~10 * Torr to open multiple fluid inclusions thereby releasing gases which

are analyzed with the mass spectrometers. Species measured includes T, He, CH ThO. No, Ox.

LS. Ar, €O, SO, Co-Cy alkanes and alkenes, and Cgllg. The system is calibrated with

commercial gas mixtures. internal standards. and natural fluid inclusion standards. Precision and

aceuracy vary with species. 1 could be reliably detected at 50 ppm. He at <0.5 ppm. Precision
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and Ar is better than 5 %, whereas it is <10 % for the

for the major gas species COx. CHy, N,

minor species.

2.2 Cathodoluminescence

Cathodoluminescence (CL)is the emissior of photons of characteristic wavelengths by
minerals that are under high-energy electron bombardment. In simple terms. it is luminescence

minerals have wavelengths

aused by irradiation with cathode rays. Photons emitted by mos

within the visible-light range of the gnetic spectrum but ions can also oceur in the

ultraviolet and infrared ranges. When a crystal is bombarded by clectrons with sufficient energy.

the electrons become energized and move from the lower-energy valence band to the higher-

energy conduction band leaving behind an electron hole. When the energized clectrons atiempt
10 return to the valence band (ic. electron and an electron hole recombine). they are temporarily

uy in the form of photons is emitted when the electron vacate such

held by clectron traps and en
traps. 11 the wavelength of emitted photons is within the visible portion of the clectromagnetic

2006). Eleetron traps (also called

spectrum, luminescence oceurs (Boggs Jr and Krinsle
luminescence centers) are defects or chemical impurities in the mineral which temporarily
capture mobile electrons. There are two types of electron traps: intrinsic and extrinsic traps.
Intrinsic traps are characteristic of the erystal attice of the mineral and is often due to non-
stoichiometry. structural imperfections (poor osdering in the crystal ete.) and impurities that

ps results from impuritics in the composition of the mineral

distort the crystal lattice. Extrinsic
often derived from the medium in- which the mineral formed. Such impurities are usually

and actinide clements and are generally the most

are carth clements

transition clements,

Thus. extrirsic traps in carbonates reflect the characteristic

common source of CL in mineral

nature of the mineralizing fluids



Activators are ions of trace elements that promote CL in a mineral whereas quenchers are

vators) are ions that must

ate C1 sitizers (co-a

that inhibit or climir

trace element ions

coexist with another activator to enhance the CL response of that activator. Thus. the nature of

CLin a mineral is a complex function of composition, erystal structure and superimposed strain

or damage on the structure of the mineral (Boggs Jr and Krinsley. 2006). Common activators in

carbonates are Mn™". Pb™". Cu™". Zn™", and most rare carth elements with Mn™" as the most

"UNITand Co™" with Fe™ as the most

common activator whereas common quenchers include |
important quencher (Machel. 1985). The intens ty of CL depends on the mineral examined, the

voltage and current density of the electron beam used. However in carbonates. the intensity of’

CL is also influenced by the Mn®'/F

¢ ratios (Boggs Jr and Krinsley. 2006). Common C1

applications in carbonate rocks are:

1. To provide general information on the trece element content.
2. To study crystal growth and replacement

3. Toidentify different cement generations and study the effects of diagenetic processes.

4. To provide details of internal structures of fossils.

T'o determine the occurrence and distribution of impurities in crystals. and

6. To provide clues on redox conditions. pH and nature of fluids which deposited the
carbonate (Choquette and James. 1987: Machel and Burton. 1991: Machel et al.. 1991)
2.3 Trace Elements
Minor and trace concentrations of elements oceur in carbonates. The simplest method of
incorporating these trace constituent elements into crystal lattice is by direet substitution of a

fon of similar charge and radius. However. trace constituents may oceur

host ion by a gue:

. become occluded as solid

between lattice planes. occupy lattice defects. be absorbed into lattice



or liquid inclusions and oceupy planes along crystal boundaries (Tucker and Wright. 1990). The

concentrations of trace elements in carbonates are determined by (1) the concentration of the

minor elements in the pore fluids. (2) the degree of openness of the diagenetic system. and (3)
the effective distribution coefficient (k) of the trace element between diagenctic solutions and
the carbonate precipitate (Tucker and Wright. 1990). Research work abound over the actual

values of trace element distribution coefficients (k) and its use in interpreting the chemistry of

carbonates (e.g Land. 1980 Kretz. 1982: Veizer 1983). However. differences  between

theoretical distribution coefT

ent (k) and effective distribution coel

cient (k) present a huge

problem to this approach as effective distribution coefficient is dependent on temperature, rate of

precipitation and other kinetic factors (Tucker and Wright. 1990). In dolomites. the experimental
values of distribution coefficient are difficult to obtain as dolomites cannot be precipitated

direetly from natural waters at surface temperatures in the laboratory (Warren. 2000).

I'race elements usually studied in carbonates are Sr. Na. Fe. Pb. Zn and Mn and data derived
from these elements often aid interpretations of the origin of source fluids and/or dolomitizing
fluids. redox and general conditions in the diagenctic environment during deposition. and nature

of diagenetic system. However. the sole use of trace elements as indicators of conditions in

diagenetic environments is not the ideal approach because it provides more conclusive and

. Nuid inclusion. and

reliable interpretations when combined with other tools such as petrograph
isotopic analyses. The Sr content in dolomites have been used to place constraints on the
composition of dolomitizing fluids and dolomilization models (c.g. Viezer et al.. 1978, 1983:

Tucker and Wright. 1990) whereas Fe and Mn generally indicate redox conditions (Tucker and

Wright. 1990).
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2.4 St

ble Isotopes

Isotopes of elements vary slightly in mass and energy which results in differences in physical

and chemical propertics. These differences in properties are gencrally greater in elements of

lower atomic numbers. In a molecule of two or more isotopes. the isotope of lighter mass is more

reactive as it possesses weaker bonds compared to the heavier isotope. Fractionation is a change

in the ratio of any two isotopes during a reaction or a process and is indicated by a fractionation

factor () (Tucker and Wright. 1990: Boggs. 2009). The fractionation factor is represented as:

@=Ry/ Ry ()

Where Ry, - ratio of heavy to light isotopes in phase A and Ry ~ ratio of heavy to light isotopes

in phase B

Ihe fractionation factor is also temperature dependent as shown by the following inverse

relationship:

(2)

used in the of origins of d particularly

Stable isotopes are
in conjunction with trace elements and petrography and they also provide clues to conditions that

dominated in a particular diagenetic environmert. Stable isotopes often studied in dolomites are

rbon and oxygen. although s

rontiur, sulphur and recently Mg are useful for some

other specific investigations. Quantitative analysis of isotopic data is only possible if’ isotopic

blished. isotopic fractiona is insignificant. or the kineties ol the reaction is

cquilibrium is

fully understood (Tucker and Wright. 1990).




2441 Carbon isotopes

Carbon has two isotopes (°C and *C) and processes that affect the cycling of carbon
compounds (carbon eycle) also involve isotopic fractionation of carbon. Global earbon can be
divided into two reservoirs namely the oxidized reservoir (principally of CO. HCO3™ and

carbonate minerals) and the reduced reservoir (principally of organic compound. fossil fucls and

native elements) with a constant exchange of carbon between both reservoirs (Tucker and

Wright, 1990). Photosynthetic plants for carbon  fracti

are mainly ation i

y conditions with heric CO, as a link between relatively *C-enriched organic

compounds (through photosynthesis) and carbonates (via exchange reactions with aqueous

HCO™) causing relative enrichment in C (Tucker and Wright. 1990. Faure and Mensing.

2005). Isotopic composition of carbon is measured with a mass spectrometer and expressed

relative to Pee Dee Belemnite (PDB) or the synthetic international standard. Vienna PDB

(VPDB). Distribution of carbon isotopes in marine and lacustrine carbonates of any age depend

on

1 The isotopic fractionation between atmospheric CO, and precipitated carbonates.

2 Isotope fractionation among the aqueous species (CO3 ). HaCO3 g HCO5™. €O,

3 Water temy or of diagenetic fluids and salinity.

4. Subility of initial mineral composition carbonate relative o diagenctic environment
(calcite vs. aragonite).

5. Non-atmospheric CO, formed by oxidation of organic matter,



6. Vital effect (metabolic processes contro!ling fractionation) of organisms (Coral. mollusk.

foram. brachiopods).

7 I alteration of carbonates during d
8 Deposition of secondary carbonates in fiactures or cavities by groundwater or subsurface

brines. and

9. The openness of the dit

enetic system.

I'he ition of dolomite reflects the nature of the precursor carbonate or

rbon isotopic compc
degree of primary productivity unless the process of dolomitization occurs in conditions of high

water/rock interaction ratios (under open system conditions) such that solutions have cnough

dissolved CO» to reset the C-isotope signature of the precursor carbonate (Tucker and Wright.

1990: Boggs. 2009).
242 Oxvgen isotopes

Oxygen has three stables isotopes ('°0. "0 and "*0) that readily combine with hydrogen o
form water and like carbon. the processes that operate in the water cycle also involve
fractionation of oxygen. Lighter water molecules (H>'°0) are preferentially evaporated from
seawater as lower isotope masses tend to be enriched in the lighter phase. This has the resultant
effect of rain (meteoric water) being about 4 %o lower in its 60 value relative to the parent

scawater (Tucker and Wright, 1990, Faure ard Mensing. 2005). Like carbon. the isotopic

composition of oxygen is measured with a mass spectrometer but expressed relative to Standard

relative to VPDB. Factors

Mean Ocean Water (SMOW) or VSMOW and in carbonate analyses

that influence the isotopic distribution of oxygen in diagenetic conditions include:



1 I'he openness of the system (water / rock ratio),

2 I'he isotopic composition of both seawater and the evolving diagenetic water,

3 Ihe exchange reactions of isotopic oxygen between fluid and mineral

4 The temperature and salinity of ambient scawater and the diagenetic fluid,

5. Regional changes in the composition ¢f meteoric waters due to latitude. altitude and
seasonal variations, and

6. Sccular variations in the 'O composition in global scawater.

Dolomitization requires large volumes of scawater to supply the Mg®' needed for the process

T'hus. the oxygen isotopic composition of dolomites reflects the temperature of precipitation and
the oxygen isotopic composition of the dolomitizing fluids (Tucker and Wright. 1990). However.

tion of the dolomitizing fluids can be influenced by that of the precursor

the isotopic compos
carbonate being replaced. But precursor minerals generally only have an effect on the oxygen
isotopic composition of dolomites in low water / rock ratios or closed diagenetic systems (Tucker

and Wright, 1990).
2.5 Rare Earth Elements

I'he suite of rare carth elements (REE) is a useful tool for the identification of the origin of

fluids, the state of equilibrium in rock-water interactions and changes in fluid composition.

The suite consists of

en

ems

which is fundamental in understanding fluid-rock  sys

lanthanides and is traditionally classified into light rare carth elements (LREE: La to Nd).

¢ carth elements (HREE: Ho o

Sm to Dy) and heavy r

medium rare carth clements (MRE
Lu). REEs have relatively short residence time in oceans (several hundred years: Alibo and
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Nozaki. 1999) and are lithophile elements that iv:

ably occur together naturally because all are

. S e . . : =
trivalent (exeept for Ce'™ and Eu'" in certain environments) and have similar ionic radii with

chemical characteristics that change systematically along the series. which results in the
preferential absorption of LREE relative to MREE and HREE in scawater (Sholkovitz and Shen.
1995). Their incorporation into calcite (biogenic and abiogenic) lies within a relatively narrow
range of partition coefficient values (Zhong and Mucci. 1995). and thus observed variation in the
series is a reflection of oceanic composition and/or nature of fluids that deposited the carbonates

and other proc

Redox conditions control the conversion and distribution of Cerium (Ce)

and o a lesser degree Europium (Eu) (Sholkovitz et al.. 1994): hence both clemen

S provide

further on process ¢

0 T'he ecarlier concept that limestone was a
poor choice for scawater REE proxy due to the effects of diagenesis in ancient carbonates (¢.g..
Scherer and Seitz. 1980: Shaw and Wasserburg. 1985). was replaced by the current paradigm.

which suggests that diagenesis, particularly meteoric and mixed water. has no effect on the

pattern. composition and/or distribution of RE

in carbonates (limestones and dolomites) except

in diagenctic systems with extremely large water-rock ratios (e.g.. Banner et al.. 1988: Barton ¢t

.. 2006: Webb and Kamber. 2000; Kamber and Webb. 2001: Nothdurft ¢t al.. 2004: Webb ct

. 2009).

The ratios of Th/U and V/Sc in sediments can be used as a proxy to estimate redox

conditions in the depos

tional environment. Thorium (Th) is un

aflected by redox conditions in

sedimentary environmen

and remains insoluble as Th''. In contrast. uranium (U) is reduced to

" 4 : . g :
the insoluble uranous (U"") fluoride complex and is preserved in sediments under anoxic

conditions, whereas in oxidizing conditions. it is converted to the soluble uranyl (U") carbonate.

which is removed in solution (Wignall and Twitchett. 1996: Kimura and Watanabe. 2001). Thus.

29



suboxic-anoxic sediments

are typically more enriched in U (with Th/U ratios < 2) compared to

another redox-sensitive clement that is

oxic sediments (with Th/U ratios > 2). Vanadium (V) is
preferentially concentrated in sediments underlying anoxic or near-anoxic waters (Emerson and

Huested. 1991: Wi

nall. 1994: Kimura and Watanabe. 2001). The degree of V enrichment is

most cfficiently expressed if the V concentration is normalized by scandium (Sc) abundance.

because both V and Sc are insoluble and V va

. rather than other insoluble

s in proportion (o $

clements such as aluminum. Therefore.

suboxic-anoxic sediments have higher V/Sc ratios

compared to oxic sediments (Kimura and Watanabe. 2001).

2.6 FI

id Inclusion Gas Analysis

Analysis of gases trapped in fluid inclusions provides yet an additional 100l to ascertain the

oxidation state and discriminate the origin of source fluids in geologic systems. Giggenbach

(1986) introduced the concept that No-Ar-He ratios of geothermal gases may identify the source
of volatiles in geothermal fluids. Norman and Moore (1999) introduced the use of methane (i.c.

ratio of Ny-Al

-CHy) as a tracer species because: CHy provides an indication of the crustal
component in thermal fTuids. there is no ambiguity about the origin of methane as there is with

helium and it is e

ier to analyze. Norman and Moore (1999) also introduced the coneept of

COL/CH versus No/Ar diagram that can differentiate fluids bearing significant organic nitrogen.

which could lead to errors in interpretation. The CO/CHy versus No/Ar diagram of Norman and

Moore (1999) classified source fluids into three basic groups: magmatic. meteoric and crustal

fuids. Meteoric Muids refer to near-surface recharge waters while crustal fluids refer to meteorie

fuids that have interacted with crustal rocks and may have species derived from the wall rock.

T'he ratio of COo/CHy indicates the redox state while No/Ar provides an indication of f{luid

source(s).
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2.7 Diagenesis of Carbonates

Diagenesis encompasses all the processes of physical, chemical and biological change that

modify sediments after deposition. but excludes changes to sediments caused by weathering and
metamorphism. (Choquette and James. 1987: Tucker and Wright. 1990). Diagenesis can begin
almost immediately after deposition. while sediments are still on the ocean or other basin floors.

and may continue through deep burial and eventual uplift (Boggs. 2009: Tucker and Wright.

1990: Choquette and James. 1987: James and Choguetie. 1988). The effects of diagenesis vary
from obvious changes like dissolution 1o form cave systems to subtle changes like modification

of trace element and isotopic signatures (Tucker and Wright, 1990). In siliciclastics. the net

ol siliciclasti

effect of diageneti is to move initially

minerals towards a state of greater equilibrium with the diagenetic environment without

wholesale alteration or replacement of the depositional mineral assemblages. However. this does

not hold true for carbonates which can und

2o complete or almost complete change in

I I v during di is (Boggs. 2009). Major controls on diagenesis include:
1 I'he composition and mineralogy of the sediments.

2. Pore fluid chemistry and flow rate.

3 Gicological history of the sediments in terms of burial. uplift and sea level change:

4 Prevailing climate conditions.

5. Grain size and texture, and

0. Timing of cement precipitation (Degree of lithification).

Diagenesis in ca

bonates brings about important physical. chemical and mineralogical changes in

tization.

sediments  via six major  processes. which are  cementation. microbial - mi

mpaction and dol. (Tucker and Wright, 1990). These
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processes will be discussed briefly below excep: for dolomitization which was discussed in detail

in chapter one because it is the focus of the current study.
2.7.1 Cementation

The precipitation of cements is a diagenztic process that occurs when pore fluids are
supersaturated with respect to the cement phase and there are no kinetic factors inhibiting the

precipitation (Tucker and Wright, 1990). In some cases. organic geochemical influences on the

cementation process can be significant. Common cements in carbonates include aragonite. low-

magnesium calcite. high-magnesium calcite and dolomite whereas cements of siderite. ankerite,
gypsum. anhydrite and halite are less common. Cementation can oceur in all environments for
carbonate diagenesis. The petrographic and geochemical studies of carbonate cements enables

deductions to be made on the environment and conditions of cementation (Tucker and Wright.

1990).

2.7.2 Microbial mic

During this process. skeletal grains of carbonate sediments are bored around the margins by

microboring organisms and the bored holes are subsequently filled with fine grained sediments

or cement to form micritic envelop or complete micritized grains (Tucker and Wright. 1990).

Microbial micritization generally oceurs in the carly stages of diagenesis usually while sediments

are still on the sea floor or just below

7.3 Neomorphism

This term refers to the processes of recrystallization and replacement of carbonate sediments

logical and textural changes whereas recrystallization refers solely to

that may result in miner:
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changes in crystal size without any change of mineralogy (Tucker and Wright, 1990).
Neomorphism oceurs in the presence of water v a dissolution-reprecipitation and henee. dry solid
state processes such as inversion of aragonite and recrystallization of calcite are most unlikely to
oceur in carbonates as diagenetic environments are always wet (Bathurst. 1975: Tucker and

Wright. 1990). Neomorphism can be of aggrading type (resultant minerals general increase in

crystal size) or of degrading type (resultant minerals general decrease in erystal size) and like
cementation, it can occur in all environments for carbonate diagenesis. Calcitization (the
replacement of other carbonate minerals by calceite) is a common necomorphic process that affects

carbonates.

2.7.4 Dissolution

Dissolution of carbonate sediments and cements is a diagenetic process that oceurs when

pore fluids are under saturated with respect to carbonate grains or cement (Tucker and Wright,

1990: Boggs. 2009). Dissolution oceurs in response to changes in the chemistry of pore fluids

such as chang

in salinity, temperature or partial pressure of CO, and results in the complete or
partial dissolution of carbonate grains or cement. particularly it they are of metastable

mineralogy like aragonite and high magnesium calcite. Dissolution can oceur in all environments

for carbonate diagenesis but is particularly important in the near surface meteoric environment

due to the presence of meteoric water (Tucker and Wright. 1990).

2.7.5 Compaction

Compaction of carbonate sediments is a diagenetic process that occurs when sediments are

buried by younger strata. Compaction oceurs in response to changes in temperature. pressure and

hydrostatic pressure of pore fluids caused by overburden load. Initial changes to sediments that
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are not cemented include dewatering, decrease in porosity (due to closer grain packing and

reorientation). decrease in sediment thickness and grain fractures at grain contacts. This is known

s mechanical compaction and cementation inhibits its effects by increasing the bearing strength

of sediments (Tucker and Wright, 1990: James and Choquette. 1988: Boggs. 2009). Regardless
of whether sediments are cemented or not. further compaction will eventually cause grains to
dissolve at points of contacts (pressure dissolution) to produce sutured and concavo-convex
contacts, stylolites and dissolution scams. whic1 is known as chemical compaction (Tucker and

ion can oceur in all

Wright. 1990: James and Choquette. 19882 Boggs. 2009). Compa

environments for carbonate diagenesis but is particularly important in the deep  burial

environment.

2.8 Di: ctic Environments for Carbonates

ions are the basic driving force for carbonate diagenesis. three major

nee water-rock intera

diagenetic environments are recognized based on the composition and nature of water/fluids that

can modify carbonate sediments. These environments are the marine, the meteoric and the burial
environment (James and Choquette. 1984, 1988: Tucker and Wright. 1990). The respective
diagenetic environments pass laterally and vertically one into another and carbonate sediments

may move from one environment to another with time. deposition and burial. sea level changes

and vertical tectonic movements (Tucker and Wright, 1990: James and Choquette. 1988).

I Marine Environments

The marine environment is characterized by marine waters and comprises of the sca floor,

zone and the strandline bathed in mixed marine and meteoric waters

shallow marine phreati

(I on the sea floor and marine phreatic

2.1). In the marine environment, diagenetic proces:




zones depend on water depth and latitude whereas it depends on climatic conditions along the

ames and Choquette. 1984, 1988).

shoreline (Tucker and Wright. 199

In low latitude shallow marine environments, the dominant diagenetic processes are cement

nisms. Cementation is widespread in arcas of

precipitation and microbial micritization by o1
high current activity (such as along shoreline and shelf margins) and evaporation (c.g. tidal flats

. microbial micritization

sediments. In contr:

aches) due to pumping of seawater throu

oceurs everywhere in the shallow marine environment, but it is most prevalent in quict water

locations due 1o little or no sediment movement (Tucker and Wright, 1990). In mid 1o high

atitude shallow marine environments. cement precipitation rarely occurs as shallow seawater

ains

becomes under saturated with respeet to CaCO5 away from the subtropics. thus carbonate

ather than filled with

are more liable to dissolution while microbial borings are usually empty

. 2009). Hence, the shallow marine can be

micrite or cement (Tucker and Wright, 1990: Bog;
divided in three sub environments namely: the active marine phreatic (where pore waters are

is

constantly being replenished and cementation is common). the stagnant marine phreatic (thet
little or no movements of sediments or pore water {luids thus cementation is limited and

microbial micritization is prevalent). and the marine vadose (where cementation mainly occurs

. Tucker and Wright. 1990z James

via evaporation of scawater and there may be microbial effect
and Choquette, 1984, 1988)

In deep marine settings, the effect of latitude is negligible and the dominant diagenetic

hism and marine dissclution due 1o increased pressure and reduced

processes are T

temperatures (James and Choquette. 1988: Boges. 2009)



Strandline
(mixed-water vadose)

Sea level
T -—-—

Shallow marine
phreatic zone

Fig 2.1 The marine diagenetic environment (modified from James and Choquette. 1984)

2.8.2 Meteoric Environment

I'he meteoric zone is characterized by meteoric waters and consists of the vadose zone. the

7one of marine and meteoric waters (Fig 2.2). The

phreatic zone and the shallow phreatic mixing
water table is the boundary between the metecric vadose and phreatic zones and represents a
surface where atmospheric and hydrostatic pressures are equal (Tucker and Wright, 1990: James
and Choquette, 1984, 1988). The meteoric vadose zone is above the water table and opens to the
atmosphere

atmosphere. 1t consists of the zone of infiltration dircetly below the sediment

interface and the zone of gravity percolation wh ch lies above the water table but below the zone



on infiltration (Fig 2.2). The phreatic zone lies below the water table and consists of the shallow
phreatic and deep phreatic zones whereas the shallow phreatic mixing zone is a transition zone

composed of mixed marine-meteoric waters.

In the meteoric environment, processes are controlled by Y. grain size.
porosity and permeability. vegetation. climate and time. The first three factors are intrinsic to

carbonate sediments whereas the last three are extrinsic (James and Choquette. 1988: Boggs.

in this environment a dissolution.  cement

2009). The dominant diagenetic proces r

precipitation and neomorphism (Tucker and Wright. 1990). Dissolution occurs in meteoric
environments due to the aggressive nature of meteoric waters caused by the absorption of
atmospheric and soil CO, (as well as soil acids) and the under saturation of meteoric water with
respect to CaCOs. Dissolution invariably leads 1o super saturation of pore fluids with respect to
CaCO; and prompts the precipitation of low magnesium calcite in meteoric waters with low
Mg/Ca ratios. thus carbonates sediments are able to undergo dissolution while there are being
cemented (Tucker and Wright, 1990: Boggs. 2009). The removal of €O, (by plants and

degassing). evaporation and evapotranspiration are the major causes ol cement precipitation in

the vadose zone whereas the mechanism for cement precipitation in the phreatic zone is poorly
understood (Tucker and Wright. 1990: James axd Choquette. 1984. 1988). Dissolution coupled
with cement precipitation in carbonate sediments ultimately causes neomorphism with textural.

mineralogical and geochemical changes (Tucker and Wright, 1990; Boggs. 2009)
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ig 2.2 The meteorie diagenctic environment (modified from James and Choquette. 1984)

3 Burial Environment

:rized by pore waters that where onee marine or

charact

The burial diagenetic environment i

meteoric but have been modified during burial. by circulation through basinal rocks. and is

ciagenesis and the onset of low-temperature

defined as the zone between near-surf:
metamorphism (James and Choquette. 1988, Beggs. 2009). The burial environment consists of

2.3: T'ucker and Wright. 1990). Intrinsic factors that

shallow and deep burial environments (Fig

ain size and texture, pore-water

is in the burial environment are. mineralog

control diagen:

38



chemistry. porosity and permeability. and carly precipitated cement whereas extrinsic factors

s

include: temperature. pressure and solubility of miner:

I'he dominant diagencetic processes in the burial environment are: cementation, compaction
and dissolution (Tucker and Wright. 1990). With burial and increasing over burden sediments
and pore fluids are subjected 1o increased temperatures and pressure with temperature increase
dependent on the geothermal gradient. Increase in temperatures reduces the solubility of CaCO5.
which should precipitate carbonate cements more easily at depth. The  CO» derived from the
breakdown of organic compounds increases the acidity of pore ware fluids and hence. causes the
dissolution of carbonate grains whereas pressure by over burden load leads to mechanical and

eventually chemical compaction. The long-term trend of burial diagenesis is the progressive

reduction of porosity by compaction and ion at higher and pressures in the

presence of pore waters that become increasingly saline.
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CHAPTER THR

RESULTS OF ANALYSIS ON CATOCHE CARBON

3.1 Petrography

I'he Catoche Formation at Daniel’s Harbour as reconstructed from core 12i/6-121 and 12i/4-

1.2).is ~ 155 m thick. consists of limestone and dolostone lithofacies and in ascending

1 (Fig

order. comprises of a lower dolostone (~121 m). a middle limestone (30 m) and an upper

dolostone (~14 m ). The limestone lithofacies is a s sion of well-bedded. grey. fo B 3

dolomitic limestone that ranges from mudstone through wacke- to packstone with lenses and

beds of boundstone. Porosity is generally low (visual estimates <2 %) in the limestone

one lithofacies are dark

The dolos erey and vary from coarse to fine grained with

lithofacie:

some zebra texture in the former. Stylolites with amplitudes up to - 0.5 em and some joints also
oceur in the carbonates.

Petrographic examinations of the Catoche Fermation carbonates at Danicl’s Harbour indicate

that both calcite and dolomite phases are similar to their counterparts at Port au Choix and Port

au Port Peninsula (Knight et al. 2007; Greene 2008: Conliffe et al. 2012). The calcite cement

generations. from the oldest to the youngest are: marine micrite and microbial mud (C1). pore-

) um) ofien

filling equant calcite sparite (C2. 50-200 um) and coarse blocky caleite (C
filling vugs and joints (Plate.3.1a- ¢). Caleites C1 and €2 are dull to non-luminescent under the

cathodoluminoscope. but calcite €3 exhibits bright orange CL (Plate. 3.10). The dolomite

generations (Plate. 3.1d-f and Plate 3.2a-b). also in the same order. are: dolomierite (D).

stylolite-associated dolomites (Ds). equant replacive dolomite (D2) and large equant pore-filling

replacive saddle dolomite (D3). However. the iron-rich (>20.000 ppm) pore-filling saddle



dolomite reported by Greene (2008) and Knight et al. (2007) at Port au Choix (referred o by

them D3) was not found in the Catoche Formation at Daniel’s Harbour. Both calcite and

dolomite phases oceur as replacement and pore-filling cements and petrographic relations

indicate that caleite C3 postdates all other caleite and dolomite generations (Plate. 3.2¢).

Early dolomite (D1) is ~18.5% by abundance and typically consists of replacive. fabric

stalline

aic erystals with irregular interery

retentive near-micritic o tightly packed non-planar mos

boundaries and range from < 4 to 30 pum (Plate. 3.1d). Dolomite DI is almost nonporous (1%)
and exhibits dull CLL. Stylolite-associated dolomites (Ds) range in size from 60 pm to 175 pm. is

ociated with stylolites and are cross-contarainated with the residual materials transported

along pressure dissolution scams and stylolites. Dolomite Ds samples were excluded in other

s due 10 the expected inconsistent signature overprints from insoluble residues and other

analy

clements associated with chemical compaction. Similar petrographic features were documented
for D1 and Ds dolomites at Port au Choix and Port au Port sections (Knight ¢t al. 2007: Greene

2008: Conliffe ctal. 2012).

Dolomite D2 is the most abundant type of dolomite (making up ~ 72% of Catoche carbonates

by abundance) and consists of coarse equant euhedral to subhedral crystals ranging from 70 jum

W 1 mm. C

ystals often have cloudy cores with clear rims under plane polarized light and
undulose extinetion under crossed polars as well as concentric zoned luminescence under
cathodoluminoscope (Plate. 3.1e-N. Itis fabric destructive and likely replaced caleite C1and/or

DI dolomite. Intererystalline porosity with visual estimates up to 12% is associated with D2

a blue luminescence under

dolomite and pores are occasionally lined with kerogen that gives of

the UV luminoscope (Plate. 3.2¢-d) and fluorese

ence spectra with peaks at 490-495nm (Fig 3.1).




at Port au Choix and Port au Port Peninsula

Similar features were documented in D2 dolomites

(Knight et al. 2007: Greene 2008: Conliffe et al. 2012

I'he latest dolomite generation (D3). is ~16.3% by abundance and typically consists o pore-

filling, coarse. subhedral to anhedral erystals of saddle dolomite. which are up to 3 mm and show

undulose extinction (Plate. 3.2a). Dolomite D3 is generally restricted to vugs and joints and

subhedral cr

als often appear zoned under crossed polarized light and cathodoluminoscope

(Plate. 3.2a-b). Intererystalline and vuggy porosity are occasionally associated with D3
particularly with its subhedral crystals. Similar features were also documented in the D3

dolomites in the equivalent sections at Port au Choix and Port au Port peninsula (Knight et al

2007: Greene 2008: Conliffe et al. 2012).




Plate 3.1. Photomicrographs of petrographic features of Catoche carbonates in the investigated
core showing (a) CI calcite (crossed polars; Sample 4-118), (b) C2 calcite (crossed polars;
Sample 4-100), (¢) C3 calcite (crossed polarized light; Sample 6-4), (d) D1 dolomite (crossed
polars; Sample 6-16). (e) Rhombs of D2 dolomite showing cloudy core with clear rim and
intercrystalline pores (arrows) associated with D2 (plane polarized light; Sample 6-4), (f)
Cathodoluminescence image of (plate 3.1¢) showing concentric zonation CL in D2 and bright
orange CL of C3

a4
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Fig 3.1. Fluorescence spectra of kerogen material in intercrystalline pores of D2 dolomite in

Catoche carbonates



3.1 Fluid inclusion

Primary fluid inclusions were examined in dolomite generations D2, D3 and calcite C3
However. no measureable inclusions were available in DI, and calcites C1 and C2. All
microthermometric measurements were performed on primary two-phase (liquid + vapor)
inclusions that occurred in clusters. Care was taken o examine inclusions hosted in the core of

or aligned parallel to growth direction as such inclusions are known to retain their

primary signatures  (Goldstein and  Reynolds  1994).  Homogenization temperatures were

measured before freezing o avoid stretching of the inclusions by ice formation. an issuc
described by Lawler and Crawford (1983). Fluid inclusions in dolomites 12 and D3 show

. however. fluid inclusi

consistent liquid: vapor ratios (- 0. ns in D3 are generally larger in

size (> 20 pm) relative to those in D2 (Plate 3.3 a-b). The majority of inclusions in the latest

lcite cement (C3) were too small to produce reliable results for melting points (and invariably
salinity) although some measurements of 7j, were obtained. Microthermometric measurements of
homogenization temperature (7}, the minimum estimate of entrapment temperature). initial

melting temperature (77). and final melting temperature of ice (73, (ice)) with es

imated salinity

(Bodnar 2003) were taken from dolomites D2. 123 and calcite C3. The results are summarized in

Appendix 2. Table 3.1 and Figure

3.2(a-d). Fluid inclusions in D2 range in size from 2 pm to

20 um and in D3 from 2 pm 1o ~ 35 pm. Some inclusion clusters showed evidence of post-

entrapment leaking and therefore data were only collected from inclusions that had relatively

apor ratios and narrow homogenization temperature ranges (usually less than

The mean values of of Catoche

Ty, for the respecti is highest at
Daniel’s Harbour (Table 3.1). with values of 126.6 + 12.8°C. 2 = 97 and 174.1 + 7.6°C. n = 29
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for dol D2 and D3 respectively. These are considerably higher than those of

their equivalent dolomites from Port au Choix (D2 = 109 + 13°C, n =42, D3 = 118 + 10°C,

n-16) and Port au Port (D2 ~ 106+ 11°C, n-42, D3

12+ 21°C, n =29) sections (Conliffe et al
2012). The mean salinity of fluid inclusions associated with D2 (Table 3.1), is similar at Daniel’s
Harbour (23.2 + 1.4 eq wt % NaCl, n = 60) and Port au Choix (22 + 2.4 eq wt % NaCl n -~ 17)
and are higher relative to their counterpart at Pert au Port (16.5 + 1.6 eq wt % NaCl, » — 8). On
the other hand, the salinity of fluid inclusions in D3 is similar at Daniel’s Harbour (21.3 £ 0.6 ¢q
wt % NaCl, n = 27) and Port au Port (20.7 + 2.7 eq wt % NaCl, n = 10) but higher relative to its
counterpart at Port au Choix (14 + 1.8 eq wt % NaCl, n = 11, Conliffe et al. 2012). Fluid
inclusions in calcite C3 have a higher mean 7;, but lower salinity at Port au Port relative to Port
au Choix (116 °C, 13.744.2 eq wt % NaCl and 102°C, 23.6 + 1.1 eq wt % NaCl), respectively,

(Table 3.1).

(a) "¢

10im

Plate 3.3. Photomicrographs showing distribution of fluid inclusions. (a) Biphase inclusion in

D3 (arrows). (b) Biphase inclusion in D2 (arrows)
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Fig 3.2. Plots of the microthermometric data from primary two-phase fluid inclusions trapped in
D2, D3 and €3 of the Catoche Formation at Danicls Harbour showing (a) histogram of
homogenization temperature of D2, (b) Histogram of” homogenization temperature of D3, (¢)
Histogram of homogenization temperature of C3. and (d) Scatter diagram of estimated salinity

(Bodnar, 2003) vs. homogenization temperature of D2 and D3



Table 3.1. Summary

tistics of microthermometric measurements in the Catoche Formation

carbonates at Daniels Harbour (current study). and at Port au Choix and Port au Port (Conliffe ¢t

al. 2012)

Danicels Harbour (Northern Peninsula)

Host Mineral T,(°0) Tu 0 (°C)_Eq. wt% NaCl__T;, (°C)
D2 n 7 60 60 97
Mean -523 212 2312 126.6
SD 26 2 14
Max 48 164 25
Min =55 24 19.8 102
D3 n 5 27 27 29
Mean =543 -185 213 174.1
S.D 3 0.8 0.0 7.6
Max  -50 -17 22 190
Min__-58  -19.8 20.2 158
3 n 15
Mean 101.3
SD 5.2
Max 108
Min 92
Port au Choix (Northern Peninsula)
Host Mineral Ti(°C)  Tw i (°C) _Eq. wt% NaCl T, (°C)
D2 n 4 17 17 42
Mean =549 -19.7 ) 109
S.D 34 2.4 13
Max -13.6 25.5 134
Min 248 17.4 87
D3 n o 1 1 16
Mean =531 101 14 118
S.D 1 1.8 1.8 10
Max  -51.7 78 184 140
Min =544 -146 115 109



C3i n 3 14 14 20

Mean -52.8 218 236 102
SD17 16 11 15
Max  -512 -197 25 129
Min 24 22 7
Port au Port Peninsula
Host Mineral 1,°0)  Tw o (CC)  Eq.wt% NaCl__T, (°C)
D2 n 3 8 8 42
Mean 498 -12.6 16.5 106
S.D 07 1.7 16 1
Max 49 -10.2 19.1 132
Min 503 156 14.1 90
D3 n 4 10 10 29
Mean =51 -17.8 20.7 12
S.D 23 35 27 21
Max 496 112 245 147
Min 545 232 157 85
C3 n 20 29
Mean 13.7 116
SD 42 60
Max 19.1 205
Min 7.9 52




3.2 Geochemistry

3.2.1 Major and trace clements

Table 3.2 summarizes the major and trace element coneentrations of the Catoche carbonates

at Daniel’s Harbour and other locations across western Newfoundland. Elemental geochemical

data for calcite €2 was excluded because €2 is rare and found only mixed with caleite C1. such

that it was impossible to micro sample without cross contamination. The results indicate that D1
and D2 are less calcitic on the Northern Peninsula at Daniels Harbour (CaCO5: D1 = 516 4 2%.
n=15, D2 = 51.9 & 2%, n=35) and Port au Choix (CaCO3: D1 = 57.9 + 2%. n=13. D2 = 55.6 +
1%, n=20). compared to their counterparts at Port au Port (D1 = 60.9 + 5%, n-5 and D2 = 61.7 +
2%, n=11). Also. the Northern Peninsula sections have a lower mean Sr concentration (Daniel’s
Harbour; D1 = 47.3 4+ 2.5 ppm. n=15 and D2 = 36.4 + 8 ppm. - 35. Port au Choix: DI = 70 + 43

ppm. =13 and D2 = 31+ 4 ppm, 7-20) relative to their counterparts at Portau Port (D1 =106 +

60 ppm. =5 and D2 = 68 + 21 ppm, #=11). Dolomite D2 generally has similar Fe concentration

at all locations although it is slightly enriched or: the Northern Peninsula relative to those at Port

au Port whereas the mean Mn concentration is lower in carbonates of the former locality

(Conliffe etal. 2012).

3.2.2 Carbon and oxygen isotopes

Table 3.2 summarizes the isotopic composition of Catoche Formation carbonates at Daniel’s
Harbour and other locations in western Newfoundland. At Daniel’s Harbour. mean 6°°C values

decreased from -0,

%o £ 0.3 VPDB in calcite C1 to %o + 0.9 VPDB in €3 but there is no

significant change in the mean 8'%0 values of the caleites. On the contrary. the mean 8"C and

§"%0 values of the dolomites exhibit no strong trends (Table 3.2). Catoche dolomites at Port au




Port are sl

: S s S -

ightly more positive in their §"°C and 5'%0 values (Conliffe et al. 2012) relative to their
counterparts on the Northern Peninsula (Table 3.2). No significant corrclation was found
between the Mn/Sr ratios and the 3"°C values of the dolomites in the Daniel’s Harbour section

(Fig 3.3a-¢) as well at the Port au Choix and Port au Port sections (Conliffe et al. 2012)

3.2.3 Rare earth elements (RELE)

Table 3.3 is the summary statistics of the REE concentrations of Arcnig scawater and
Catoche carbonates at Daniel’s Harbour (Appendix 1). Mean EREE values are lowest in calcite
Cl (54 + 11 ppm. n = 8). invariable between dolomite D1 (11.9 + 4.8 ppm. # = 15) and D2
(10.6 + 3.9 ppm. » = 35) but increased in dolomite D3 (20.7 + 16.4 ppm. 7 ~ 12) 1o the highest

mean value.

Table 3.4 summarizes the statistics of the Ce and Eu anomaly caleulations (Bau and Dulski

1996) as well as Th/U and V/Se

atios for the respective phases of Catoche carbonates. Caleite

C1 has the lowest mean Ce anomaly with a value of 0.68 + 0.06. whereas dolomite D3

the
highest mean Ce anomaly with a value of 0.88 £ 0.06. Mcan Ce anomaly values for all the other

carbonates fall between these values. A nar

¢ mean Eu anomaly range is displayed by the

carbonates of the Catoche Formation. which ran

rom 0.67 + 0.08 in C1 10 0.70 4 0.11 in D3.

Calcite C1 has the lowest mean V/$

¢ ratio with a value of 2.89 + 1.43. whercas dolomite D3 has

the highest mean V/Sc ratio with a value of 5.70 + 4.16. Mean V/Sc ratio values for all the other

carbonates fall between these values. Mean Th/U ratios are 0.21 + 0.04, 1.19 4 0.78. 0.96 + 0.51

and 0.94 + (

for C1. DI, D2 and D3 respectively.
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Fig 3.3. Scatter diagrams of 8"C vs Mn/Sr for (a) D1, (b) D2, and (¢) D3 dolomites of the

Catoche Formation in the investigated core section showing insignificant correlations.



Table 3.2. CaCO;. MgCO;. Mn. Sr. Fe.

) and §7°C statisties for Catoche Formation

carbonates in the investigated core section at Daniels Harbour and equivalent sections at Port au

Choix and Port au Port (Conliffe et al.. 2012),

Daniel’s Harbour (Northern Peninsula)

CaCO3; % MgCO;% Fe Mn Sr "0 S
Phase (ppm) (ppm) (ppm) _(ppm) _(ppm) "/u(VPDB) "/n(VPDB)
Cl n s s s 8 B s s
Mean 98 2 14 8 271 -9.3 -0.5
S.D 2 2 43 S 26 0.3 0.3
Max  99.2 6.7 24 27 303 87 -0.03
Min__ 93.3 0.8 73 3 22 97 -0.99
3 N [ ] | | ] 4
Value 95 & 205 149 17 9.0
S.D 0.2
Max 0.3
Min -10
D1 n 15 15 15 15 15 17 17
Mean  51.6 48.4 1445 103 47 -9.0 -1.3
S.D 2 2 695 28 25 1 0.4
Max  55.2 50.6 3082 141 126 -0.8 -0.3
Min 49.4 40.5 720 47 20 -10.4 -2
D2 n B9 35 35 35 35 52 52
Mean  51.9 48.1 1684 131 36 -9.5 -4
SD 2 2 1096 50 8 0.8 0.4
Max  57.7 50.5 4493 342 82 7.9 -0.04
Min__ 49.5 42.3 531 43 27 -11.6 2
D3 n 12 12 1 12 12 15 15
Mean 51,9 48.1 1784 198 39 -10.5 -1.7
SD 1 1 618 55 9 13 0.4
Max  53.7 49.6 3299 280 57 7.9 13
Min .4 40.3 810 97 20 -13.2 -2.8



Port au Choix (Northern Peninsula)

CaCO3;% MgCO:% Fe Mn Sr 870 o0 C
Phase (ppm) (ppm) __ (ppm) (ppm) _(ppm) "u(VPDB) “(VPDB)
1 n 13 13 13 13 13 3 13
Mean 97.3 =T 1607 53 362 -8.5
sp 2 2 620 17 61 0.6
Max 988 6.1 2874 79 482 79
Min 939 12 822 30 200 97
DI n 13 3 13 3 3 13
Mean  57.9 421 4001 100 70 -8.7
S.D 2 2 1939 40 43 1.3
Max 1 45 7339 183 161 6.6
Min 38 172156 31 -103
n2 n 20 20 20 20 20 20
Mean 55.6 444 1751 178 31 92
S.D 1 1 1008 90 4 12
Max 57 46.5 5600 435 40 -60.9
Min__53.5 43 855 62 26 -10.7
D3 n 4 4 4 4 4 4 4
Mean  60.9 39.1 14934 316 o4 73 -12
sD 2 2 10287 115 13 1 0.4
Max  03.8 40.6 20279 485 83 -6.1 -0.7
Min__ 595 36.2 4881 240 52 -15
Port au Port Peninsula
CaCO; % MgCO:% Fe Mn Sr o0 5°C T
Phase (ppm) (ppm) (ppm) _(ppm) _(ppm) "/un(VPDB) (VPDB)
C1 N s s 5 5 5 14
Mean  99.4 0.6 394 98 211 -7.9
SD 04 04 255158 166 0.6
Max  99.7 12 777 379 486 69
Min 98.8 0.3 174 15 84 -8.7
s n 8 8 8 8 8 15
Mean 991 0.9 402 798 122 -84
sSD 1 1 244 963 87 24
Max  99.8 32 813 2282 303 23
Min  96.8 0.2 109 11 41 -11.8




DI n 3 5 5 9 5 5 5
Mean 609 39.1 1706 140 106 -0.7
S.D S 5 465 114 00 0.2
Max 66 44.8 2248 342 200 -0.5
Min _ 55.2 34 1175 07 0l -1

D2 n 8 11 11 1 h 20
Mean  601.7 383 1589 209 68 -0.8
SD 2 2 1001 190 21 0.3
Max  63.7 415 3354 741 108 04
Min 58.5 36.3 490 00 40 -14

D3 n 1 1 1 1 1 1 1
Value 63 37 1178 180 05 15 0.8



Table 3.3. Summary of rare earth element concentration of Catoche carbonates at Daniel’s Harbour

La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm

PHASE (ppb) _(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (pp! pp! pp!
D1 n 15 15 15 15 15 15 15 5 15 15 15 15
Mean 2476 4900 599 2268 412 88 436 298 56 171 22
SD 973 169 34 157 22 106 21 61 8
Max 4597 769 158 736 97 524 102 280 38
Min__ 1438 222 47 233 26 140 22 81 9
D2 35 35 35 35 35 35 35 35
367 78 377 54 282 55 161 2
127 26 129 17 90 17 52 6
648 127 750 102 102 301 35
42 218 3 25 89 9
D3 12 12 12 12 12 12
163 699 85 67 190 23
101 518 56 3509 12
3441909 210 129 357 48
1113 55 20233 25 73 7
C1 n 8 B B s B s B B B s
Mean 1280 1821 248 1003 43 231 34 42 124 18
SD 242 360 58 214 12 58 9 14 31 5
Max 1692 2418 350 1354 66 326 49 68 178 25
Min 917 1233 164 708 29 74 24 26 89 10
3 n 1 1 1 1 1 1 1 1 1 1 1 1
Value 6889 11276 1256 4534 632 137 644 68 295 36 180 24
Arenig 1 4 4 4 4 4 4 4 4 4 4 4 1 4
Seawater Mean 362 812 100 373 57 14 6l 5 27 5 16 2 1
Brach
shells SD 151 34 20 6 27 3 9 2 2 1
Max 545 138 85 19 98 9 39 8 27 4 3
Min 202 63 42 7 38003 9 3 8 03 1




Table 3.4. Summary statistics of Ce (Ce/Ce*)gy and Fu (Eu/Eu*)oy anomaly analysis (based on
the equations by Bau and Dulski. 1996). as well as ratios of Th/U and V/Sc for Catoche

carbonates at Daniel’s Harbour.

Ce*sy
Phase anomally Thu VI/Se
1 n 8 8 8
Mean  0.68 0.67 0.21 2.89
SD o 0.06 0.08 0.04
Max  0.76 0.76 0.28
Min 0.60 0.52 0.13
D1 n 15 15 15
Mean .85 0.67 .19
S.D 0.05 0.05 0.78
Max 0.94 0.79 2:79
Min 0.7 0.59 0.37
D2 n 35 35 31
Mean  0.81 0.65 0.96
SD 006 0.05 0.51
Max 091 0.75 225
Min__ 0.70 0.56 0.34
D3 n 12, 12 1 1
Mean  0.96 1.21 0.94 5.70
S.D 0.07 0.56 0.58 4.16
Max 1.04 291 2.01 11.24
Min___ 0.83 0.78 0.08 0.69
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3.3 Fluids-Inclusion ¢

Analysis

Results of fluid inclusion gas analysis carried out on cach carbonate phase of the Catoche
Formation at Danicls Harbour, are as shown in Appendix 3. The weighted mean ratio of

COY/CHy varied from 0.03 to 0.08 in calcite C1.0.10 t0 0.32 in D1, 0.07 t0 0.14 in D2 and 0.58

to 1.36 in D3 while the correspondir ted mean ratio of No/Ar varied from 132.4 10 143.2,

80.1 10 103.90.9 10 105

and 54.4 10 66.2, respectively.



CHAP

‘R FOUR

INTERPRE]

ATIONS AND POROSITY DISTRIBUTION

4.1. Dolomite Petrography

T'he fine crystalline fabric-retentive nature and dull cathodoluminescence of the dolomicrite

urface conditions in shallow burial

(D1) suggest carly dolomitization of marine limemud at nea
settings prior to compaction. This is consistent with the presence of microstylolites that cut
through D1 and the oceurrence of DI as dolomicrite intraclasts directly above the St George

unconformity (Lane. 1990). The very low porosity associated with D1 (visual estimates < 1%)

suggests that dolomitization was extensive anc occurred under open system: conditions with

sufficient supply of Mg ions such that dolomicrite oceluded ev

available pore present. This
agrees with the suggested origin for D1 in the Catoche Formation at Port au Choix and Port au

Port (Greene, 2008: Conliffe etal., 2012)

The fabric destructive nature and larger erystal sizes of D2 (70 um - Imm). compared with

DI (dolomicrite). suggest a later stage of replacive dolomitization that started with increased
temperature and pressure (Warren, 2000). The cloudy core with ¢lear rims. undulose extinction

and zoned CL images of D2 indicates variations in chemistry and redox conditions of the

dolomitizing fluids as well as an increase in temperature during the course of crystallization
(e.g.. Rameil, 2008: Kirmacr, 2008). This is consistent with the mean T, (126.6 4 12.8°C, n=97)

for 2 and suggests deeper burial relative to D1 The presence of undulose extinetion has been

linked in some carlier studies to sulphate reduction (Radke and Mathis. 1980). however no

evidence has been found in the Catoche dolomites to support this process. The gencrally higher

mean 7 measurements from Catoche dolomices on the Northern Peninsula relative toits
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counterparts at Port au Port. may reflect relative y deeper settings for the former location (Table

d

zation under a clos

seiated with D2 indicates dolomi

alline porosity ass

he high intererys

1o semi-closed system with limited external sudply of Mg~ ions such that no extra dolomite

oceluded the developed intererystalline pores. These pores are ofien filled or lined with kerogen

escence (Plate. 3.2¢-d: e.g.. Roedder. 1984: Gillespic and Burden,

that exhibits blue UV lumin
2010). Micro-spectroscopic analysis of the kerogen material shows fTuorescence with peaks at

45

s strongly suggests the presence of light hydrocarbons with API

490-4

Snm (Fig. 3
(Gillespic and Burden. 2010). Also. the spectroscopic profile is identical o that of known erude
oil samples from within the Jeanne d*Are Basin. off the coast of eastern Newfoundland
(Gillespic and Burden. 2010).

The mean T, of D3 (174.1 % 7.6 °C. n=29). coupled with its limited distribution, imply

s at higher temperature relative 0 D2 The

development at the very late stages of diagenesi

generally higher mean 7;, values for dolomites on the Northern Peninsula suggest hotter fluids

and/or possible deeper burial settings relative to those documented for the equivalent Port au Port
Peninsula section (Table 3.1),

Despite the differenee in the ranges of 7j values, the considerable overlap in the salinity and

.-b and d. Table 3.2)

measured 7 values of fluid inclusions associated with D2 and D3 (Fig

but at different temp

suggests that they likely formed from fluids of similar

in a closed system or possibly from the same fluids that circulated during burial in a close to

stalline pores in D3 similar

semi closed system. This is consistent with the occurrence of interer:

imiler overlap in salinity and 7, was documented by

A s

1o those commonly associated with .

Conliffe ctal (2012) in dolomites at Port au Choix and Port au Port



4.2 Major and Trace Elements

T'he mean values of CaCO; and MgCOj; concentrations of D1 at Daniel™s Harbour (Table 3.2)

indicates near-stoichiometric dolomite (Appendix 1) with mean Sr concentration of 47 +

ppm

550 ppm: Tucker and Wright. 1990). This sugge

s a coeval open system with an abundant

supply of Mg ions or alteration of a precursor Mg- rich polymorph of CaCOy in an open system

(c.g.. Sperber ot al.. 1984: Azmy et al.. 2001, 2008) rather than a hypersaline sabkha origin

(Lane. 1990). This is consistent with the absence of evaporite beds in the Catoche and
surrounding formations (cf. Meyers et al.. 1997: Lu and Meyers. 1998: Azmy ct al.. 2001, 2008)
and lack of moldic porosity within the Catoche Formation (Land. 1967: Matthews, 1974:

Longman. 1980: James and Choquette. 1984: Moore. 1997). Cons

stency in near stoichiometry

and narrow ranges of Sr. Mn. and Fe variatiors in dolomites D1 to D3 (Table 3.2) probably

reflects localized circulation of fluids of similar compositions through crustal rocks. which got

hotter with subsequent dolomitization events during diagenesis. The occurrence of

non-

stoichiometric calcian dolomite at Port au Choix and Port au Port suggs

sts possibly less fluid

mobility and/or a relatively limited supply of Mg®' (c.¢.. Sperber et al.. 1984)

Iron (Fe¢) and Mang (Mn) are of redox conditions during
dolomitization (c.g. Azmy and Lavoie. 2009: Azmy et al.. 2008. 2010: Conlitfe et al.. 2009,
2012). The general increase in the mean values of Fe and Mn concentrations from calcite C1 to

C3and D1 to D3 at Daniel’s Harbour (Table 3.2) reflects a decrease in oxidizing conditions from

the carliest dolomite generation (D1) to the latest generation (D3). The relatively higher Fe
content of DI at Port au Choix. compared with other locations. is probably due to the influence

of terrestrially derived fluids (riverine input) rather than reducing conditions since most

petrographic and geochemical evidences suppor: formation at or ne:

r the surface (Greene, 2008:
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Conliffe et al.. 20 content of D2 dolomite on the Northern Peninsula

The slightly higher
suggests reduced oxidizing conditions consistent with decper burial settings and higher 7} values

(Table 3.1).

Although it has different petrographic features, D3 at Daniel’s Harbour is gcochemically

similar to D2 (Table 3.2). This may suggest that both D2 and D3 formed from similar or possibly

the same diagenctic fluids, which supports the overlap in their salinity and 73, values (Table 3.1).

A similar relationship between D2 and D3 has been documented at Port au Port and is akin to

non-saddle and saddle D2 dolomite at Port aux Choix (Table 3.2. Conliffe ctal.. 2012).

4.3 Carbon and Oxygen Isotopes

The 8"°C and "0 values of C1 and most of D1. are within range of values of the best
preserved carbonates precipitated from Arenig seawater (Fig. 4.1). suggesting a high degree of’

preservation of its primary isotopic signatures particularly those of carbon (cf. Veizer et al..

1999: Shields et al.. 2003). This is supported by the lack of correlation between Mu/Sr and §"°C

values (Fig 3.3a-¢). The overlap in §"°C values of dolomites D1 and D2 with those of caleite C1

that C1 was likely the precursor for these dolomite generations as diagenetic fluids

sugges|

generally have low dissolved CO; (low pCO»: Land. 1992). which makes resetting of C-isotope

signatures difficult in many cases. Also. the considerable overlap in the 87°C signatre of

and "°C in all

dolomites D2 and D3 coupled with the lack of correlation between Mn/s

generations of dolomite (Figs. 3.3a-¢ and 4.1). implies that deposition of the kerogen material.

reiated with D2. occurred after D2 but prior to D3

sometimes lining intererystalline pore:

<. dolomitization was not

rather than contemporancous with cither dolemite precipitation.

influenced by carbon from organic matter. The variations in the mean 8"C and 60 values of



Catoche dolomites at Daniel’s Habour are consistent with diagenetically closed or semi closed
system conditions. The significant overlap in 6'*0 values of dolomites D1 to D3 with many
values of the best preserved carbonates precipitated from Arenig seawater (Fig. 4.1), suggests

that dolomitizing fluids might have originated from modified Arenigian or slightly older

scawater.
50 %4, (VPDB)
14 -12 -10 -8 6 4 2 0
0
-1
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3
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4.1. Scatter diagram of 3'*0 vs. §"°C for the different Catoche carbonate phases. The square

represents the range of isotopic composition of best preserved carbonates precipitated from

Arenig water (cf. Veizer et al. 1999 and Shields et al. 2003).




Dolomitization requires a large supply of My

ich fluids such as scawater. Thus. the isotopic
composition of oxygen in dolomites is ultimately influenced by that of the dolomitizing fluid and
the temperature of dolomitization (Land, 1992). Therefore, the 80 composition of dolomitizing
fuids can be determined. if' the temperature of dolomitization is known (Land. 1983)
Homogenization temperatures of primary liquid-vapor fluid inclusions. nature of rock fabric and
fossil content can be used as proxies for temper: ture of dolomitization (Goldstein and Reynolds.
1994). The fabric-retentive texture of - DI coupled with the near-micritic grain size and
oceurrence of fenestral and stromatolitic lime mudstones (Knight ¢t al.. 2007) along with the
absence of evaporite interbeds in the Catoche Formation, refleet warm (~20°C). possibly humid.,
tropical conditions similar o present-day ones. The best preserved 8'%0 values of carbonates
(low-Mg caleite brachiopod shells). that precip tated from Arenig seawater during the time of

deposition of the Catoche Formation are between -8.2 and -10.1% (VPDB: Shicld

s etal.. 2003:

Bassett et al.. 2007). This may reflect precipitation from tropical seawater with a mean §'%0

value of ~ =7.2%0 (SMOW) and values between approximately -6.2 to -8.2%0 (SMOW) at 20°C

(Hayes and Grossman, 1991). The dolomicritic crystal size suggests that D1 (the carlies

dolomite). was formed during an carly stage of diagenesis at near-surface conditions

(temperatures

10 30 °C. ¢f:. Goldstein and Reynolds. 1994). Therefore. the 80 signatures of

D1 at Daniel’s Harbour (-9.02 + 1%0 (VPDB). #=17. Table 3.2) suggest that 50 values of the

dolomitizing fluid were approximately between -10 and -11.2%0 (VSMOW) with a mean of

about -10.6 % (VSMOW: Fig. 4.3, Shiclds et al.. 2003; Bassett et al.. 2007). The difference
between the average 80 compositions of seawater and meteoric waters in modern tropical
environment is -~ 4% (SMOW. Clark and Fritz, 1997). Assuming that the difference in 6'%0

compositions between the Arenig meteoric and seawaters was similar (o that of the modern



environment. the mean 80 value of Arenig meteoric water would be -11.2% (SMOW), (i.c.

0, 20, 515 : i i
4%o lower than -7.2%o). Thus. the estimated 80 values of the dolomitizing Muids which formed

DI falls within the caleulated mean range of Arenig meteoric (-11.2 %o, SMOW) and sea water (-

7.2 %o, SMOW). This suggests that dolomitization oceurred by mixed waters possibly in a

mixing zone environment (¢.g.. Azmy et al.. 2009: Greene. 2008; Conliffe et al.. 2012). which is

consistent with the low Srand high Fe contents coupled with  the lack of evaporite beds in the

Catoche Formation. Applying the above approach at the same temperature o D1 at Port au

2008) and Port au Port (Conliffe et al.. 2012). suggests that 80 value of fluids

Choix (Green:

that precipitated D1 varied from 9.7 0 -10.8 % (VSMOW) and -7.0 to -8.2 %0 (VSMOW)
respectively. Thus. the dolomitizing fluids for D1 were more enriched in "0 on the Port au Port

peninsula relative to the Northern Peninsula. which suggest that dolomitizing fluids on the

Northern Peninsula had a higher A water content compared to their counterpart on

enig meteor
the Port au Port Peninsula (Conliffe et al., 2012). This is consistent with lower Sr and higher Fe

concentrations of D1 on the Northern Peninsula (Table 3.2, Appendix 1). On the other hand. the

D2 and D3 in the Danicl

estimated 80 co of dolomitizing fuids for

Harbour section is more enriched (+2.1 to +8.1%0 and +5.8 to +8.1%. VSMOW respectively)

relative 0 DI dolomitizing Muids (Fig. 4.2). which is normal for fluids formed at higher

temperatures of deeper burial. Deep-basinal brires are usually highly saline and enriched in "0
irrespective of age and location (Goldstein and Reynolds 1994: Azmy et al.. 2001: Lonnee and
Machel. 2006). Thus, 7j, and salinity measurements coupled with the 650 signatures of the
dolomitizing fluids for dolomites D2 and D3 reflect a hydrothermal origin (Conliffe ¢t al.. 2010).
T'his is consistent with the postulated arigin of dolomites D2 and D3 at Port au Choix and Port au

Port (Greene. 2008: Conliffe et al.. 2012). The overlap in estimated 80 values of dolomitizing
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Muids for dolomites D2 and D3 (Fig 4.2) at the Daniel’s Harbour section implies that both

wencrations likely precipitated from similar fluids or possibly the same fluid that circulated in the

crustal rocks under closed system conditions Azmy et al., 2009: Conliffe ¢t al.. 2012).

which is also supported by the invariant mean salinity values for both dolomites D2 and D3
(Table 3.1). A similar overlap has been reported for dolomites D2 and D3 at Port au Choix

(Greene, 2008),

8"°0 golomite %o (VPDB)

200 16141210 -8 -6 -4 -2 0
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Fig 4.2 Temperature (1) vs. 8™ Ogencne g Tor various 80 gmie values that were

reconstructed from the following equation: 10 In 32 % 10° T 3.3 (Land. 1983). The

vertical bars indicate the ranges or 880 Muid based on the ranges of 8'%0 values and

homogenization Temperature (73) of cach identified dolomite gencration



Ihe slightly lower §"C values of dolomites at Daniel’s Harbour relative to their counterparts

at other locations (Table 3.2) are most likely controlled by the precursor carbonate (C1). The

higher 8"C values for caleite C1 at Daniel's Harbour (-0.48 %o (VPDB) 4 0.34, 5-13) and at
Port au Port (0.7 %o (VPDB) + 0.5, 5=14). compared with those at Port au Choix. is consistent

with calcites that initially had a higher proportion of high magnesium calcite (Romanek et al..

1992: Swart and Eberli, 2005: We nificant

sert et al.. 2008). Generally speaking, the insi:

. s13ce i
variations i the mean 67°C values among the equivalent dolomite generations at all three

locations suggests possible regional circulation of diagenetic Muids with similar compositions
across western Newloundland rather than regional mixing with magmatic fluids (c.e.. Lavoic et
al.. 2010). The diagenetic fuids probably becanmie hotter during circulation through crustal rocks

of deeper settings.

Ihe lack of correlation between 8"C and Mn/Sr values particularly for the near-micritic and

fabric retentive D1 at Daniel's Harbour (Fig. 3.2a). implies that the 8"C values are near primary
5 - . .

and the reconstructed 8°C profile (Fig. 1.2) is suitable for chemostratigraphic correlations (e.g..

Azmy and Lavoie, 2009: Azmy et al., 2010). A similar result was reported for the Port au Choix

and Port au Port carbonates (Greene, 2008: Conliffe et al.. 2012). Figure 1.2 shows the 8¢
profile of Catoche dolomites at the three locations across western Newfoundland. The §"°C

profiles show a common negative shift at the top and a similar but broader one at the middle that

can be tilized for refining stratigraphic correlation of the formation across the area

4.4 Rare E:

th Elements (REE)

entrations (Table 3.3) and shale normalized (RIEgy) values of the

Using the mean REE cone

best preserved brachiopods (low-Mg caleite) precipitated during the Arenig as a proxy for



Arenig seawater (Azmy et al.. 2011), a plot o the mean (REE / REEgy) values for Catoche
carbonates and Arenig seawater are shown in Figure 4.3, The shale normalized patterns of the
Catoche ealeites and dolomites have similar and parallel profiles that mimie those of’ Arenig well

preserved low-Mg calcite brachiopod shells. This trend suggests that the REE composition of

and that the

diagenctic dolomites is at least partially controlled by that of the precursor carbonate

parent uids which deposited these dolomites likely contained Arenig seawater. The pattern for
caleite C1 shows enrichment in total REE contents (5 + Ippm. #=8)) relative to that of the

aphic

brachiopods (2 Tppm. n=4). This reflects the influence of alteration despite the petrog

preservation of micritic grain size and fabric. However, it is noteworthy that despite the reset in
the REE composition, caleite C1 may retain its near-primary 8"°C signature duc 1o the low pCO,
in diagenctic (Tuids. The micritic grain size ol C1 suggests that alteration occurred at near-
surface conditions (i.c. in an oxidizing environment) with low water-rock ratio. which accounts

for its negative Ce anomaly (Figs 4.3, 4.4a and Table 3.4) and preserved §7°C values (Fig. 4.1).

I'he similarities between calcite C1and dolomite D1 in their shale normalized REE profiles (Fig.

4.3), 6"C signatures (Fig. 4.1). EREE contents (Table 3.3) and fabric preservation coupled with

550 ppm St concentrations for D1 (Table 3.2

are strong evidence of support for caleite C1as

enctic and

the precursor for dolomite D1 and thus, the Catoche dolomicrites are not syr

therefore cannot be hypersaline sabkha dol as was previously believed (¢.e.. Lane. 1990).
Also, the oceurrence of REE normalized pattern of caleite C1 between those of the Arenigian
well-preserved (low-Mg calcite) brachiopods (lower) and the dolomicrite (upper) supports the
seenario of deposition of DI at very carly stage of diagenesis from solutions that were likely

mixture of Arenig meteoric and marine waters
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4.3 Mean shale-normalized (PAAS) values of REE concentrations of best preserved Arenig

s of Catoche carbonates

brachiopod shells and the respective phas

Insignificant variation in the mean 8"°C values of calcite C1 and the dolomites (Table 3.2),

regardless of slight increase in EREE of the dolomites relative to caleite C1 (Table 3.3), suggests

low water-rock interaction ratios as the carbon isotopic composition of dolomite reflects the

nature of the precursor carbonate unless the process of dolomitization occurs in conditions of
high water-rock interaction ratios such that diagenetic solutions have enough dissolved CO; to

reset the C-isotope signature of the precursor carbonate (Tucker and Wright, 1990 Boggs. 2009).

Ce and La anomalies of the Catoche dolomites and calcite C1 cluster around unity (Fig. 4 4a-

d). which suggests that they were diagenetically altered in REE equilibrium with their respective

I of the respective carbonate

diagenetic fluids. Hence, observed variations in REEgy and YR

7



phases reflect evolution of fluid composition during diagenesis. Furthermore, La anomaly

s

minor whereas Ce anomaly is mostly negative (Fig. 4.4a-d). The normalized REE patierns of’

Catoche dolomites (D1. D2, and D3) are almost identical and parallel to each other with those of

DI and D2 almost superimposed (Fig. 4.3), coupled with  insignificant variations in their

respective XREE contents (Table 3.3). strongly supports the suggested seenario of circulation of
basinal Muids of similar composition (or possibly same composition). through crustal rocks
during burial and excludes the involvement of magmatic fluids or fluids of other origins in
dolomitization (c.¢.. Azmy et al.. 2008. 2009, Z011: Azmy and Conliffe. 2010z Conliffe et al.,

2010: Lavoie ctal.. 2010).

All Ce anomaly values (Table 3.4). suggest oxic to suboxic fluid conditions during the

formation/diagenesis ol Catoche dolomites and caleite C1 whereas Fu anomalies expressed as

(Eu/Eu*)en are consistent with low temperatures (< 250 °C) for the diagenetic Nuids that

precipitated the dolomites and caleite (e.g. Maller, 2000: Wilde et al., 1996: Bau and Dulski.
1996). which is supported by petrographic features. elemental compositions and (luid inclusion
analyses of the respective carbonates. Caleulaied Eu anomalies coupled with fuid inclusion
analysis of Catoche dolomites D2 and D3 and caleite €3, strongly suggest that temperature(s) of

dolomitization and latest calcite precipitation was < 200 °C as positive FEu anomaly only oceurs

at temperatures above 250 °C (Bau and Dulski. 199

Maller. 2000), which supports the

exclusion of magmatic fuids.

Low mean Th/U (between ~1 and 2. Table 3.4) and V/Sc (> 2. Table 3.4) ratios (Wignall and
I'witchett. 1996: Kimura and  Watanabe, 2001). support suboxic fluid conditions during
formation/diagenesis of Catoche dolomites, which is consistent with the interpretations obtained
from Ce and Iu anomalies. The petrographic and geochemical data, coupled with Ce anomaly
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and V/Sc ratios for calcite C1 (mainly microbial lime mudstone). indicates oxic to slightly
suboxic fluid conditions for the limemud. The low mean Th/U ratio of C1 is therefore unlikely
caused by anoxic depositional condition but probably due to the activities of bacteria and
biodegradation of organic materials as such processes are known to cause U enrichment in
sediments (Barnes and Cochran, 1990:; Zheng et al., 2002; Thomas and Barry. 2004). This
suggests that the reduction process for U** (which causes U enrichment in sediments), is not a
simple inorganic reaction as it may involve particle surfaces for catalysis, specific enzymes
produced by bacteria and humic acids from biodegradation of organic materials in sediments

(Barnes and Cochran, 1990 Zheng et al., 2002; Thomas and Barry. 2004 Nicolas et al., 2006).

(a)1® c1 R=os6  (b)'° D1 R=0.12
+Ceanomaly | + Ce anomally
=10 1 =10 |—
R e Bl e
K B »
3 Pha 8
S S
308 8os
Lasromaly | +La anomaly Laaromaly | +La anomaly
00 ! 00
00 05 10 15 00 05 10 15
(PrIPr)gy (PrIPF)su
(c) 15 D2 ‘ w0y (@18 D3 ‘ R=0.08
+Ce anomaly +Ce anomaly |
=10 - . z 10— . %
H " 1 &
3 3
Q 3 05
38 8
aaromaly | +La anomal
0o La anomaly | +La anomaly o0 - Al g
00 05 10 15 00 05 10 15
(PriPr)sy (PriPr)sy

Fig 4.4. Ce and La anomalies (La = (Pr/Pr*)sy) plots for (a) C1, (b) DI, (¢) D2, and (d) D3. The

values, with few exceptions, cluster close to the unity lines
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4.5 Fluid Inclusion Gas Analyses

Figure 4.5a-b exhibits the plots of COL/CIHy against No/Ar ratios for Catoche carbonate
inelusion gases at Daniel’s Harbour.  The data points plot well inside the crustal zone and
precludes the involvement of magmatic fluid(s) in the dolomitization process. Rather, Crustal
(basinal) fuids which evolved from meteoric waters are present in all generations ol Catoche
dolomites (Fig 4.50). The evolution of meteoric waters likely oceurred via mixing with scawater

as meteoric waters do not have enough Mg™ to cause dolomitization. Caleite C1 plots within the

organic field: which implies that there is sulficient organic nitrogen to inerease the No/Ar ratio
above that ol air-saturated water. This is consistent with clevated methane levels in the fluid
inclusion gas analyses of C1 (Appendix 3) as nitrogen and methane are by-products of protein
decay. Release of methane via organic decay also explains why source fluids associated with C1
appear to e more reduced relative to the dolomites (Fig 4.5a-b). Data points of inclusion gases
of dolomites D1 and D2, which plot slightly into the organics field. are likely relics of calcite C1
I'his suggests that caleite C1 s the precursor for these dolomites and is consistent with the
overlap in their §°°C values (Fig. 4.1). similarities in normalized REE profiles (Fig. 4.3) and
overlap in values of inclusion gases (Fig. 4.5b). This indicates that D2 likely originated from the

reerystallization of D1 and direct dolomitization of caleite C1All data points plot within the

crustal seetion, which is consistent with low water-rock interaction ratios.
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4.6 Diagenctic Envi

Ihe Catoche carbonates were deposited in warm shallow marine conditions. Petrographic

and geochemical features observed suggest that “he sediments were affected by diagenesis in the
marine. meteoric and shallow burial environments. Caleites C1and C2 likely precipitated in oxic
conditions of the phreatic zone in a marine environment whereas D1 precipitated in oxic
conditions ol the mixed shallow phreatic zone of a meteoric environment. High salinity, low
temperature (< 200) basinal fluids likely derived from the circulation of fluids of the mixed

phreatic zone through crustal rocks, deposited D2, D3 and C3 in suboxic conditions of a shallow

burial environment

4.7. Variations in Porosity Distributios

Porosity (¢) is a key parameter in reservoir characterization and plays an important role in
the evolution of hydrocarbon reservoirs. Uliraviolet fluorescence from micro. spectroseopy

analyses (Plaie 3.2¢-d. Fig 3.1) coupled with the occurrence of kerogen materials often

associated with D2 dolomite of the Catoche Fo mation at Daniel’s Harbour and other locations

(¢.e. Conliffe etal., 2012), refers to carly emplacement of hydrocarbons prior to the precipitation

of D3, The preserved porosity in the Catoche Formation is mainly secondary and oceurs in

dolomites (Fig.1.2). suggesting that it is directly related to the dolomitization process (e.g..

Dravis, 1992: Esteban and Taberner, 2003: Wierzbicki et al.. 2006: Azmy et al.. 2009: Conli

et al 20090 Azmy and Conliffe, 2010). Porosity is mostly of the intercrystalline varicty

axes of pores ~5(

(apparent lor 0 600 um) and mainly associated with D2 but also

oceasionally oceurs among the subhedral crystals of D3, Dissolution vugs (up to 2.5 mm) and

stylolitic pores also oceur in the formation. Some of the intererystalline pores and vugs are filled

with D3 and C3. but frequently with kerogen. The ealeite C3 cement likely originated from late-
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stage non-ferroan Ca-rich fluids that were emplaced after D3. Depleted 6770 values measured in

caleite C3 (Table 3.2) are consistent with the suggested late-stage mid o deep burial origin

(Azmy etal.. 2009). Intererystalline porosity likely developed during dolomitization in closed to

semi-closed conditions due o the difference in molar erystal volume of dolomite compared to its
precursor calcite. The decrease in volume of the resulting dolomite is thus accompanicd by

porc

sity development (Warren. 2000): hence volume change is consistent with dolomitization of
4 precursor caleite while no significant volume change is expected during reerystallization of
dolomicrite. I dolomitization operated under completely open system conditions. resulting pores
from volume change would be oceluded with dolomite cements (¢ Lucia and Major. 1994).

Dissolution and the resultant vugs generally oceur in response to a significant change in the

chemistry of pore fluids such as changes in salin ty. temperature. or partial pressure of CO» while

stylolites develop in response to compaction pressures. Stylolites may increase the permeability

ol carbonates by acting as conduits for fluid transport (Moore. 1997). Petrographic and

ceochemical features of the Catoche D2 are similar o those documented for Rhaetian (Upper

I'riassic) dolomites of the Sorrento Peninsula (Southern Italy: lannace et al.. 2011)

Distribution of porosity in the Catoche Formation is controlled by the relative degree of D2
dolomitization with visual estimates of porosity () varying between < 110 12 % in the Daniel’s
Harbour sequence. Similar porosities were observed in the Catoche carbonates at Port au Port

1 Port Peninsula, porous horizons (visual estimate of ¢ = 4 10

and Port au Choix. On the Port

10%) are generally thin (< 5 m) but greater than 5 m at Daniel’s Harbour and Port au Choix. This
suggests that D1 dolomitization was relatively more pervasive on the Port au Port Peninsula

relative 1o Northern Peninsula (Conliffe et al.. 2012). leaving only thin horizons of

undolomitized limestone 1o be dolomitized in later stages of diagenesis and thus host



intererystalline porosity. Figure 1.2 shows the distribution of porosity in the Catoche Formation

at all three locations. Previous studies of the Catoche dolomites reveal that porous intervals are

usually dominated by caleian D2 dolomites. This lead authors to suggest that such porous D2

horizons likely resulted from a one

cp dolomitization of a precursor calcite (lime mudstones)

while non-porous D2 intervals formed by recrystallization of D1 (e.g.. Conliffe et al.. 2012:

Azmy and Conliffe. 2010: Azmy et al.. 2008, 2009: Greene, 2008). Porous D2 horizons at

Daniel’s Harbour are slightly more calcian (mean CaCO for porous horizons = 52% ppm + 2)

compared with non-porous D2 horizons (mean CaCOs for non-porous horizons = 51 %ppm & 1).
I'he porous (¢ = 4 %) horizons of the Catoche Formation at Danicl’s Harbour) oceur in 4 Tayers
(Fig. 1.2). Three are about 4 m thick. approximately 6 m. 120 m and 150 m from the top of the
section whereas the fourth is about 40 m thick approximately 70 m from the top of the section.
Similarly. the equivalent section at Port au Port has 4 porous intervals about 12 m. 4 m. 8 m and

8 m thick at approximately 24 m, 44 m. 48 m and 74 m respectively from the top of the seetion.

In contrast. the porous intervals are in the first 50 m of the se;

ion at Port au Choix. This may

that the Catoche porous zones oceur at different stratigraphic levels and are not

continuous across western Newfoundland. which is contrary to the reported distribution pattern

ol porous zones in the underlying Watts Bight Formation (Azmy and Conliffe, 2010). However.
the porous zones in the Catoche are associated with hydrothermal dolomites and eharacterized by

S i
broad negative 8"°C shifis (

1.2) that were likely caused by sea-level change and associated
carbon cycling changes (Azmy et al., 2009: Azmy and Lavoie, 2009; Azmy and Conliffe. 2010).

acommon case in the carbonate

squence of the St. George Group in western Newfoundland




CHAPTER FIVE

CONCLUSIONS

Petrographic examination of the Catoche Formation carbonates from horcholes

1 and

i/0-121 at Danicl’s Harbour on the Northern Peninsula of we:

tern Newfoundland reveals three
distinet generations of dolomite, from the oldest to the youngest, replacive dolomicrite (D1).
replacive and vug filling cu- to subhedral zoned dolomite (D2) and sub- to anhedral pore-filling
saddle dolomite (D3). Dolomite D2 (with some subhedral D3) s characterized mostly by

intererystalline porosity (¢ < 1 1o 12%) and zoned crystals.

I'race element and stable isotope geochemistry coupled with fluid inclusion gas analyses ol
the dolomites and microthermometric measurements on the trapped primary two-phase uid
inclusions. suggest that DI formed at an carly stage of diagenesis and likely from fluids
consisting of a mixture of Arenig marine and meteoric waters under open system conditions. In

contrast. dolomites 12 and D3 formed at mid to deep burial settings from hydrothermal fuids

under suboxic and closed to semi closed system conditions during later stages of diagenesis.

I'he XREE contents, REEy profiles. Ce and FEu anomalies, as well as geochemical and gas
inclusion analyses. reflect the evolution of the ciagenetic Muids throughout the sediments burial

history and support formation under oxic to suboxic conditions

om hot hydrothermal (< 200
"C) basinal fuids that were eireulated through crustal rocks but excludes  contributions from

magmatic (luids,

Stratigraphic levels of porous horizons in the Catoche Formation at Daniel’s Harbour do not
correlate with their equivalent levels in sections at Port au Choix and Port au Port (separated by
30 and 230 km, respectively). which suggests that pore zones are discontinuous across western
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Newfoundland. but are associated with broad negative 67'C shif

on the C-isotope profiles of
those sections. The porosity associated with D2 coupled with appropriate thermal maturation.
oceurrences of suitable traps. and evidences of hydrocarbon accumulation as well as the

documented seeps of oil in s

me of the outereps at Port au Choix. suggest that the Catoche

dolomites are potential reservoirs and suitable hydrocarbon targets
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APPENDIX 1

SAMPLES WITH DESCRIPTION, CORE 1D, DEPTH, ELEMENTAL, ISOTOPIC AND REE COMPOSITION OF
CATOCHE CARBONATES

Sample Core Depth CaCO; %  MgCO% Fesd  Mn Sr 57C% 570 %
i) No (m) m) (ppm) (ppm) __ (ppm) _ (ppm) _ (VPDB) _ (VPDB)
3102-C1 12741 3405 97.86 214 113.9 1418 2953 -099 9.10
4-106-C1 12i/4-1 3443 9887 113 1023 1272 3027 -0.60 9.00
4-108-C1 12i/4-1 3463 98.87 L13 104.9 1252 2916 -0.78 8.72
4-110-C1 12i/4-1 98.43 1.55 1145 2341 2700 -040 9.69
4-114-C1 12i/4-1 98.91 1.09 73.30 1616 2604 -0.70 9.56
4-118-C1 12i/4-1 3563 99.20 0.80 81.05 1611 2512 -0.10 9.42
44120C1 12i/4-1 3583 9330 6.70 2149 2675 2225 -0.03 9.36
4-124-C1 12i/4-1 3623 98.79 121 106.9 1927 2726 025 0.61
6-4-C3 12i6-121 5.2 94.96 5.04 2053 1488 1674 -3.23 9.96
6-54.5-C3 12i/6-121 547 2.80 9.51
6-64-C3 12i/6-121 642 -4.83 9.43
4-80-D1 12i/4-1 3183 50.44 159 6072 3481 -1.80 -7.29
4-81.5-D1 12i/4-1 3198 49.64 1160 7609 4267 -1.32 -1.73
4-89.5-D1 12i/4-1 3278 46.50 2397 1032 5998 -1l -9.94
4-92-D1 12i/4-1 3303 5332 46.68 1396 7082 6625 -1.24 816
4-96-D1 12i/4-1 3343 -1.54 9.37
4-104-D1 12i/4-1 3423 44.76 1403 47.26 -0.60 -6.78
4-120-D1 12i/4-1 3583 0.26 9.53
6-16-D1 12i6-121 172 50.82 49.18 720 4214 -L02 9.16
6-20-D1 814.7 1 9.74

49.59

50.41

102

26.81




Sample. Core Depth  CaCO;%  MgCOs% Fe54  Mn Sr 85C%  8"0 %
b No (m) (ppm) (ppm) (ppm)  (ppm)  (ppm)  (VPDB)  (VPDB)
6-24-D1 12i6-121 252 49.40 50.60 9716 1413 2565  -1.22 971
6-60-D1 2i6-121 602 49.62 50.38 7489 9790 4250  -1.22 884
6-64-D1 2i6-121 642 4966 5034 7688 1073 4030 -145 936
6-66-D1 2i6-121 662 5344 46.56 901.1 125 3491 -141 927
6-72-D1 12i/6-121 722 5347 46.53 1920 13 5099 -1.46

6-74-D1 12i/6-121 742 5245 47.55 3082 1028 3696 -1.82

6-92.5-D1 12i/6-121 927 5195 48.05 2067 1193 3220 -195

6-126-D1 12i6-121 1262 5093 49.07 1724 187 2773 -1.62

4865-D2 12041 53.55 46.45 1254 9145 3080  -1.89

4-88-D2 12i/4-1 -153

4-122-D2 12i/4-1 5175 4225 4493 3422 0.04

4-120-D2 121/4-1 3 5474 4526 6966 4272

6-4-D2 12i/6-121 5.2 51.03 48.97 926.1 100.8 -1.03 9.90
6-10D2 12i/6-121 112 49.55 50.45 8493 1339 -110 957
6-12-D2 12i6-121 132 50.56 49.44 6283 1128 082 922
6-13-D2 12i6-121 142 5045 49.55 1182 2125 -122 9.64
6-14-D2 2i6-121 152 5033 49.67 5312 1146 -112 957
6-18-D2 2i6-121 192 49.62 1109 344 -1.04 948
6-22-D2 12i/6-121 232 49.64 1059 119.6 -1.36 -10.07
6-26-D2 12i/6-121 272 47.76 1099 378 -126 9.62
6-28-D2 12i/6-121 292 -1L18 973
6-30-D2 12i6-121 312 5212 47.88 8849 1461 3122 4125 9.74
6-375D2  12i6-121 377 5168 48.32 1054 836 3147 - 9.82

103



ol 081 L6€E 6LIL LT81 68'8t IS To0l  ITI9ATL  €TA-001-9
91°01- 65l 9TTe  TSII 12T vT8t 9L'1S  TO0L  ITI9ATI Ta-001-9
ol L1 SoLT 1961 €zLe SUst SEN T86  ITI9ATL 7a-86-9

S0'8- 9Ll 90SE £bpl 9g1€ LUty €8°TS T96  ITI-9NTI Ta-969
L6°6- 6L1- s 9lIel 1€zr ey 68T TH6  1TI-9NTI Ta-+6-9
98°L- 1 T06  ITI-9ATL Ta-06-9
098~ W 6oLt T 9+0€ LISt 1S 88 ITI-9NTI 7a-88-9
(o513 9Ll 11-9nCl Ta-+8-9
658" 981 L88F €0l orcr 99°Lt e 11-9nCl Ta-zs-9
s 06° 06t 6L0T 8881 98°Lt rITs 1T1-9/1T1 2a-089
0T’ L1 1T1-91C1 Ta-sL-9
€6 L6'1- 1Z1-9nz1 7a-9.-9
0L6" 81+ l6€e 9Tl Iss1 LT6 €L°08 121-91C1 Ta-tL-9
95°6- 081+ 1T1-9/1T1 Ta-0L9
976" 81 108€  0€ol L'$59 18t 6T’1s 1T1-9/1T1 7a-89-9
1567 S91- 9gse reit 0501 08°Lt 0TTS 1Z1-9nC1 Ta-5'95-9
90°6° €91~ 18t 001 ¥82L 68'Lt 1nes 1T1-9/C1 a-sts9
$t'8- <l 1z1-9121 a-rs-9
1 L1 IS ol SS0L 169 60°€S 1T1-9/1T1 a9
€86 091~ €rLT §8el 7901 +9°6t 9<°08 1719121 RG]
16 0 6Tst 0.8 0tts S6'Lt S0Ts 121-9/C1 a-s9t-9
G 8601 S60S 6L 9<11 9’8t tLIS 11-91cl
18°3- IS0- 0Lt 9S'I8 Sto1 oLt rsTs Tot I1TI-9nel
(@ady)  (dady)  (wdd)  (wdd)  (wdd)  (wdd) (wdd) () oN
°% 0y 2 "% D¢ s N FE2d %TODPIN % f0Dr)  wdaq 210)




Sample Core Depth  CaCO; %  MgCO3%  Fesd Mn Cse 5PC% 570 %
D No (m) (ppm) (ppm) (ppm)  (ppm)  (ppm) _ (VPDB)  (VPDB)
6-104-D2 1206-121 1042

6-106-D2 12i6-121 1062 5141 48.59 2107 1753 3556 -1.74
6-108-D2 12i/6-121 1082 -1.67
6-110-D2 12i/6-121 1102 -1.70
6-112-D2 12i6-121 1122 5041 49.59 2839 102.1 3026 -1.48
6-116-D2 12i/6-121 1162 5275 47.25 2182 1712 2968 -1.68
6-120-D2 12i/6-121 1202 -1.62
6-122-D2 12i/6-121 1222

6-124-D2 12i/6-121 1242 51.96 48.04 2297 1441 3229

6-128-D2 12i/6-121 1282 5213 47.87 1678 1404 4617

6-130-D2 12i/6-121 1302

4-86.3-D3 1204-1 3248 5053 4947 1678 1464 4947 -151
6-4-D3 12i/6-121 52 51.72 48.28 1641 1727 3022 281
6-10-D3 12i/6-121 112 51.04 48.96 8100 1478 2630  -1.69
6-22-D3 12i6-121 232 53.19 46.81 1620 2506 3097

6-37.5-D3 12i/6-121 377

6-45-D3 12i/6-121  45.2 46.30 1580 2353 3744

6-46.5-D3 12i/6-121  46.7 4747 1818 2704 40.64

6-60-D3 120/6-121  60.2 47.95 2061 2801 37.93

6-76-D3 2i6-121 762 47.72 1511 1892 39.94

6-92.5-D3 12i/6-121  92.7 47.84 1404 9.51 2716 214
6-98-D3 12i/6-121 982 48.63 6546 1732 5672

6-100-D3 120/6-121  100.2 49.57 2199 2101 4243 <145
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APPENDIX 3

RESULTS OF FLUID INCLUSION GAS ANALY
Sample  4-94 C1 Weighted
Crush# 8692b  8692¢ 86924 8692 80921 8692p  Mean
H2 0.000  0.000  0.000  0.000  0.000  0.000  0.000
te 0.001  0.001  0.001 0001  0.001 0001  0.001
4 5389 7312 8762 9186 1083 6766 8818
120 9420 92.04 9047  90.10 8827 9288  90.48
N2 0.203 0.377 0.422 0.458 0.590 0.218 0.435
02 0017 013 0012 0014 0024 0008 0010
Ar 0.002 0003 0.003 0003 0004 0001  0.003
co2 0130 0253 0328 0241 0287 0129 0.250
Sample  4-102C1 Weighted
Crush# 8690b  8690c  8690d_ 8690c 86901 Mcan
112 0 0 0 0 0 0
He 0.002 0,002 0005  0.003  0.002 0.003
CH4 10.53 10.22 9.846 10.58
120 8§7.74 87.90  88.99 87.69
0.707 0,929 0.489 0.769
0.045  0.096 0116 0.054 0.099
Ar 0003 0.005  0.007  0.007  0.004 0.000
o2 0.830 0919 0893 0830 0.620 0.857
Sample 4-129C1 Weighted
Crush, 8693a 8093b  869Y3c  8093d  8693¢ Mean
12 0 0 0 0 0 0
e 0.001 0.002 0,003 0.004  0.003 0.003
CH4 5530 0.447 5740 9465 8.722 7.974
120 9349 9273 9332 8937 9047 91.00
N2 0.172 0.168 0230 0302 0237 0.242
02 0.059 0.054 0,064 0073 0.056 0.063
At 0.002 0.001  0.002  0.002 0002 0.002
o2 0.744 0.594  0.640 0783 0515 0.050
Sample  4-89.5 DI Weighted
Crush#__ 8694a 8094b 8094 8094d _ 8694¢ Mean
12 0 0 0 0 0 0
e 0.005 0.007  0.005  0.006  0.007 0.007
CH4 3.927 5.362 3574 4794 0983 5348
120 95.37 93.72 95.37 94.12 91.73 93.62
N2 0.341 0532 0374 0466 0552 0.494
02 0.000 0018 0.007 0014 0.012 0.014
Ar 0.003 0.005  0.004  0.005  0.005 0.005
co2 0.344 0362 0.671 0393 0715 0515
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Sample 4-104 DI Weighted
Crush#  8691a 8691b  8091c  8691d  80691c Mcan
H2 0 0 0 0 0 0

e 0.002 0.001 0,003 0.00-  0.005 0.004
CH4 1.938 2.002 4.338 5.895 8.132 0.231
120 96.56 97.24 94.11 91.80 88.08 91.31

N2 0.143 0202 0289 0396 0.580 0437
02 0.009 0.017  0.032 003 0071 0.049

Ar 0.001 0.002  0.003  0.004 0005 0.004
co2 1.353 0.536 1.223 1.861 2.526 1.966
Sample  6-72 DI Weighted
Crush?_ 8695 8095b  8695¢ 8095 8695¢ Mean
12 0 0 0 0 0 0

e 0.004 0008 0.007  0.00¢ 0006 0.006
Cl4 1.572 3.132 3.104 3.358 3.512 3.176
120 97.99 96,26 96.09  95.5 95.18 95.85
N2 0.111 0186 0188 0.196  0.208 0.190
02 0.020 0.040 0,060 0.082  0.100 0.072

Ar 0.001 0.002 0,002 0003 0.003 0.002
o2 0.298 0375 0.552 0795 0989 0.700
Sample  6-10 D2 Weighted
Crushff 8019 8694b  80694¢  8094d  8694¢ 86941 8694g  Mean

H2 0 0 0 0 0 0 0

e 0.002 0.003 0005 0006 0.001 0002 0.002
CH4 1.949 3120 5.538  0.281 3410 2798 3.302
120 97.47 9570 92.88  91.98 95.55 96.18 95.06

N2 0.243 0.409 0.615 0.669 0.437 0396 0411

o2 0.003 0004 0.002 0002 0.003  0.003  0.003

Ar 0.005 0.002 0.005  0.006 0007 0.004  0.005  0.004
co2 0.370 0203 0325 0421 0389 0362 0354 0325
Sample . 6-30 D2 Weighted
Crush#_ 8630a 8630b  8630c_ 8630d__ 8630c 86301 8630z Mean
12 0 0 0 0 0 0 0 0

e 0.001 0002 0.001 0,002 0003 0004 0.001  0.001
Cl4 3.100 5.847 1.957 2,659 60.042 5.203 2.807 3.079
120 96.20 9210 9731 9650 9151 9245 96.14  95.90

N2 0.238 0429 0164 0205 0494 0432 0333 0.200

o2 0.004 0.006 0,009 0.005 0006 0.005 0.006  0.006

Ar 0.002 0.005 0,003 0003 0.005 0005 0003  0.003
co2 0.286 0.764 0380 0417 0680 0777 0459 0428
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Sample 6-68 D2 Weighted
Crush# _ 8664a 8004b 8004 8604d  8664¢ Mean

12 0.000 0.000 0.000  0.000  0.000 0.000

e 0.003 0.004 0,005 0.004  0.006 0.005
Cli4 3.859 6.870  7.977 9.853 8.105
120 95.08 9237 9118 $8.90 90.94
N2 0.200 0376 0.349 0.447 0.380

o2 0.005 0.020 0.022 0.022 0.021

Ar 0.002 0.004  0.003 0.004 0.004
o2 0.254 0.357 0461 0.772 0.540
Sample  6-100 D3 Weighted
Crush# _ 8602a 86002b  8002¢ 86621  8602¢  8662( Mean

H2 0 0 0 0 0 0 0

e 0.001 0.002  0.001  0.001  0.001  0.002 0.001
Cl4 0.600 0.777  0.551 0.714 0703 0.677
120 98.72 98.14 98.45 98.11 98.24 98.27

N2 0.122 0219 0.108 0.068  0.086 0.103

o2 0.028 0.041 0.020  0.024 0.026

Ar 0.002 0.002 2 0.002 0002 0.002
co2 0.528 0.823 0868 0916 1080 0.941 0.924
Sample 6-12 D3 Weighted
Crush# _ 8603a 8063b  8003¢  8663d  80663¢  80603f Mean

12 0 0 0 0 0 0 0

e 0.000 0.002  0.000  0.001  0.000  0.000 0.001
Cli4 0.214 0.091 0254 0.099 0222 0324 0.209
20 99.30 99.71 99.31 99.71 99.44 99.24 99.45

N2 0.340 0.115 0.268 0.074 0.165 0.241 0.184

02 0.042 0.024 0033 0.023 0025 0.028 0.027

Ar 0.004 0.003  0.003  0.003 0002  0.003 0.003
o2 0.090 0.054 0135 0.086 0150 0.164 0.122
Sample  6-98 D3 Weighted
Crush#  8089a 8689b  8089¢ 8689l 8089¢ Mcan

H2 0 0 0 0 0 0

e 0.002 0.002 0,003 0.002  0.003 0.003
CH4 0.731 0.725 0.930 0998  0.825 0.870
120 98.23 98.16 98.04 97.81 97.95 97.96

N2 0.178 0.146 0209 0175 0.114 0.151

02 0.049 0.049  0.036  0.051 0063 0.054

Ar 0.003 0.003  0.003  0.003  0.003 0.003
co2 0.806 0916 0780 0.967 1046 0.958
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