





DOLOMITIZATION OF THE CATOCHIE FORMATION. DANIEL™S HARBOUR

WESTERN NEWFOUNDLAND, CANADA

By

© Ebube Azomani

A thesis submitted to the

School of Graduate Studies

In partial fulfillment of the
Requirements for the degree off
Master of Science
Department of arth Science
Memorial University
June. 2012

St John's. Newloundland



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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