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ABSTRACT

The Catoehe Formation 01" the St. George (iroup in western I ewl"oundland consists 01" early

Ordovician (Arenigian) shallow marine platform carbonates (- 160 m thick). II'hich \wre

extensively dolomitized during the course 01" their diagenetic history. The dolomite occurs as

both replacement and pore-filling cements and arc a major control on porosity distribution in the

I"ormation. The origin and diagenetic history 01" the Catoche dolomites at Daniel"s Ilarbour lI'ere

analyzed in comparison to equivalent successions at Port au Choix and Port au Port Peninsula to

assay the reservoir potential 01" Catoche dolomites in western Newl"oundland. I)etrographic

examination identiliedat least threegeneratior.sol"dolomite intheCatoeheFormation.which

arc: (I) an early replacement sub- to euhedralmicritic dolomite « 4 pm ]0 pm, I) I). (2) eu- to

subhedral dolomite (70 pm I mm) orten lI·ith cloudy cores and clear rims (1)1). and (])

subhedral to anhedral saddle dolomite cement (~OO ~Ull - 3 mm, I)]). The micritic dolomite (I) I)

exhibits dull cathodoluminescence (CL) under the cathodoluminoscope. whereas dolomite 1)1

exhibits consistent concentric CL zonation. Some subhedral crystals 01" D3 appear z.oned both in

plane polarized light and cathodoluminoseope. I)therwise 1)3 exhibits a dull CL. Stoichiometric

dolomite occurs in all three generations with 1)2 as the dominant dolomite by abundance.

The low strontium (47 ± 25 ppm) content coupled with depleted OISO value 01" dolomitiz.ing

Iluids (-10 to -11.2%oVSMOW) and ncar-micritic grain size. suggests an early precipitation 01"

dolomite DI at low temperatures in near-surl~lce conditions li·OI11 solutions likely Illl"llled by

mixing 01" early Ordovician sea and meteolric waters. In contrast. microthermometric

measurements or primary two-phase Iluid inclusions in dolomite 1)2 (homogeniz.ation

temperatures (Til). 01" 102 to 168"C with a salinity range 01" 19.1\ to 25 eq. II't'x. NaCI) and

dolomite 1)3 (Til 01" 158 to 190"C lI·jth a salinit) range or 20.2 to 11.1 eq. wt'Yo laCI). suggest



that both dolomite generations were generated in mid to deep burial settings rrom high s.t1inity.

low-temperature hydrothermailluids likely uncn suboxic conditions. This is consistent with the

low Sr concentrations (or dolomites 1)2 (36.4 :1: 8 ppm) and 1)3 (38.7 ± 9 ppm). 0 1
\) values or

dolomitizing fluids for D2 (+2.1 to ~8.I%o. VSMOW) and D3 (+6 to 18.1"60. VS ~OW). coupled

with Fe contents or D2 (168~ ± 1096 ppm) and D3 (1783.71 618 ppm) and l\fln 1'01' 1)2 (131.2 1

50) and D3 (197.5±55 ppm)

IREE and shale normalized values or Catache carbonates indicate enrichmenl in rare earth

element (REI~) concentration or the earliest calcite (C I) relative to those or Arenig seawater. and

the RI~EsN profiles or the dolomite generations mimic that or calcile C I. I':valuation or sh'ile

normalized Cerium (ee) and Lanthanum (La) anomalies or the Catoche c!olomite(s) indicate they

precipitated in equilibrium with slightly oxic to suboxic source Iluids and chondrite normalized

Europium (I:u) anomalies suggest similar source Iluids lor D2 and 1)3 dolomites regardless or

dillerential in mean homogenization temperalL.res. Results or Iluid inclusion gas analysis are

consistent with petrographic lCalllres and geoclll'mical composilions and support the l'xclusion or

magmatic Iluids during dolomitization.

Visual estimates or porosity (~) rrom thin seo;tions indicate that it varies rrom < I III about 12

% with lour porous (~ 2: 4) horizons at approximately 6m. 70m. 120m and 150m rrom the lop or

the succession and about 4m. ~Om. 4m and 411 thick respectively. Vugs and intercrystalline

pores arc two types or porosity associated wilh Ihe dolomites with the latter being the dominant

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

maturation. occurrence or suitable traps. and e'Jidenee or hydrocarbon accumulation. suggests

lhal the C'atoche dolomites arc potential reservoirs and suitablc hydrocarbon targets.
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CHAPTER ONE

INTRonUCTION

1.\ Seope and Purpose of Study

The Lower Ordovician St. George GrOL'I: in western Newl'oundland is a succession 01'

alternating subtidal to peritidal platl'orm carbonates (~500 m thick). which were alTeeted by

multiphase dolomitil.ation events during the course or its diagenetic history. The St C1eorge

Group consists 01' lour formations and unconlormably overlies the Berry Head I:ormation or the

Port au Port Group. The St. George unconformity represents the upper boundary 01' the St

George Group which is overlain by the Tabk Ilead Group. Ilydrothermal Iluids pl'lyed an

important role in the dolomitization process and the resulting hydrothermal dolomites e.\hibit a

major control on the distribution or porosity in the St. George Group carbonates (knight and

.lames. 1987; Knight et al.. 1991; Azmy et al.. 2008. 2009; Conli l'tc et aL 2009. 20 I0; !\zmy and

('onliITe. 2010). Ilydrothermal dolomites arc lormed under mid- to deep burial conditions rrom

high salinity Iluids at temperatures higher than those or the host lormation (e.g. J)avies and

Smith. 2006).

J)olomitil.ationol'carbonates in sedimentary sequences has been the IlJCUS ol'many studies

particularly in the last few decades as it is a significant diagenetic process that inlluences

porosity development in carbonate reservoirs. Several models have been put J(Jrth to e.\plain the

mechanism(s) via which dolomitization occurs as no consensus e.\ists regarding the general

chemical conditions required J(Jrdolomitization.llowever.allmodelsmuste.\plainthesourceor

magnesium and method(s) ol'pumping dolomitizing Iluids through the pore spaces orrocks



The occurrcnce of major hydrocarbon accumulations in Paleozoic hydrothcrmal dolomitcson

lhe eastern Laurcntian margin have rccently directed studics to westcrn Ncwfoundland (cf

Ilaywick.. 1984; Lanc .. 1000; Cooperet al.. 2001: Lavoie et al.. 2005; !\zmy ct al.. 200X. 200'):

Coniine et al.. 2009; Azmy and Coniine. 2(10) The current study focuses on thc dolomitil'ation

of the Catoche Formation (upper St. George Group) at Daniel's Ilarbour on the Northern

Peninsula in western Newloundland and the main objcctives arc:

To investigate the petrographic and gcochemical attributesofthcCatochedolomitcs

/ To decipher and describe the origin and diagenetic history of thc dolomiles in lhc

formation

To better understand the porosity-dolomitization relationship in the succcssion. and

To corrclate results of this study with rcsults from othcr scctions 01" thc Catochc

Formation across western Newloundlard to better undcrSland thc pattern of porosity

distribution

1.2 Ge()I()~ieal Setting

The St. George Group of wcstern Newloundland extends approximatcly -100 km I"rom thc

Port au Port Peninsula in thc south to Cape Norman on thc Grcat Northcrn Pcninsula (l'ig 1.1). It

consists mainly 01" an alternating succession ol"dolomitil'ed early Ordovician (Trcmadocian to

!\rcnigian) subtidal to pcritidal carbonatcs (Iimcstones and dolostones). Thcsc warm. shallow-

water early Ordovieian carbonales arc divided inlo two third-ordersequcnces(Knightand.lamcs.

1987).

Thc Laurentian paleoplate dcvcloped by active ril"ling during the laic Prccambrian around

570 to 550 Ma (Cawood et al . 200 I) and !lJrll1ed a passive pre-platlorm sheII" that W,IS covcrcd



by clastics (.Iamcs et aI., 19X9; Cawood ct al; 2001). A major transgression along the eastern

platform margin of Laurcntia during the early Ordovician resulted in the accumulation of thick

carbonate deposits which lormed a carbonate pl.ltform (Wilson et aI., 1992; Smith, 20()(J: Knighl

ct aI., 2007, 2008). Iligh-energy Cambrian carbonates of the Port au Port (,roup were buried by

low-energy early Ordovician carbonates of th,: St. George Group in western Newllllllldiand

(Knight et aI., 2007, 2008). The St. George (,roup from bottom to top consists or the Watts

Bight. I~oat IlarbouL Catoche and Aguathuna J",Jrmations (Fig 1.2) and represcnts an alternating

succession of subtidal-peritidal-subtidal-peritilLtI carbonate sediments respectivcly (ilaywick,

1984; Lane, 1990; Knight et aI., 200X). 'fhe Wal ts Bight and Boat Ilarbour I~ormations reprcsent

the lower Trcmadocian megacycle whereas the Catoche and Aguathuna Formations rcpresent thc

upper Arenigian megacycle (Knight and .Iamcs. 19X7; ConliiTe ct aI., 2010: A/.my and ('onliITe.

2010). Subsequcnt tectonic activity led to thc uplift exposurc and erosion of thc carbonatc

platform resulting in the St. George and Boat Ilarbor unconlormilies, with the Illl"111er marking

the upper boundary of the St. Georgc Group ,lIld a shili from a passive margin to an activc

forcland basin (.lames et aI., 1989; Cooper CI aI., 2001; Knight et al.. 199L 2007:). l30th

unconlormitiesalso mark thecnd of two mcgacycles (Knight and.lames, 19X7)

Thc Catoche Formation rests conlormably or thc Barbacc Cove Mcmber or the 130at Iiarboul

Formation and isovcrlain by the Aguathuna Formation. It is about 160 m thick at Port au Choix

(its type area) and consists ofwcll-beddell.lossililCrous, bioturbatcd gray lower limcstoncabout

120 m thick and an upper dolostonc about 40 m thick. IlowcveL on lhe Port au Port I'cninsula.

the Catoche Formation in ascending ordeL consists of a lower limestonc (~7() m), a middle

dolostone (~50 m), and the Costa Bay Member (- 40 m). The Costa Bay Mcmber of the Calochc

I'"ormation is an interval or distinctively white limestone which occurs on the I'ort au
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Fig 1.2 Silliplilicd stratigr'aphic diagralll orthe St George Group (in part after Knight ct a.. 2007

and A/,IllY ,md Conlille, 2010), showing the hUe profiks and porosity variations within the

Cltochc carhonates at (A) Q,mil'l's Ilarbollr(l'lIrrcnt study), (8) Port au Port I'l'ninsula (Conljllc

d ,iI. 2(12), (C) Port au Chaix (Circcnc. 200~)



Port I)eninsula (and adjacent areas) and on the three thrust stacks that dcl"orm the shelf rocks

(Knight et aI., 2007). It has been mapped aeros.; western Newfoundland and correlated with the

upper (- 40 m) dolostone of the succession at I'ort au Choix (I(night. 19X6, 19X7, 199-1. 1997:

Baker and Knight, 1993: Knight et aI., 2007). The upper -40111 of the Catoche Formation at Port

au Choix is a series of cyclic, shallowing upward, meter-scale grainstones interprcted as peloidal

sand shoals that have been extensively dolomitized (Knight. 1991: Knight. et aI., 1991: 1l,lkel

and Knight, 1993: Knightetal., 2007). TheCatoehc Formation is believed to bei\renigian inage

(Knight et aI., 2007: .Ii, 1989:.li et aI., 1989: Boyce, 1989: Lane, 1990: C,reene, 2008)

1.3 Chemistry of Dolomite (OvCJ"view)

Dolomite isa highly ordered ealcium-magm'sium carbonate mineral with crystals built upllf

layers of cations (Ca21
, Mg2

;) alternating with anions (CO/-) perpendicular to the c-axis

direction with half of the cation layers as magnesium layers (Tucker and Wright. 1(90)

I)olomite is chemically represented as CaMg (C'01h with equal molar propmtillns of calcium

and magnesium (stoichiometric dolomite)_ but it:; composition varics from CI I II,Mgox-, (CO;h to

Caol)(,Mg1o_, (C03h (Land, 1(85) Three factors contribute to this non-stoichillmctric departure

from ideal composition: (I) the degree to \\hich calcium (Ca) and magnesium (Mg) are

segregated into their respective layers, (2) presclec of excess Ca which is accommodated in the

Mg layers, (3) other cations (Fe, Sr. Na, and Mn) substitute lor C'a in doillmites (Vei/.er ct aI.,

1(78). J)epartures from ideal composition diminish the ordering of the crystals (Carpenter 19l\O)

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

Dolomites 10I'm either by direct precipitati'ln from aqueous solutions or by alteration llf

calcium bearing carbonate mineral asrepresentecl by the lollowingchemical cquations



I en2' (:I'll + Mg 2' (:1'1) + 2CO/ (:I'll -> CaMg (CO,)2 (,ol,dl Direct Precipitation

(Dolomite)

2. 2CaC01('O' ",) + Mg2' (:1'11-> CaMg (CO,b,ol"'l + C}' (:I'll Alteration ol'carbonale

(Dolomite)

Though direct precipitation 01' dolomite !i'om aqueous solution is possiblc, it rarely occurs at

surlilCC temperatures and prcssurc even though senwater (the main source 01' magnesium) is

supcrsatumted with respect 10 dolomite (Tucker and Wright. 1990; Boggs, 20(9). Limitations to

direct precipitntionol'dolomiteatsurlilcetempClatureand pressureinclude;

Rapid C1ystallization I'rom super saturated solutions impede the segregations 0l'Ca
2
' and

Mg2' into their respective layers such that mngnesium layers arc contaminated with C}'

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

1(75)

) Iligh ionic strength ol'seawater (rolk and Land, 1(75)

Mg'2 hydration (Lippman. 1973)

Low activity 01' (CO/') relative to Ca2' and Mg 2' in most natural solutions (Lippman,

1(73)

Dolomite precipitates I'rom CO,,2 and n,yt IICO" like calcite or aragonile (Tucker and

Wright, 1990)

Aragonite and calcite are precipitated prelcrentially because dolomite is highly ordered

(Tucker and Wright. 1990)

Ilowever. these limitations to dolomite precipitation I'rom seawater can be overcome by

evapomtion, lowering the sol' content. and incr,:nse in tempemture (Tucker and Wright. 1(90).



Dilution or natural aqueous solutions such as mixing 01' seawater or brine with meteoric

water can produce dolomites (Tucker and Wright. 1(90). Though simple dilution 01' seawater 01

brine with meteoric water is not enough to precipitate dolomite directly I'rom solution. the

rcsulting solution is potent enough to alter depo:iited carbonate minerals it comcs in contact wilh

and thus produce dolomites as represented by chemical equation :2 above. This process o!

altering prior carbonates to produce dolomites is known as dolomitization. I\lso the mixing 01'

natural aqueous solutions. which invariably causes dilution 01' the supersaturated solution.

reduces the rate ol'crystallization which creates ,:onditions that 1~lvour the development ol'highly

ordered dolomite crystals (Morrow. 1982; TJCker and Wright. 1(90). The occurrcnee 01'

dolomite in organic-rich marine sediments (organogenic dolomite) made scientists believc thaI

chemical processes triggered by Sul!~lte reducing bacteria could cause precipitation or dolomitc

Ilowever. the actual role ol'the sull'ate reducing bacteria in the low temperature !lJl'lllation or

dolomite and the specilic mechanism 01' dolomitization involving sull~ltc reducing bacteria is yet

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

\)olomitescontain clements such as strontium (Sr). iron (Fe) and mangancse(Mn) which can

provide useful insight to the nature 01' dolomitizing fluids and environmental conditions during

precipitation. I\lso. the isotopic composition or clements like carbon (e). and oxygen (0) in

dolomite can be used to iniCrthenatureol'dolc,miti/.ing Iluids.redoxconditionsanddegrccol'

organic productivity in environment 01' depositi~n. Sr and O-isotopc composition or dolomitcs

reflects the nature ol'the dolomitizing Iluidswhel'eas Fe. Mn.and Cmayrelleetredoxconditions

and degree 01' organic productivity in environment 01' deposition (Tucker and Wright. 1990:

Boggs. 2009). Ilowever thc sole usc 01' clemcnts in thc interprctation 01' paleocnvironmcntal

conditions is discouraged. instead geochemical data must be supported by data li'om othel



approachcs in geology such as pctrography, mi,;rothennomctry, cathodoluminescence, and Iluid

inclusion gas analyses. Thcorctical eonsidcrations suggest that dolomite precipitation is 1~lvored

by high Mg2 '/Ca2 ' ratios, low C}//CO/ ratios. low salinity, concentration or dissolved SO}-

and high temperaturcs (Baker and Kastner. 1981; Maehel and Mountjoy, 1986)

1.4 Dolomite and Dolomitization

Dolomitc is a highly ordcrcd mincral that is vcry diflicult to prccipitatc at tcmperatures

below IOO"C.ltcan precipitate directly li'om aqucous sollllions (primary dolomitc) or I(JrI11ed by

the altcration or calcium bearing carbonate min/:rals (diagenetic dolomitc). via a process known

as dolomitization. Dolomitization involvcs the partial replaccment orc}/ by Mg2
' in the crystal

lattice orthe prccursor mineral, hence availability or Mg2i is a prerequisite I()r dolomitization

Though direct precipitation ordolomitc rrom aqlleous solution is possiblc. it rarelyprccipitatesat

near-surl~lCe tcmperatures due to kinetic limitations discussed earlier. Consequently. a huge

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

I()rth to explain how these diverse diagene1.ic dolomites formed as several methods or

dolomitiJ'.ationexists, hence there is no one uniql.lemodel toex plain all dolomite

Dolomitization models arc bascdmainly on various conditions under which dolomites I(JrI11

in modern environments. However, all models must account lor thc source or Mg2
' and

meehanismlordclivering Mg2
' to dolomitization sitcs. Six models have bcen proposed. namely;

sabkha, seepage-rellux, meteoric-marine mixing zone. Coorong. burial and seawater. I':;\eh

model involves a different typc ordolomitizing Iluids. mode orllow and geologic settings but

there is ovcrlap between thc models and several could apply to one setting. The sabkha and

Coorong models are specific to well delined gcologie settings whereas the other models arc more

generalized and emphasil'.e partieulal aspects or the dolomitiJ'.ation process that may be



operational in a variety ot" geologic settings. As the product ot" a particular model may not be

very distinctive petrographyieally and/or geochemically, the application at" these Illodels tll

individual dolostone masses depends on inkrenees derived t"rom the attributes at" these

dolostones such as petrographic t"eatures, geochemical data. in ternalt"aciesrelationship.lllajllr

stratigraphic and paleogeographic Icatures. scal: and distribution. Therefore. the interpretatilln

ot"the origins ot"a paniculardolostone is dependent on inlCrencesthatarederivedmainlyt"rolll

comparisonswitha variety of dolomitization models.

/.-1./ Sahkha IIIode/

Sabkhas arc coastal supratidal Illud!lats that arc common in arid regions. Sabkha sediments

oftenconsistofevaporites.carbonatesandpo:isiblesilieiclasticsinacapillary/.llneahovea

saline water table. Seawater is mainly supplied by periodic !loml recharge which carries watel

onto the supratidal !lats particularly along old channels (McKenzie et aI., 1(80). This Ilood

recharge leadstoa relatively short liveddowll\"ard movement ot"watervia thesedilllent tojoin

the net seaward !low or groundwater (Fig 1.3). Intense heat over the sabkhas results in

evaporationrromtheeapillaryzoneabovethevlatertableandinducesanupward!lowllrwater

Ii'om the saturated groundwater zone to replace the water lost by capillary cvaporation until the

watcr table t"alls below a level where capillary e"aporation can operate. This process is known as

evaporative pumping (Ilsu and Siegenthaler. 1(69). Water lost t"rom sahkha sediments via

evaporation is replaced by pcriodic !lood recharge t"rom seawater which also provides Mg t"OI

dolomiti/.ation (Fig 1.3). Evaporation or water t"rolll the sediments causes the salinity ot"seawalcl

to be elevatcd beyond gypsum saturation within the supratidal Ilats. which increases the Mg / Ca

ratio. reduces Mg2
+ hydration and invariably precipitates dololllite. The resulting brines then

re!luxthroughthesabkhasedimentssimilartodownward!lowinthcre!luxmodel



Sabkha dolomites arc usually syngenetic, Ca-rich, olien occur in association with evaporite

minerals and poorly ordered with the degree or oJrder increasing with distance rrom the shoreline

(McKenzie and Piggott. 1981: Tucker and Wright. 1990). The !\bu Dhabi Sabkha dolomite is

perhaps the best known example or sabkha dolomitization

/..J2Seepllge-rejl/lx/lwt!el

This model (Fig 1.4). involves the generation ordolomitizing Iluids through evaporation or

lagoon water or tidal flat pore waters and then the decent or these Iluids into underlying

carbonate sediments (Tucker and Wright. 1990: Boggs. 2009). Evaporative concentration leads

to precipitation oraragonitc and gypsum which prderentially removes C}! I'rom the waleI' and

increases the Mg I Ca ratio orthe resultant brine. Subsequent decent or these dense, onen hot

highly alkaline Mg2'-rich hypersaline brine through depositcd calcium carbonate sediment. will

displace less dense seawater in the poresorthe sediment and movesealvards by seepage through

the seaward dipping beds. Flushing underlying carbonate sediments with large volumes or this

Mg2
! rich brine would bring about dolomitization via seepage relluxion (l3oggs, 2009). In the

seepage-reflux model. evaporated seawater is the source of Mg2
! whereas density dilTerence

drives the pump mechanism. Dolomitization occurs due to increased Mg I Ca ratio in

dolomitizing fluids. Dolomites rormed via thisl1lodel are usually associated with evapmitesand

arc enriched in trace elements and 1\). !\Ithou:~h there arc no good modern analogues or this

model. it has been frequenlly applied to ancienl dolomite sequences. Ilowevcr. seepage-rellux

dolomitization is conlined to the platlorm and cannot be invoked to explain dolomiti/.ation

beyond platlorm margins (13oggs. 2009). The Cretaceous Edward Formation in Texas is an

exampleorseepage-relluxdolomitization(Tuekcrand Wright. 1990)



E\-aporation

o

Fig 1.3 Illustration oCthe sabkha model oCdolomitization_ arrows indicate directions oC l1uid

110w.ln part after Land (1985)
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Fig 1.4 Illustration oCthc secpagc-rcl1ux modcl oCdolomitization. arrows indicate directions or

l1uid 110w. In part ancr Land (1985)



/.-1.3 Meteoric-Iv/urine mixing ::one mode/

In the meteoric-marine mixing wne model. dolomitization occurs within the I.one ol"mixing

ol"conlined or unconlined meteoric water with phreatic seawater (Fig I.sa-b). The Mg2
' ions I(l!'

dolomitization arc derived primarily I"rom seawater and the delivery mechanism is the continual

circulation 01" seawater induced by the !low 01" fi'esh groundwater (I,and, 1973). This model

applies largely to dolomite bodies that arc not associated with evaporite minerals. Mixing 01"

meteoric water with seawater causes under saturation with respect to calcite whereas dolomite

saturation increases, resulting in dolomiti/.ation. Folk and Land (1975) maintained that dolomite

could I"orm from solutions 01" low salinity and low ionic strength even with Mg I ea ratios as low

as I: I. When seawater or evaporated brine with high Mg I Ca ratios is diluted by mixing with

I"resh water. the resultant mixture will retain the high Mg/Ca ratio but not the high salinity 01" the

saline water. Thus. the resultant waters become special waters capable or IClrming ordered

dolomite as dilution also reduces the crystallization rate which allows [cnthe ordered erystalsol"

dolomite to develop. Ilence, dolomites I"ormed via this model arc usually perl(;ctly clear with

plane mirror like lilces and arc more resistant .0 solutions compared to dolomites ICJrmed via

other models (I:olk and Land, 1975). Meteoric-marine mixing I.one dolomites also have low

trace clement concentrations and depleted IXO. The Ilope Gate Formation or .Jamaica is an

exampleol"l11ixing zone dolomitization (Tucker and Wright. 1990).
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