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ABSTRAC T

Four measured sections of the Whirlovool Sandstone
were preprared from outcrops in the Niagara Gorge and
Hamilton areas. Sedimentary structures and constituents
present in the lower :two-thirds of the unit are consistent
with the sandy braided fluvial devositional model proposed
by Salas [1983]. The upper one-third of the unit has
been denosited in a near shore, shallow marine environment.
All samples have been classified as Quartzarenites, or
Sublitharenites after Folk [1974] and the source of
the Whirlpool lies to the southeast in primarily
pre-existing sediments, with some input from low grade
metamorphic and hydrothermally veined terrains.

Cathodoluminescent microscony has proven to be
a safe, relatively inexrensive, easy to use method, that
offers a great deal of new information. The technique's
only drawback is the cradual destruction of thin sections
by the electron beam. The CL study demonstrated that
pressure solution was not the source of the massive, rore
occluding, mesodiagenetic quartz cement., Since verv
low diagenetic temveratures have been calculated for the
Whirlpool in the studv area [369C], the local generation

of silica would be impossible. Instead, it has been



sugaested that silica was carried in bv saturated pore
fluids that had migrated up-dip from source areas deep
within the devositional basin to the southeast. Similarly,
pyrite was precipitated as H,S bearing fluids migrated
through the unit. These reducing fluids also produced
the reduced zone at the top of the Queenston Formation.

The H,S was produced during the maturation of hvdro-

2
carbons., Calcite cement is more abundant in the upper

marine units of the Whirlpool. This suggests that the

source of the calcite was local detrital carbonate in

the uprer marine units. Quartz cementation ceased when the
porosity had been reduced sufficiently to inhibit the

vassage of the migrating pore fluids. Thus, the calcite
cement precipitated from static pore fluids. The local
detrital carbonate was dissolved by the acidic fluids

that carried in the silica., This Cat? rich fluid was
prevented from mixing with the bulk porewater and calcite
precipitation occurred due to‘an increase.in CO, by the

decay of organic detritus in the upper marine units. The
major nroportion of secondary norosity was formed during
mesodiagenesis by the dissolution of calcite. The pore fluids
became undersaturated with respect to calcite when local
intershale water was released into the porewater. The

formation of dolomite cement was in resmonse to a decrease

in the amount of available iron relative to magnesium due to
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the precipitation of ferroan calcite., The zonation

of the dolomite reflects rapid changes in porewater
composition, Four morphologies of illite have been
identified: two represent direct nrecipitation from
alkaline, Kt rich solution; one mav be detrital in origin,
or it could represent illite that has been mechanically
infiltrated down into the sand after deposition; and the
fourth is a mixed layer assemblage that has been formed
by the replacement of earlier clays by illite. The oil
and gas found in the Whirlpool Sandstone in the Lake

Erie area have probably migrated up-dip from socurce areas

deep within the depositional basin to the southeast.
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apart we are none

together we are one



A maxim to live by:
One will accomplish only what he desires,

and he will desire only what he must work for.



CHAPTER 1

INTRODUCTTION

UNIT AND AREA OF STUDY:

The Whirlpool Sandstone, the basal member of the
Lower Silurian Medina Group, is a natural gas producer
in northern New York State and southwestern Ontario. It
is exposed in outcrop along the Niagara River Gorge and
in road cuts and stream channels in the Hamilton area.
The study area consists of these exnosures and figure 1-1
displavs the exact locations of the outcrops studied.

PURPOSE OF STUDY:

The purpose of this study was to prepare measured
sections of four Whirlpool outcrops and to examine, in detail,
the petrography of the Whirlpool Sandstone in the study area.

Field observations were then compared with the
Sandy Braided Fluvial depositional model prerared by C.J. Salas
from work done on a series of rock quarries in the Georgetown
area, roughly 50 km north of Hamilton. From the detailed
petrographic study a diagenetic history of the Whirlpool was
prepared, ‘

A secondary aspect of the studyv concerned the

evaluation of Cathodoluminescent Microscopy as applied to

B



Figure 1-1: Location of the study area with respect
to the cities of Hamilton and Niagara

Falls Ontario.
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Sedimentological research,

GENERAL STRATIGRAPHY AND ACE RELATIONSHIPS:

The Whirlpool Sandstone is recognizable in outcrop
from the Nottawasaga River in the north [Bolton, 1957] to
the town of Medina, New York State, in the south [Fisher,
1954]. The Whirlpool thins to the east and west, where the
Grimsbv Red Beds and the Manitoulin Dolomite, to the northwest,
and the Cabot Head Shales, to the southwest, occur at the
same straticgraphic position as the Whirlpool [Martini, 1965].
Sevler [1981] from subsurface studies in northern New York
State, described the Whirlpool as "an extensive sheet like
sand with variations in thickness...over relatively short
distances."

The Lower Silurian Medina Grouv , of which the
Whirlpool Sandstone is the basal member, is unconformably
underlain bv the Upper Ordovician Queenston Shale [Fisher,
1966] and is conformably overlain by the Silurian Clinton
Group. Figure 1-2 displavs the stratigraphic and age
relationshipns of the units cropping out along the Niagara
Escarpment [after Miller and Eames, 1982].

The lack of recognizable fauna in the lower
Whirlpool, and the general noor corrélation of fauna in
the Medina Group with other lower Silurian groups else where
[Bolton, 1957; Fisher, 1954] has allowed only an indirect

method of dating the Medina Group.



Ficqure 1-2: Stratigraphic and age relationships
of the units cropring out along the
Niagara Escarpment, [after Miller

and Eames, 1982].
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CGrabau [1913a,b] and Libertv and Bolton [1971]
used stratigraphv to show that the Queenston Shale had
a late Ashgill age. [see figure 1-2 for a breakdown of
the Ordovician and Silurian Svstems] Ziegler [in Rickard,
1975] used atrypacean brachiopod lineages to date the
Revnales Limestone, a basal member of the Clinton Group,
as Idwian in age. His work is supported by the conodont
studies of Rexrcad and Rickard [1965] and by acritarch
study of Lister [1970] on the Neahga éhale in the Niagara
GCorge. Lister showed that taxa, which Hill [1974] considered
to define the base of the Idwian age, are present in the
Neagha Shale, but not in the Medina Group directly below.
Thus, a pre-Idwian age was suggested for the Medina Group.
Recently Gray and Boucott [1971] and Miller and
Eames [1982] identified tetrad palynomorphs in the Medina
Group, that Cramer and Diez de Cramer [1972] recognized
as having world wide distribution during the Silurian Period.

REGIOHAL DEPOSITIONAIL FRAMEWORK:

During the Ordovician Period the "Queenston Delta"”
was growing westward from a land mass'in‘the present position
of the Appalacian Mountains, At the close of the Ordovician
the area that is now Ontario became emergent, but was not
substantially affected by the Taconic Orocgeny, that severly
folded, faulted and metamorphosed the present day area of

eastern New York State.



Derosition in the Silurian was in resnonse to
subsidence and Ontario formed a hinge area between two
major sedimentary basins, the Alleghenv Basin to the
south and the Michigan Basin to the west [Sanford, 1969].
During the Silurian, the Michigan Basin was a depocentre
for carbonates and evavorites, while the Allegheny
Basin was blanketed with clastics that thickened towards
a terrigenous sediment source to the southeast,

PREVIOUS WORK:

Grabau [1913] first aprplied the name Whirlpool
Sandstone., He thought that the Whirlpool Sand was
eolian in origin and existed as a local formation cut off
from anv direct eastern source. Williams {[1919] suggested
that both wind and water produced the observed sedimentary
structures, with the sediment derived from source beds to
the east in the Apvalacian region. Alling [1936] suggested
that most of the quartz was derived from a pre-existing
sandstone. Holstein [1236] concluded that since only the
most stable detrital minerals were present "...wind and
water were jointly resvonsible for the transportation of
the constituent grains...". Also, the heavy minerals
found were not typnical of a Precambrian source, rather, the
degree of sorting increased to the northwest, suggesting a
source area to the southeast, Secondly, the restricted

variety of heavy minerals present indicated a pre-existing



sedimentaryv source, possiblv the Apmalachian sediments

and the rocks of Adirondacks. GCeitz [1952] demonstrated,
using size distribution curves from five localities,

that the Whirlpool Sandstone displayed a definite fining
trend to the north and west, nlacing its source to the
-southeast, He also found a vertical fining trend in the
Hamilton area. Fisher [1954] envisioned a windswept
surface, with eolian frosted sand grains being deposited
in mud cracks. These eolian sands formed the basal units
of the Whirlpool followed by a marine transgression that
reworked the earlier sediments in a shallow marine environment.
Bolton [1957] concluded that the Whirlpool sands consisted
of "...marginal sediments derived from the east and laid
.down on the undulating and mud cracked Queenston surface
by transgressing shallow marine seas under reducing

conditions..." and that "wind vossiblv playved only a
minor role in the transportation of the clastic material
from the Appalacian source region." Seyler [1981]
reinterpreted the Whirlpool as a shallow marine barrier
island, including barrier islands, eolian sand dunes,
tidal channels, tidal inlets and shallow marine and
lagoonal conditions,

Presently I.P. Martini, G.V. Middleton and C.J.

Salas are in the process of reinterpreting the lower units

of the Whirlpool as being Sandy Braided Fluvial in origin,



from evidence supvlied by sedimentary structures and
paleo-current directions and the presence of terrestrial

nadospores.



CHAPTER 2

PACIE S D E:SS;GERIEGRITNT-0 N

A ND

D E P OS5 I T T0NA:L B NaV-T REO-N M EF N T

INTRODUCTION:

A total of five outcrops were studied and measured
sections were prepared from four of them. The outcrops
are situated in two areas: the Sydenham Road and Jolley
Cut outcrons are in the Hamilton area and the Art Park,
Haul Road Cut and Whirlpool outcrops are in the Niagara
Gorge [figure 1].

A detailed study of the Whirlmool exnosure was not
attempted, due to the fact that at the time the fiéld work
was completed the Niagara River was at its peak height.

It was not until late October that the Niagara River was
low enough to allow direct observation of the Whirlpool
Sandstone from its base to the base of the Power Clen
Formation. It was unfortunate that a measured section
could not bhe prevared from this outcrop, for this location
represents the best exposure of the Whirlpool in the study
area . It offers the opportunity of viewing the Whirlpool

along bedding planes, as well as in vertical section.

10



An attempt has been made to identifyv the facies vresent
at the Whirlpool location and paleo-current data, as well
as photographs from this outcrop have been included where
appropriate.

As the main thrust of this thesis concerns the
petrography and diagenetic history of the Whirlpool, a
depositional model has not been prepared from field
observations. Instead, these observations will be comnared
with the Sandy Braided I'luvial depositional model prepared
by C.J. Salas from work done on a series of rock guarries
in the Georgetown area, roughly 50 km north of Hamilton.

The sediments of the Whirlpool Sandstcne in the
Hamilton and Niagara Gorge areas have been divided into
‘eleven facies and two subfacies. Theyv can be differentiated
on the basis of lithology, sedimentarv structures and
biogenic content.

Figures 2-2 and 2-5 are stratigravhic sections
detailing the position of the facies and the locations at
which samples were taken for thin sectioning., Figure 2-1
is a legend describing all svmbols used.

Facies A:

Facies A is better known as the Queenston Formation.
Middleton [1982] described it as a "remarkablv monotonous
red shale, roughly 150 m thick in the Hamilton area and
thickening rapidly to the southeast, with thin siltstone,

fine sandstone and calcareous interbeds." He found it to be

11



Figure 2-1: Legend for Stratigraphic Sections, figures

2-2 o 2-5

1.2



LEGEND

LITHOLOGIES PALEO~-CURRENT

Sandstone LT ' Large Scale Trough
> Cross-bedding

;ﬁ Grey Shale

MT Medium Scale Trough

—_|Red Shale W,. Cross-bedding
»r.'\!| Calcareous Sandstone SKK, Small Scale Trough
§ ' . Cross-bedding
SR ' Small Scale Current
' SEDIMENTARY STRUCTURES W Ripples
%Trough Cross-bedding CONSTITUENTS

E:::JUndulating Contact
4~1&tOscillating Current Ripples # o !Mud Rip-up Clasts

@Y Variable Contact Zone Between ogo Round Weathering
Grey and Red Shales O © Cavities

Plane Parallel Lamination Limonite Staining

Casts of Mud Cracks Galena Mineralization
—Q}—-Casts of Synaeresis Cracks Pyrite Mineralization

~-?2-Covered Area Chondrites Trace Fossils

M v o r




Figure 2-2: Stratigraphic Section of the Haul Road Cut.
Refer to figure 1-1 for the location of the
outcrop and figure 2-1 for a legend describing

all symbols used.
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Figure 2-3: Stratigraphic Section of the Art Park outcrop.
Refer to figure 1-1 for the location of the
outcrop and figure 2-1 for a legend describing

all symbols used.
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Figure 2-4: Stratigraphic Section of the Jolley Cut.
Refer to figure 1l-1 for the location of the
outcrop and figure 2-1 for a legend describing

all symbols used.
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Figure 2-5: Stratigraphic Section of the Sydenham Road Cut.
Refer to figure 1-1 for the location of the

outcrop and figure 2-1 for a legend describking

all symbols used.
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Plate 2-la: Facies A/Ag/C and a small erosional channel
at the base of Facies C. Note the protrusions
of Facies Ag into Facies A. Photograph from

the Whirlpool outcrop.

Plate 2-1b: Three dimensional view of large scale troughs
near the base of Facies C. Photograph from the

Whirlpool outcrop.
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lacking in any type of fossils, including *trace fossils.
It is best exnosed at the Art Park location. [see plates
2-la and 2-4Db]

Subfacies Ag:

Subfacies Ag consists of 20 to 30 cm of grey-areen,
fossil free shale. It is relativelv constant in thickness
and has been identified in deen cores from wells drilled
in Chatoqua County, New York State [Sevyler, 1981].

The lower contact with the Queenston Formation
is variable. It comwrises undulating surfaces, "fuzzy"
boundaries, as well as "finger like" vrotrusions, a few
cm in width and lenath, of the grey-green shale into the
red shale of the Queenston Formation [see plates 2-la and
2-4b].

The upper contact with the Whirlpool Sandstone
is sharp. It is characterized bv undulating surfaces, well
defined casts of mud cracks and minor erosional features,
i.e. the nresence of small channels [see plate 2-1a].
Subfacies Ag is best exposed at the Art Park and Whirlpool
outcrops.

Facies C:

Facies C consists of large scale trough cross-bedded
sandstone, with relatively thin zones of parallel laminated
sandstones, 50 to 20 cm thick, that cut troughs helow and

are cut bv troughs above and laterally [see plates 2-1b,
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Plate 2-2a: Parallel laminated sandstone cutting large scale
troughs and being cut laterally by large scale
troughs, in Facies C. Photograph from the

Whirlpool outcrop.

Plate 2-2b: Parting lineations found on the surface of the
parallel laminated sandstone pictured above.
A paleo-current direction of 300° was measured
from these lineations in Facies C, (courtesy of
Dr. G.V. Middleton). Photograph from the

Whirlpool outcrop.
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Plate 2-3a: Parallel laminated sandstone cutting large scale

troughs and being cut by troughs above and

laterally, in Facies C. Photograph from Art

Park outcrop.

Plate 2-3b: Large grey-green, clay, rip-up clasts

at the base of Facies C. Photograph from

Whirlpool outcrop.






2-2a,b and 2-3a]l.

The unit is coarsest at the base and fines upward.
Also, the troughs are coarsest at their bases and fine
upwards to the base of the next trough where the trend
is repeated. Facies C is found throughout the study area,
but is best exnosed at the Art Park and Whirlmool outcrovs.

Facies C decreases in thickness to the northwest,
ranging from 3m, at Art Park, to 1.5 m, at Sydenham Road.
The grain size varies from 1.0-0.5 @ at the base, to
1.5-1.0 @, at the top, with the parallel laminated
sandstones displaving finer grain sizes of 2,0-1.5 4.

Larce, 15 to 1 cm, oval, grey-agreen, clay, rip-up
clasts are found near the base and thev appear to have
been "plucked and rafted up" from the Queenston Formation
below. There also appears to be small limonite stain rings
around many of the clasts [see plate 2-3b].

Near the base of Facies C, at the Niagara Gorge
outcrops, there exists, in a narrow band roughlvy 30 cm wide,
an accumulation of round, superficial, weathering cavities.

These cavities exist on the vertical and
horizontal faces of the outcrops and range in diameter from
1.0 to 0.5 cm. When dilute HC1l was apvlied to the cavities
a vigorous reaction took place, signifving the presence of
calcite [see nlate 2-4a].

Well developed casts of mud cracks are found on the



Plate 2-4a: Superficial round weathering cavities at the base
of Facies C. Photograph from the Art Park

outcrop.

Plate 2-4b: Facies A/Ag/C and limonite staining at the base
of Facies C. Photograph from the Sydenham Road

Cut . oeutcrops






basal surface of the Haul Road Cut and Art Park outcrops
and vatchv pvrite cement is found in the casts at Art
Park.

Red limonite staining has develoned at the base
of the Svdenhém Road exposure, but due to inaccessibility
and poor exposure, the source of the staining can onlv be
inferred to be due to the weathering of sulphide minerals,
which have been found higher up in the outcrorn [see nlate
2-4b}.

The large scale trough cross-beds give naleo-current
directions of 300° to 340° and parting lineations on the
surface of a parallel laminated sandstone at the Whirlpool
outcrop cive an azimuth of 300° [courtesy of Dr. G.V.
Middleton] [see plate 2-2a,b].

Subfacies Cv:

Subfacies Cv consists of imbricated, grey-green,
clav, rip-up clasts, 3.0 to 0.5 cm long, oriented along
the bedding nlanes of large scale trough cross-bedded and
narallel laminated sandstones [see nlates 2-5a,b and 2-6a].

The rarallel laminated sandstones consist of
relatively thin zones, 30 to 20 cm thick, that cut troughs
below and are cut by troughs above and laterally.

Subfacies Cv is differentiated from Facies C by
the pnresence of‘clay rio-up clasts. Troughs from Subfacies

Gv ‘are seen.to cut into Facies C.



Plate 2-5a: Parallel laminated sandstone cutting large scale
troughs and being cut by troughs above and laterall
in Facies Cv. Note the orientation of the clay
rip-up clasts along bedding planes. Photograph

from the Jolley Cut outcrop.

Plate 2-5b: Facies C/Cv/E, photograph from the Haul Road Cut

outcrop.






Plate 2-6a: Facies Cv/D/E/I/M, photograph from the Jolley

Cut.outcrop.

Plate 2-6b: Small scale trough cross-bedding in Facies F.

Photograph from the Art Park outcrop.
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Subfacies Cv is found at all outcrops in the
study area except for the Sydenham Road Cut outcrop, and
is best exposed at the Art Park and Jolley Cut outcrops.
The abscence of the unit at Svdenham Road may just be due
to the poor exposure of the Whirlpool at this location.

The unit decreases in thickness to the northwest,
from 2 m at Art Park to 1 m at the Jollev Cut. The large
scale trough cross-bedding has an average grain size of
1.5-1.0 g. Also, the troughs are coarsest at their bases
and fine upwards to the base of the next trough, where the
trend is reneated. The narallel laminated sandstones have
a finer grain size of 2,0-1.5 f.

At the Art Park and Jolley Cut outcropns, Subfacies
Cv is cut from above by medium scale trouch cross-bedded
sandstone with imbricated clay rip-up clasts. At the Haul
Road Cut a grev-green shale appears to rest conformably
on the unit.

Paleo-current directions in Subfacies Cv appear
to be consistent with Facies C, but due to lack of good
bedding vlane exposure, current directions could not.be
measured.
Facies D:

Facies D consists of medium scale trough cross-bedded
sandstone, with imbricated, grey-green, rip-up clasts,

1.0 to 0.5 cm in length, oriented along bedding nlanes.



Facies D is present only at the Art Park and Jolley Cut
locations [see figqure 2-6a]. It is observed to cut down
into Subfacies Cv and a grey-green shale appears to rest
conformably on its too.

Facies D is relatively constant in thickness at 1 m,
It has an average grain size of 2,0-1.5 f# and the troucghs
are coarsest at their bases and fine upwards to the base of
the next trouch, where the trend is repeated.

At the Art Park location, a thin zone 20 cm thick,
of parallel laminated sandstone is present at the tovp of
Facies D. It cuts the troughs below and is cut laterally
by troughs. The varallel laminated sandstone has a grain
size slightly finer than the medium trough cross-bedded
sandstone below.

Paleo-current directions of 300° were measured
from the troughs.

Facies E:

Faclies E consists of grev-green shale, It is found
at all locations and is variable in thickness, ranging from
30 cm at Haul Road, to 10 cm at Sydenham Road. It is best
exposed at the Haul Road Cut {[see plates 2-5b, 2-6a and
2-8al.

Facies E appears to rest conformably on Facies
Cv at Haul Road, Facies C at Svdenham Road and Facies D

at the Jollevy Cut and Art Park outcrops. Facies E is cut



bv Facies F at Haul Road and Art Park, by Facies I at
Jolley Cut and bv Facies J at the Sydenham Road location.
Facies F:

Facies F consists of small scale trough cross-bedded
sandstone, with a scattering of imbricated, arev-green,
clay rip-up clasts, 0.3 to 0.5 cm in length, oriented
aleng bedding planes.

Facies F cuts into Facies E and is cut from above
by a parallel laminated sandstone, Facies G, Facies F
is found only at the Niagara Gorge outcrops [see vlate 2-6b].

Facies F is relativelv constant in thickness, réughly
0.5 m, and has an average grain size of 2.9-1.5 g, with a
slight fining towards the top.

- The small scale trough cross-beds give

paleo-current directions of 10° [courtesv of Dr. G.V.
Middleton].
Facies G

Facies G consists of interbedded vmarallel laminated
sandstones and grev-areen shales. The sandstones have
thicknesses on average of 20 cm, while the shales are on
average 5 cm thick. The beds are in a 5:4 ratio, sandstone
to shale. The bottom sandstone bed is seen to cut into
Facies F and a grey-green shale, Facies H, rests conformably
on ton, Facies G is found only at the Niagara Corge outcrops

[see nlate 2-7ajl.
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Plate 2-7a: Facies G/H, photograph from the

Art Park outcrop.

Plate 2-7b: Oscillating current ripples with tuning

fork bifurcations in Facies G;






The sandstone has a grain size on average of 2,5-
2.0 Z. At the top of the sandstone beds there exists
oscillating current ripples with tuning fork bifurcations
[see plate 2-7b]. Small scale current rinples dismlaying
valeo-current direction of 265° to 345° [courtesy of
Dr. G.V. Middleton] are also present in facies G, Bill
Duke [personal communication] has reported the presence
of Hurmocky Cross-stratification on the top sandstone beds.
Facies H:

Facies H is better known as the Power Clen Shale.
Middleton [1982] described it as a grey, fossiliferous,
shale with dolomitic interbeds. The Power Clen is found
only in the Niagara Gorge and the contact with the Whirlpool
is sharp [see plate 2-7al.

The Power Glen Shale is progressively replaced to
the northwest by the Manitoulin Dolomite and the transition
is complete in the Hamilton area. Middleton [1982] suggests
that the Power Glen Shale should ke included with the Cabot
Head Formation directly above.

Facies I:

Facies I consists of interbedded parallel laminated
sandstones and grev-green shales in a 1:1 ratio. The
sandstones are on average 20 cm thick and have a grain size
of 3.0-2.5 ff. Scattered throuchout the sandstones are grey-

green, oval, clav, rip-ur clasts, 1.0 to 0.3 cm in length,
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oriented alonag bedding nlanes. The shales are on average
10 cm thick [see plate 2-€a].

The lower sandstone bed is observed to cut into
the shale of Facies E and the top shale bed of Pacies I
apvears to be cut bv the calcareous sandstone of Facies M.

Facies I is found only at the Jolley Cut outcrop.
Facies M:

Facies M renresents the transition from the
Whirlpool Sandstone to the Manitoulin Dolomite. It is
observed only at the Jolley Cut and consists of a
calcareous sandstone, 40 cm thick, interbedded with
10 cm thick, grey-green, shales, The calcareous sandstone
appears to be extensively bioturbated,

Middleton [1982] described the Manitoulin Dolomite
as 3 to 4 m of thin bedded, buff weathering, fossiliferous,
bioturbated, dolomite [see plate 2-6a].

The Manitoulin thickens and becomes less argillacous
towards the northwest and is remlaced by the Power Glen
Shale, to the southeast.

Facies J:
Facies J consists of a parallel laminated sandétone,

30 cm thick, displaying the trace fossil Chondrites at its

base. Facies J is found only at the Syvdenham Road outcrop
[see plate 2-8a,b]l.

Galena mineralization and grev-—-green, oval, clay
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Plate 2-8a: Facies C/E/J, photograph from the Sydenham Road

outcrop.

Plate 2-8b: Trace fossil Chondrites and casts of synaeresis
mud cracks on the basal surface of Facies J.

Photograph from the Sydenham Road outcrop.






rip-up clasts, 1.0 to 0.5 cm in length, oriented along
bedding planes are found within the unit. The sandstone
has a grain size of 2.0-1,5 g and the trace fossil

Chondrites and casts of svnaeresis mud cracks are disnlaved

on the basal surface [Dr. M.S. Risk, personal communication].

Facies J is observed to cut into the shale of
Facies E below, its vertical extent is not known, due to
the inaccessibility of the unner reagions of the outcron.
Facies K:

Facies K consists of interbedded parallel
laminated sandstones and grev-green shales in a 1:1 ratio.
The sandstones are on average 20 cm thick and display
galena mineralization and grev-green, oval, clay, rip;up
clasts, oriented along beddinc planes. The sandstones have
a grain size of 2.0-1.5 f and limonite staining, from the
weathering of the sulpvhides, is present at the bases of the
sandstones. he shales are on average 10 cm thick.

FPacies K is found only at the Sydenham Road outcrcep.
Its vertical extent is not known, due to the fact that only
60 cm of the unit is exposed.

Interpnretation:

The scarcitv of fossils and red colour, high
oxidized iron content, prompted Grabau [1913b] to associate
the Queenston Formation with a terrestrial deltaic

environment of deposition. Middleton [1982] raised a serious
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criticism of this interpretation by gquestioning the
ability of a delta to deposit a verv thick, non-marine
shale, without any channel devosits, or marine intercolations.
Thus, no accented depositional environment for the Queenston
Formation nresently exists.

The relative constancv of thickness and the "finger
like" protrusions of the agrey-green shale into the Unper
Red Queenston, tends to suggest that the orev-green shale
represents a reduced and leached form of the Queenston,
due to pmercolating water in a reducino environment. Sandford
[1969] interpreted this zone as a region of reduction of
ferric iron to ferrous iron during diagenesis. Seyler [1981]
interpreted the presence of large grey-green, clay, rip-up
clasts at the base of the Whirlpool in outcron and deep
core as signifving the leaching of the Upper Queenston
before deposition of the Whirlpool Sand., It seems more
likely, however, that the rip-up clasts were originally
of oxidized clay and then, like the 30 cm of Upper Red
Queenston Shale, became reduced during diagenesis. The
presence of patchyv pyrite cement in the very base of the
Whirlnool tends to suggest that the reduction of the oxidized
clays took place in an environment that was only able to
reprecipitate very small amounts of reduced iron, as
pyrite, locally.

Salas [1983] concluded from his work on the



Whirlnool Sandstone in the Georgetown area that any

depositional model prepared for the Whirlpool must first

exnlain the

1]

2]

3]

4]

5]

6]

7]

and also it

i]

ii]

iii]

seven characteristics outlined by Bolton [1957]:
the oradation of white or grev sandstone
eastward into red, coarser grained sandstone;
the easterly increase of impurities combined
with a decrease in sorting;

the presence of lutite clasts and grey lutite
lenses along the inclined forsets and horizontal
bedding planes;

the limited size of the crossbedding, suggestive
of an aqueous, rather than an eolian, origin;
the presence of both well rounded, frosted and
subangular, clear quartz grains;

the predominance of only the most stable heavy
minerals [Holstein, 1936};

the reasonable constancy of thickness along

the Niagara escarpment with westward thinning;
must take into account:

the lack of marine body fossils in the lower
two thirds of the formation {Fisher, 19541;

the presence of non-marine microfossils in

the lower two thirds of the formation:

the absence of bioturbation in the lower two

thirs of the formation;
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iv] the abrupt change from a high enerqyv,
non-bioturbated, non-fossiliferous lower
facies, into a low energv, bioturbated,
fossiliferous transition zone, with no
gradation;

v] the regionally consistent paleo-flow towards
the northwest, which is in accordance with
the Whirlpool's southern correlative, the
Tuscorora Formation.
Salas has concluded that the origin of the Whirlpool
Sandstone 1is consistent with a sandy braided fluvial
system of low sinuosity and flashy discharge, with a
transgression into a near-shore shallow marine environment.
If we avpply the sandy braided fluvial model to the
Whirlpool Sandstone in the study area, then the lower,
trough crossbedded facies, C and D, may represent in-channel
deposits. The plane beds associated with the troughs
represent in-channel deposits as well, but due to a decrease
in grain size, the flow has moved out of the dune field
and into the uvner plane bed regime [Blatt et al., »n. 141].
The presence of only in-channel deposits is nrobably due
to the constant switching of channels, which would destroy
any bar deposits [C.J. Salas, personal communication].
The transition zone is marked by the apnearance of

Facies E, a layer of grev shale, senarating the fluvial,
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trough crossbedded sandstones from the upper, marine
sandstones.

The marine sandstones consist of facies F and
G in the Niagara Gorge, I at the Jolley Cut and J and K
at the Syvdenham Road outcrop. These beds are near shore
deposits, as thevy display marine fossils and trace fossils
as well as oscillation ripnles., There is indication that
there may also exist storm deposits [C.J, Salas, personal
communication].

In the Niagara Gorge the transition of the Whirlpool
into the Cabot Head shales is renresented by facies H.
Middleton {[1982] interprets the Cabot Head as being fully
marine, offshore denosits, and states that the transition
upwards to shale from the Manitoulin Dolomite reflects
an increase in the input of terrigenous mud from the
southeast, due to progradation. Thus, the Cabot Head
Shales in the Hamilton and Niagara Gorge areas could
be described as prodeltaic [ibid.].

Facies M at the Jolley Cut revresents the transition
from the Whirlpool Sandstone to the Manitoulin Colomite.
Middleton [1982] interprets the Manitoulin as being
originally deposited as a bioclastic sand in relatively
deev marine waters.

The sedimentaryv structures and constituents

observed in the lower units of the Whirlpool Sandstone in the
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study area appear to fit the sandy braided fluvial
depositional model developed by C.J. Salas [1983],

but detailed field work is required in order to confirm

this.



CHAPTER 3

PETROCRAPHY

Introduction:

Twenty thin sections were oprepared from samples
collected at five locations in the studv area. WNineteen
were cut from samples taken at the four outcrons that were
studied in detail, Art Park, Haul Road Cut, Jolley Cut and
the Syvdenham Road location. One thin section was prepared
from a sample taken at the very base of the Whirloool outcrop.
All thin sections were cut perpendicular to bedding and ten
were impregnated with blue epoxy in order to determine true
porosity, The sections were nrerared slightly thicker,
lightly polished on the bottom side and left uncovered in
order to be analvzed by Cathodoluminescent Microscony
[see Appendix 1 for descripbtion of techniquel.

All thin sections were stained for: 1] ferroan/
nonferrcan calcite and dolomite using a method develoned
by Lindholm and Finkelman [1971]. 2] plagioclase and
K-feldsnar, using a method develoved by Houchton [1980]

[see Appendix 2 for description of staining techniques].

The results obtained from the calcite staining were

excellent, dolomite as well-as ferroan and nonferroan
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calcite have been identified ([see vplate 3-5a,b}. The
feldspar staining was inconclusive, The stain did not
take, even after repeated treatments., Thus, all feldspar
identification has had to be done using Cathodoluminescent
Microscopy and the presence of twinning.

After the Cathodoluminescent studv and staining
had been completed, the cover slips were fixed on the
thin sections so that they could be enalyzed under
transmitted light.

Most of the thin sections were vrepared from
samples taken in the lower, coarser facies, i.e, Facies
C and D, in order to carefully study the. fluvial beds of
the Whirlmool. Six thin sections were vrepared from samples
taken in Pacies G, I and J in order to contrast the upper,
shallow marine beds with the lower fluvial beds.

Crain Size:

The ShadowmasterTM was used to determine the
greatest, natural diameter, i.e. excluding quartz overgrowths,
of twentv of the largest grains rer slide. These diameters
were then averaged and accepted as the average grain size
for that slide.

According to Blatt et al. [1980, p.66-68] a section
cut across a population of uniform spheres, randomly arranged
in space, will not vield a uniform size distribution.

Only the maximum size observed corresvonds to the true size
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of the parent pooulation. Also, nonspherical narticles
will show anisotropic dimensional fabrics, and thus the
results of measuring the section size will devend on the
direction in which the section is cut relative to the grain
fabric. Since the direction of grain orientations is
generally unknown, thin sections should be cut parallel to
bedding. Blatt et al. [1980] have recognized that the
problem of inferring the three dimensional parent size
from two dimensional observations is theoreticallvy
unsolvable. They sucgest, instead, that a standardized
method of measurement of grain size in thin section be
developed.,

The method used in this study has taken into
account the non-uniform size distribution of grain in
a thin section, but no consideration has been given to
grain fabric orientation. Neglecting grain fabric
orientation will introduce a small negative error. Since
the thin sections were not oriented with respect to
praleo flow, the size of the error will varv. But, since
the error will be small, the average grain size data in
Table 3-1 should still be valid for recognizing cgeneral
size trends in the study area.

Table 3-1 contains a listing of the thin sections
.prenared, the location, stratigraphic position, the facies

from which they were obtained and the average grain size.
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TABLE 3-1
AVERAGE GRAIN SIZE

LOCATION SAMPLE HEIGHT ABOVE FACIES AVERAGE GRAIN
NUMBER BASE (meters) SIZE (mm)

vVis 1 base C 0.6
VIS 7 1.1 C 0.2
HAUL ROAD VIS 6 1.9 C 0.4
cuT Vis 4 5.5 G 0.3
Vs 2 5.8 G 0.2
VIs 3 6.05 G 0.3
ART BASE base C 0.3
ART 2 1.3 C 0.5
ART PARK ART 5 2.05 C 0.4
ART 7 3.25 C 0.5
ART 8 4.0 C 0.6
ART 12 8.2 G 0.3
WHIRLPOOL WHIRL 1 base C 0.3
JOLL 6 base* C 0.4
JOLL 5 2.4 D 0.3
gggLEy JOLL 4 2.7 D 0.2
JOLL 3 2.9 Dm 0.3
JOLL 1 3.0 I 0.3
SYDENHAM SYD 1 base C 0.2
ROAD CUT ©SYD 4 3.05 J 0.2

L

n= 20 largest grains per slide, measured on the ShadowmasterTM

*= gtratigraphic base of Whirlpool is not exposed at Jolley Cut



It is evident from studving the table that the
decrease in grain size from bottom to tor of the Whirlpool,
rerorted by CGietz [1952] is well develooed within the
study area.

In ceneral the Whirlpool is coarsest at the verv
base, ranging from values of 0.6 to 0,5 mm, and rapidly
fines uonwards to values of 0,3 to 0.2 mm, In the lower
regions of the outcrops, specifically in Facies C and D,
a'local grain size decrease to 0,2 mm is observed. This
reflects the grain size decrease found in the parallel
laminated sandstone zones.

The lateral fining trend to the northwest reported
by Gietz [1952] also appears to be develoved, but the lack
of basal exposure at the Jollev Cut hinders the definite
recognition of this trend. |

Mineral Composition:

Method:

Point counting was completed using both Transmitted
light and Cathodoluminescent Microsconv.

Point counting completed using transmitted light can
be separated into four steps:

i] twenty thin sections were vnoint counted for

general mineralogy, 300 point counts per slide.
ii] twentyv thin sections were point counted for tvpnes

of rock fragments, 100 point counts per slide.
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iii] twenty thin sections were point counted to
determine the abundance of four possible
quartz types [Basu et al., 1975]:

al monocrystalline quartz with less
than 5° of undulosity.

bl monocrystalline gquartz with creater than
5C of undulosity.

c] polycrystalline quartz with 2-3
crystal per grain.

d] polycrystalline gquartz with greater
than 3 crystals per grain,

100 point counts per slide.

iv] eleven thin sections were point counted for a
grain contact study. Six sections were taken
from the Haul Road Cut outcrop and five sections
were taken from the Jollevy Cut outcrop, Grains
were counted in a method after Fuchtbauer ([1974].
All of the contacts per grain in a given field
of view were counted and categorized after
Taylor [1950] until one hundred grains had
bheen counted.

Point counting completed using Cathodoluminescent
Microscopy can be separated into two steps
i] twenty thin sections were point counted for

general mineralogy, 300 point counts per slide.
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ii] eleven thin sections were noint counted for
a grain contact study. Six sections were taken
from the Haul Road Cut outcrop and five were
taken from the Jollev Cut outcrop. Grains
were counted in a method after Fuchtbauer
[(19741. All of the contacts per grain in a
given field of view were counted and categorized
after Tavlor [1952] until 100 grains had been
counted.

Results:

The minerals and constituents found in the Whirlpool
Sandstone in the study area are: quartz, present as detrital
grains and authigenic overgrowths; feldspar; opague and
heavy minerals, opaques present as authigenic and secondary
precipitate minerals; chert, phosvhatized fossil fragments
énd rock fragments; ferroan and nonferroan calcite and
dolomite cements; authigenic clays, identified on the SEM
and XRD, and detrital muscovite.

All samples are classified as Quartzarenites or
Sublitharenites after Folk [1974] [see figure 3-1].

Transmitted Light Microsconvy:

Introduction:

Tables 3-2a,b to 3-5a,b indicate point count results
obtained from the analysis of the twenty thin sections under

transmitted light at 250X magnification,
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TARLE 3-2a POINT COUNT RESULTS: TRANSMITTED LICGIHT MICROSCOPY

LOCATION SAMPLE QUARTZ QUARTZ FELDSPAR PHOSPIIATE OPAQUES CHERT

NUMBER CEMENT AND AND
b HIEAVIES ROCK FRAGS,.
R —
VIS 1 86.7 12,5 0.8 t t t
VIis 7 83.0 14.5 t 1.9 t 0.3
HAUL ROAD VIS 6 77.8 15.7 t 0.7 1.0 2.0
cuT
Vis 4 70.6 20.7 t 0.3 t t
VIis 2 72.5 10.0 t 1.0 1.0 t
Vis 3 78.4 12.1 0.3 0.3 1.0 1.0
n = 300 point counts ner slide, corrected for grain loss during thinsection
prenaration
t = mineral present, but not counted
- = mineral not present in slide
N.I.E. = slide not impregnated with blue epoxy, unable to determine true

porosity
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Table 3-2b

TR TR

SAMPLE FERROAN NONFERROAN DOLOMITE VERMICULAR CLAYS MUSCOVITE POROSITY TOTAL

NUMBER CALCITE CALCITE CEMENT CHLORITE %
CEMENT CEMENT

T T - s
VIis 1 t - - 0. N.I.E. 100.3
¥IS:7 t 1.0 - t N.I.E. 99.8
VIS 6 t s R - t N.I.E. 99.3
VIS 4 8.0 - 0.3 t N.IT.E. 99.9
I5 2 1. 5% 1.0 t t N.I.E. 99.9
VIS 3 3.7 2.0 T3 t N.I.E. 100.4
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TARLE 3-3a POINT COUNT RESULTS: TRANSMITTED LIGIHT MICROSCOPY
_ e
LOCATION SAMPLE QUARTZ QUARTZ FELDSPAR PHOSPHATE OPAQUES CHERT
CEMENT AND AND
’ HEAVIES ROCK FRAGS.
ART BASE 68.0 22,3 0.3 0.7 0.3 1.7
ART 2 70.7 15.3 t 0.7 0.7 2.7
ART 5 81.2 14,1 t 1.0 t 3.4
ART
PARK ART 7 85.1 13.5 t 0.3 t 1.0
ART 8 84.1 15.0 t t t 0.3
ART 12 69.1 24.5 N.7 t t 5.2
n = 300 voint counts per slide, corrected for grain loss during thinsection

M.

preraration

mineral present, but not counted

mineral not present in slide

I.E. = slide not impreqnated with blue evoxy, unable to determine true
norosity
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Table 3-3b

SAMPLE FERROAN NONFERROAN DOLOMITE VERMICULAR CLAYS MUSCOVITE POROSITY TOTAL
CALCITE CALCITE CEMENT CHLORITE %
CEMENT CEMENT
T D T S S S
ART Zaf - - t - L.o 100.0
BASE
ART 2 0.3 - t 0.3 = 9.3 99.9
ART 5 0.3 - - t - N.I.E. 100.0
ART 7 t - - T - N.I.E. 99.9
ART 8 0.3 0.3 - t - N.I.E. 100.0
ART 12 t - - t 0.3 N.I.E. 99.8




TABLE 3-4a POINT COUNT RESULTS: TRANSMITTED LIGHT MICROSCOPY

LOCATION SAMPLE QUARTZ QUARTZ FELDSPAR PHOSPHATE OPAQUES CHERT
NUMBER CEMENT AND AND
HEAVILES ROCK FRAGS.

JOLL"6 14.3 1413 0.7 t 1.0 i
JOLL -5 T84 1578 0.3 it 0.3 %3
JOLLEY
CUT JOLL +4 780 1457 t t i 4 WP
JOLL 3 68.7 2187 0.3 t & 2.0
JOLL 1 64.7 24,0 0.3 0%l 24,6 1.6
QR ST
n = 300 point counts per slide, corrected for grain loss during thinsection

prevaration

t = mineral present, but not counted

mineral not nresent in slide

N.I.E. = slide not impregnated with blue epoxy, unable to determine true
porosity :
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Table 3-4b

SAMPLE FERROAN NONFERROAN DOLOMITE VERMICULAR CLAYS MUSCOVITE POROSITY TOTAL
NUMBER CALCITE CALCITE CEMENT CHLORITE %
CEMENT  CEMENT
JOLL & DR 0.7 0.3 t L.3 100.0
JOLL 5 - v _ 0.3 2.0 100.2
JOLL 4 E» - - % 6.3 100.0
JOLL 3 - 0.3 7.0 & % it 100.0
JOL.L 1 g 1 s 1.3 % 3.7 99.9
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TASLE 3-5a

POINT COUNT RESULTS: TRANSMITTED LIGHT MICROSCOPY

LOCATION SAMPLE OQUARTZ QUARTZ FELDSPAR PHOSPHATE OPAQUES CHERT
NUMBER CEMENT AUND AND
HEAVIES ROCK FRAGS.
S
SYDENHAM
ROAD CUT S¥-DAD s .3 13 %7 0.7 1.3 253 0.3
SYD 4 760 11,3 1710 223 @33 t
WHIRLPOOL WHIRL 1 70.6 1o5 .3 B3 053 it 250
NIAGARA
RIVER
M el Sl S s T 20
n = 300 point counts per slide, corrected for grain loss during thinsection

(527

il

N.

preparation

mineral present, but not counted

mineral not present in slide

I.E. = slide not impregnated with blue epoxy, unable to determine true

porosity
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Table 3-5b

SAMPLE FERROAN NONFERROAN DOLOMITE VERMICULAR CLAYS MUSCOVITE
CALCITE CALCITE CEMENT CHLORITE
CEMENT CEMENT

POROSITY TOTAL
%

SYD 1 t 3.0 2 - 5 s

SYD 4

1
=
I
et
I
I

WHIRL %7 D% t t t 0.3 -

7.3 99.9
9.0 100.2
6.3 99.8




Quartz

The detrital quartz grain population consists of:
nonundulose and undulose monocrystalline quartz, comnrising
rouchly 75% and 15% of the total povnulation resvectively;
polycrystalline quartz with more than 3 crystals per grain,
comprising roughly 8% of the total nopulation; and
polvcrystalline quartz with fewer than 3 crvstals per grain,
comprising roughly 2% of the total povoulation [see table 3-15].

All grains are surrounded by well developed syntaxial
overgrowths of silica cement., The overgrowths are in general
easy to recognize, due to the presence of bubble trains in
the original grain and dust rims consisting of hematite
and illite clay as well as unknowns [see vplate 3-18] around
the rim of the detrital grain [see plates 3-1la,b,
3-2a,b and 3-3a]. Dust rims are formed by the creation
of void spvace between the overarowth and the nucleus
during cementation [Pittman, 1972]. When nucleation is
initiated at a number of sites on the surface of a quarfz
grain, and as competitive crystal growth proceeds, a
small number of nucleii will grow together forming the
overgrowth [Hutcheon, 1982]. The voids represent the
interstices between the original nucleii, which later
became filled with "dust".

The monocrystalline detrital quartz grains apvear

to be subrounded to rounded, while the vnolycrystalline detrital
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Plate 3=1b:

Detrital quartz grain showing bubble trains
as well as a dust rim, note the near total
occlusion of all vorositv bv quartz over-
growths. Sample ART 12, 160X magnification,

XN.

Polvcrystalline quartz grain with more than

3 crvstals [center], dolomite rhomb, [arrow],
and a low arade MRF, [arrow]. Note the orient-
ation of crvstals within the MRF and the lack
of any deformation, even thouch the grain is
between two quartz grains, Sample VIS 4, 160X

magnification, XN,
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Plate 3-2a: Primary quartz overgrowths on detrital quartz
grain. Scale bar divisions equal 10 microns.

ART BASE.

Plate 3-2b: Primary, isolated quartz overgrowths growing
into porosity, and secondary massive overgrowths
occluding all porosity. Scale bar divisions

equal 10 microns. WHIRL 1
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Plate 3-3a: Polvcrystalline quartz grain, with less than
3 cryvstals [center], detrital zircon, [arrow],
and SRF, [arrow]. ©Note the homogeneous internal
structure and embayments by the surrounding
quartz grains into the SRF, Sample VIS 6,

magnification 160x, XN.

Plate 3-3b: Nonundulose, monocrvstalline quartz grain
with rutile inclusions. Samnle VIS 6,

magnification 160x, XN,
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grains are hichly rounded. The greater degree of rounding
probably reflects the poorer stability of the polycrystalline
grains rather than distance of transport.

The overgrowths exhibit euhedral crvstal shapes and
are so well developed that virtually all primary porosity
has been occluded [see plate 3-31]. At least two generations
of guartz cement have been observed [see plates 3-la, 5-1a,b
and 5-2a]. The primary quartz cement observed occurs as
small isolated euhdral crystals growing from the surface
of the detrital grains. The vounaer aenerations of cement
are massive, and it is this cement that occludes most of
the porosity [see plate 5-lal.

Nonundulose monocrystalline quartz grains
commonly show rutile and vermicular chlorite inclusions as
well as liquid filled vacuoles [see plates 3-2b and 3-4a,bl.
The vermicular chlorite inclusions and the abundance of
liquid filled vacuoles in some of the quartz graiﬁs suggests
that thev are derived from a hydrothermal vein source
{Blatt et al,, 1980, pi2907%Schelle, 19791, The rutile
inclusions suggest a nlutonic source for these grains
[Blatt et al., 1980, p. 292). The polycrvstalline and
highly strained guartz grains are tynical of quartz found
in metamornhic terrains.

Calcite and Dolomite Cements

Calcite is vresent as ferroan and nonferroan



Plates 3-4a,b: Vermicular chlorite inclusions in a
nonundulose monocrystalline quartz grain.
Note the booklet nature of the chlorite.
Sample VIS 6, magnification 160X, top PPL,

bottom XN.
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authigenic poikilotopic cement, In general it is most
abundant in the upper marine facies, i.e. Facies G spore,

I spore, and J, and a general increase in calcite cement

in all facies is observed to the northwest [refer to Tables
3-2a,b to 3-5a,b] [see nlate 3-5a,bl.

The ferroan calcite apnears to have formed after
the nonferroan calcite cement and both cements are post-dated
by a second, or third generation of silica cement [see plates
3-5a,b and 3-7a,bl.

In general the ferroan calcite is most abundant,
but in one case, sample JOLL 3, nonferroan calcite comprises
virtually all of the calcite cement and is so well developed
that it has occluded all porosity [see plate 3-31b].

Both calcite cements are observed to rewlace
microcline and in a few cases actual monocrystalline quartz
grains [see plates 3-6a,b and 3-7a]l.

Dolomite rhombs are seen in isolation and replacing
ferroan calcite cement [see plates 3-5a,b, 3-8, 3-23a,b and
3-24,b]. It is thought that the dolomite formation is late
stage.

Chert, Phosvhate and Rock Fragments

Well rounded chert grains are present in all samples,
but decrease in abundance to the northwest [see Table 3-14],
Coarse crystalline chert is the most abundant, although

several grains of cryvptocrystalline chert have been observed
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Plate 3-5a: TFerroan and nonferroan calcite [blue and red
masses near center], dolomite rhomb [arrow],
phosphatized fossil fragment showing faint
internal lamination [arrow], and a very large
SRF [torn]. Sample VIS 6, 63X magnification,

PPLi.

Plate 3-5b: Ferroan calcite growing into nonferroan

calcite. Sample VIS 2, 160X magnification,

PPL.

61






Plates 3-6a,b: Ferroan calcite replacing microcline.
Sample ART BASE, 160X magnification,

top PPL, bottom XN.






Plate 3-7a:

Plate 3-7b:

Ferroan calcite rernlacing a nonundulose
monocrvstalline detrital quartz grain. Note
that the calcite is surrounded bv a quartz
overgrowth., Samnle JOLL 1, 250X magnifi-

cation, XN,

Nonferroan calcite replacing a detrital

quartz grain., Sample JOLL 3, 63X magni-

facation, X
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Plate 3-8: Isolated dolomite rhomb. Scale bar divisions

equal 10 microns., VIS 2
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[see plate 3-9a]. A chert grain in sample ART 2, showed
a peculiar zoning around what appeared to be a clav
fragment that was partiallv replaced by an opaque mineral
[see nlate 3-9b].

Phosphate is present as nhosphatized fossil
fragments [see plate 3-10a,b]. It is found in all samples,
but decreases in abundance to the northwest [see Table 3-14].

Plate 3-10 is a photogranh of a phosphatized
echinoderm fragment from sample VIS 2, near the top of
Facies G at the Haul Road Cut outcrop. Phosvhatization is
not complete as a calcitic core still remains. This fossil
fragment was the only identifiable fraagment seen: most
phosphate grains had little discernable internal structure
[see plate 3-5a].

Well rounded high and low grade metamorpvhic rock
fragments are present in all samples, but in general
decrease in abundance to the northwest [see Table 3-12].

It is very/easy to recognize high grade fragments [see

plate 3-11], but it is very difficult to tell the difference
between low grade MRF's and sedimentarv rock fragments,
especially clay fragments. Identification was based on two
criteria: 1] 1low grade MRF's show preferred orientation of
crystals [see plate 3—{a], while SRF's have a homogeneous
internal structure[see plate 3-3al. 2] Many SRF's are

very soft and are deformed or embaved by adjacent harder



Plate 3-9a: Crypocrystalline and coarse crystalline

chert grains. Sample ART 8, 63X magnification

XN.

Plate 3-9b: Zoned chert grain.

Note clay fragment core

partially revmlaced by an ovaque mineral.

Sample ART 2, 160X magnification, XN.

66






Plates 3-10a,b: Phosphatized echinoderm fragment.
Note the calcitic core. Samnle VIS
2, 63x magnification, top PPL, bottom

XN,
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Plate 3-11: High grade MRF, schist fragment [center].

Sample VIS 2, 63X magnification, XN.
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grains [see plate 3-3al], whereas MRF's are not [Scholle,
19791.

Deformed and embaved SRF's are found in all
samples. No trends in distribution are observed.
Feldspar

The most abundant feldswar is microcline, displaving
polysynthetic twinning [see vlate 3-12a]. In-a few cases
microcline was oéserved to be surrounded by quartz cement,
but in general the feldspar grains display dissolution
features leading to the development of secondary porosity
[see plates 3-6a,b, 3-27a, 3-28a,b and 5-3a,b].

Trace amounts of plagioclase displaving albite
twinning were also found. These grains were badly deformed
and can be hard to recognize.

Feldspar was pnresent in all samples and no general
distribution trends were observed.

Heavy and Onacque Minerals

The most common heavy mineral observed was zircon.
Tourmaline was also observed. Euhedral zircons were present
as inclusions in monocrystalline quartz grains [see plate
3-13a] while rounded zircons and badly deformed tourmaline
grains appeared as detrital constituents [see plates 3-3a and
3-13 a,bl}.

Hematite, present as rims around detrital grains and

minor cement is found in a few samples [see plate 3-14].
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Plate 3-12a:

Plate 3-12b:

Detrital microcline disvlaving combined
albite and pericli<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>