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Abstract:

During the Middle Ordovician, the southern Ontario region was primarily defined by an extensive
shallow-water carbonate platform, where a carbonate ramp system developed in the Lake Simcoe
vicinity. Sixteen outcrops and quarry sections of the Middle Ordovician Black River-Trenton Group were
analyzed to clarify the origins of meter-scale cycles and depositional sequences, thereby improving the
comprehension of platform history. The Middle Ordovician marine transgression features a clear
stratigraphic sequence that progresses from supratidal and tidal-flat carbonates to lagoonal and shoal
carbonates, ultimately leading to offshore and deep-shelf carbonates. Fifteen microfacies have been
identified and categorized into six depositional facies (associations): (1) supratidal regolith and
supratidal pond, (2) shallow intertidal and supratidal sabkah, (3) lower supratidal to upper intertidal of
low to moderate energy, (4) shallow subtidal low energy and shallow intertidal environment, (5) shallow
lagoonal to lower intertidal flats, and (6) high energy marine environment in the photic zone. The
lithofacies are arranged in vertically stacked, meter-scale cycles that transition from subtidal to
shallowing-upward peritidal habitats. Ramp stratigraphy, facies correlations, and bounding surfaces
indicate the presence of four third-order depositional sequences within the Black River-Trenton Group.
Furthermore, it can be classified into five fourth-order cycles. Their representation illustrates the shift
from a clastic-dominated ramp during the Chazyan-Blackriverian to a carbonate-dominated ramp in the
Blackriverian-Trentonian period. The nearest contemporary counterparts of these Ordovician habitats
are found on the Arabian shelf of the Persian Gulf for the Black River Group and the Recent West
Florida Shelf for the Trenton.

Keywords: Sedimentology, Sedimentary Cycle, Ordovician, Black River, Trenton Groups, Lake
Simcoe.
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Introduction

Meter-scale, shallowing-upward sedimentary cycles are generally considered essential elements in
ancient shallow-water carbonate formations [1-2]. These cycles are generally consolidated into
prolonged depositional intervals (3rd-order), demonstrating hierarchies of stratigraphic cyclicity [1-5]. In
this context, cycle stacking patterns might clarify the differences in accommodation space among
various orders, thereby linking meter-scale cycles with larger-scale depositional sequences and aiding
in the identification of these sequences [6-8]. Thus, analyzing meter-scale cycles and their stacking
patterns can effectively identify depositional sequences in significantly thick, often distorted carbonate
successions that are difficult to trace laterally (e.g., Elrick, 1995, Bosence et al., 2009). The stratal
cyclicity of different orders is a significant characteristic of shallow-water carbonate successions,
including the Middle Ordovician carbonate strata analyzed in this study [9]. The depositional cycles and
sequences of coeval carbonates in North America have been extensively documented [9-13]. Research
on the origin of meter-scale cycles and sequence identification, based on the internal components
defined by intricate vertical stacking patterns of facies and meter-scale cycles within the Middle
Ordovician Black River — Trenton Limestone in the Lake Simcoe region, is limited. This study aims to
(1) examine the characteristics, scope, and interpretation of different cycle types within the Black River-
lower Trenton succession; (2) clarify the origin of meter-scale, shallowing-upward cycles; (3) explore
the factors (e.g., eustatic sea-level changes, tectonic subsidence, sedimentation rates, etc.) affecting
the development of depositional sequences and platform evolution; (4) provide an analogue for the
identification and correlation of cycles.

Geological Context

The lower Paleozoic formations of south-central Ontario are visible at the surface in east-west oriented
outcrop belts that stretch for several hundred kilometers, influenced by a little (<0.5°) southern dip as
illustrated in Figure 1(a). The undeformed strata are bordered to the north by the metamorphic and
granitic shield rocks of the Proterozoic Grenville Province. The Upper Ordovician strata, comprising the
Basal, Simcoe, and Nottawasaga groups, onlap exposed crystalline Grenville-age rocks, which likely
provided coarse siliciclastic sediments to the basal transgressive Paleozoic strata and, in some areas,
to younger carbonate strata, originating from paleotopographic basement highs that would have
constituted islands. Silurian carbonate formations constitute the Niagara Escarpment to the south and
west. The Ordovician strata form a relatively continuous outcrop strip northeast of the escarpment,
linked in the subsurface to analogous rocks of the Michigan Basin and Appalachian Basin, and are
somewhat displaced from the Ottawa Embayment by a narrow belt of exposed crystalline foundation.
The Upper Ordovician formations found in southern Ontario document shallow, potentially cool-water
settings of the Trenton carbonate platform [15]. This platform, located on the southeastern edge of
Laurentia, was positioned next to the cratonic margin of the Taconic peripheral foreland basin and
experienced influxes of muddy sediments from the Taconic Highlands, along with intermittent volcanic
ash deposition as the Taconic volcanic island arc collided with Laurentia during the Late Ordovician.
The Trenton carbonate platform was situated in the southern subtropics at around 20° south latitude
and supported a diverse invertebrate fauna. The Simcoe Group, as delineated by [14], comprises the
Gull River, Bobcaygeon, Verulam, and Lindsay formations. The Simcoe Group is underpinned by the
Basal Group (comprising the Jacobsville and Mount Simon formations, which are exclusively found in
the subsurface) and is overlain by the Nottawasaga Group, which encompasses the Blue Mountain
(formerly the upper Whitby Formation), Georgian Bay, and Queenston formations. The Shadow Lake
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Formation, first classified inside the Basal Group, is nhow designated as the basal component of the
Simcoe Group. The Gull River Formation and the lower member of the Bobcaygeon Formation comprise
clean-water micrites and grainstones, respectively, of the 'pre-Taconic foreland,' which exhibit minimal
signs of tectonic influence; however, the Bobcaygeon Formation contains several bentonitic clays that
suggest volcanic activity linked to the impending Taconic magmatic arc. The intermediate and superior
strata of the Bobcaygeon Formation, Verulam Formation, and Lindsay Formation comprise a greater
proportion of siliciclastic mudstones and shales originating from the advancing clastic wedge,
demonstrating a pronounced back-stepping pattern linked to a significant marine transgression
intensified by tectonic loading and subsidence of the Laurentian margin due to Taconic allochthons.
The Simcoe Group preserves various facies, which and their inferred environments encompass: a)
supratidal and intertidal mudstones, b) shallow water shoal grainstones, c) protected shelf and lagoonal
micrites, d) subtidal muddy grainstones, and e) deeper-water siliciclastic mudstones as presented in
Figure 1(b) [15].
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Figure 1. (a) Geologic map of the Simcoe District of Southern Ontario. (b) Ordovician stratigraphic
units of the Lake Simcoe area (modified from [19] [22-23].
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Materials and Methods

Extensive fieldwork was conducted at outcrops and quarry sections in the Lake Simcoe region to
determine depositional facies, meter-scale cycles, and third-order depositional sequences of the Middle
Ordovician Black River-Trenton Group, which has a total thickness of approximately 170 meters in
southern Ontario. Derived from bed-to-bed facies characterizations. Three hundred fifty thin pieces of
the Black River-Trenton series were fabricated. The percentages of limestone in the matrix were
approximately determined using a polarized microscope, in accordance with [24]. Additionally, the
delineation of sedimentary facies and the formulation of depositional models were executed in
accordance with references [25] and [26]. Meter-scale, shallowing-upward cycles (parasequences)
were recognized through the recurrence, continuity, and offset of vertically stacked lithofacies
successions. Third-order depositional sequences were identified by the vertical arrangement of
lithofacies and meter-scale cycles.

Depositional Facies

Fifteen microfacies types were identified in the Black River — Trenton Group within the Lake Simcoe
area, based on textures, fabrics, primary constituents, sedimentary structures, and fossil content. These
microfacies were subsequently categorized into six major genetically-related depositional facies
associations, ranging from supratidal and tidal-flat carbonates to lagoonal and shoal carbonates.
Sandstone microfacies (MF1): comprises red to green, frequently mottled, granular and pebbly, weakly
to moderately sorted, and occasionally clayey sandstones. Typically, very coarse-grained sandstones
transition upward into coarse to fine-grained sandstones.

Shale microfacies (MF2): It comprises two categories: Subfacies A. Non-fossiliferous shales. Subfacies
B: Fossiliferous Shales. The second shale type manifests as slender fossiliferous, unbioturbated black
to dark brown strata within the upper Black River and Trenton formations.
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Silty and sandy dolostone microfacies (MF3) comprises silty dolostone that may transition into sandy
dolostone. Both exhibit analogous features, with the sole distinctions being their clastic particle size and
composition.

Peloidal bioclastic mudstone/dolomitic mudstone microfacies (MF4): It comprises thick and medium-
bedded light cream to white microcrystalline mudstones that weather to a light cream hue. It is prevalent
across the Black River Group and is found in the majority of natural exposures and drilled cores.
Peloidal bioclastic wackestone microfacies (MF5): medium gray to light brown, exhibiting weathering to
dark gray. The beds are medium to thick (25-70 cm) with irregular to planar sharp contacts, interspersed
with thin shale films (1-2 cm). Textures range from medium to coarse, infrequently fine to extremely
coarse; sorting is moderate to poor, and grains are subrounded to rounded.

Bioclastic dolomitic wackestone microfacies (MF6): It bears resemblance to the peloidal bioclastic
wackestone microfacies, although is uncommon. It comprises light to medium grey, light brown to pink
dolomitic wackestones, exhibiting weathering to dark grey.

Intraclastic bioclastic wackestone microfacies (MF7): medium-light grey wackestones, exhibiting
weathering from dark grey to light grey to tan. Beds range from thin to medium thickness (10-25 cm),
exhibiting mottled patterns with irregular to sharp contacts and thin shale films. The composition varies
from medium to coarse, with uncommon occurrences of fine to very coarse grains, and the sorting is
moderate to poor; grains are subrounded to subangular. Allochems are commonly seen micritic
intraclasts, peloids, and infrequently ooids, with varying quantities of quartz.

Peloidal bioclastic packstone microfacies (MF8): light to dark grey packstones, exhibiting weathering in
dark grey, brown, and tan hues. Beds are thick (100-200 cm) and divided into thin to medium beds (10-
25 cm), exhibiting moderate to high bioturbation (types 2 and 3) with sharp-planar to irregular stylolitic
connections. Textures range from coarse to very coarse, with medium or fine grains being less common;
sorting is moderate to poor, and the grains are rounded, subrounded, and subangular. Bioclasts
commonly consist of bivalves, ostracods, crinoids, brachiopods, gastropods, bryozoans, trilobites, and
calcareous algae such as Solenopora, Hedstroemia, Kazakhstanelia, Parachaetetes, and Tetradium.
Bioclastic dolomitic packstone microfacies (MF9): medium to dark grey and light brown (weathered dark
grey) packstones. Beds are of medium to thick thickness (20-55 cm) featuring acute, gradational, and
irregular stylolitic contacts, accompanied by thin shale films (2-5 cm) and exhibit moderate to heavy
bioturbation (types 2 and 3).

Intraclastic bioclastic packstone microfacies (MF 10) is less prevalent than the bioclastic dolomitic
packstone microfacies and comprises medium to dark grey and brown (weathering dark grey)
packstones. Beds are characterized by a thin thickness (5-15 cm) with abrupt, flat, and erosional
boundaries. Hardgrounds also manifest. The textures range from coarse to medium, seldom exhibiting
very coarse grains, with moderate sorting; the grains are subrounded to subangular. Bioclasts include
crinoids, bivalves, brachiopods, bryozoans, and ostracods, ranging from regular to rare occurrences.
Peloidal bioclastic grainstone microfacies (MF 11): grey, brown-grey, and tan grainstones. Textures
range from coarse to extremely coarse, transitioning to medium and fine-grained textures; sorting varies
from fair to moderate to bad; grains are rounded to subrounded. Bioclasts commonly include crinoids,
brachiopods, ostracods, bivalves, bryozoans, gastropods, calcareous algae (Solenopora,
Kazakhstanelia, Parachaetetes, Hedstroemia), solitary rugose corals, colony tabulate corals, and
trilobites.

Intraclastic bioclastic grainstone microfacies (MF 12): medium to dark grey, light brown (weathering
from dark to light grey) grainstones. Beds range from thin (2-10 cm) to medium (5-25 cm) thickness,
characterized by sharp and irregular stylolitic contacts with erosional bases. Textures are categorized
as very coarse, coarse, and medium. The sorting is moderate, infrequently good: the grains are
subrounded to rounded with concavo-convex contacts. Bioclasts predominate over prevalent crinoids,
brachiopods, bryozoans, bivalves, ostracods, gastropods, calcareous algae (Hedstroemia,
Parachaetetes, Solenopora, Vermiporella, Ortonella, Kazakhstanelia), as well as rugose and tabulate
corals.

Bioclastic dolomitic grainstone microfacies (MF 13): light grey and pink grainstones that alternate with
peloidal bioclastic dolomitic packstones (microfacies 4.3.9). Textures range from very coarse to coarse,
progressing to medium and fine. Sorting is moderate to poor; grains are subrounded to subangular.
Bioclasts are predominantly frequent to common among crinoids, brachiopods, bivalves, ostracods,
bryozoans, and gastropods.

Peloidal bioclastic oncolitic grainstone microfacies (MF14): light brown and medium to dark grey,
extremely coarse to coarse to medium-grained, exhibiting poor sorting, with grains that are subangular
to subrounded to rounded. Bioclasts are prevalent among crinoids, brachiopods, bivalves, calcareous
algae, bryozoans, gastropods, rugose corals, and big stromatoporoids. Allochems are commonly to
rarely found oncolites formed around bioclasts (brachiopods, bryozoans) and intraclasts.
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Oolitic bioclastic grainstone/packstone microfacies (MF 15). Grainstones and packstones in shades of
brown, light brown, and tan exhibit coarse, medium, and fine granulation, with very coarse granules
being uncommon. The sorting ranges from poor to moderate, and the grains are predominantly rounded
to subrounded. Bioclasts are commonly found in brachiopods, ostracods, crinoids, bryozoans, bivalves,
gastropods, and occasionally in corals and calcareous algae.

Depositional model

The Black River-lower Trenton ramp can be categorized into the inner ramp (Gull River and Moore Hill
formations) and mid ramp sections (Kirkfield and Verulam formations), delineated by bioclastic bars
(Coboconk Formation) that indicate the fair weather wave base (Figure 2). The middle Ordovician of
the Black River-Trenton Group predominantly consists of MF 4-8, representing peritidal to restricted
facies (Gull River and Moore Hill Formations), and MF 10, MF 11, MF 13, MF 14, indicative of open
marine subtidal facies (Kirk Field and Verulam Formations), interspersed with shoal facies of MF 8, MF
9, MF 12, and MF 15 (Coboconk Formation), delineating the fair weather wave base. The vertical facies
changes indicate a gradual shift from peritidal facies to restricted shallow subtidal and then to open-
marine shallow subtidal facies. The presence of MF 3, MF 4, MF 5, MF 6, and MF 7 in the Gull River
Formation signifies deposits from supratidal sabkha and upper intertidal environments. The presence
of MF8, MF12, and minor MF5 within the Moore Hill Formation indicates a deepening trend,
characterized by relatively restricted intermediate to deep subtidal (lagoon) environments, influenced
by sea-floor topography and potentially accelerated subsidence due to synsedimentary faulting. The
Seaward to Coboconk Formation is primarily characterized by MF 12, MF 14, and MF 15 open-marine
subtidal facies, with minimal occurrences of MF 8, MF 9, and MF 5 suggesting a shoal environment.
The Kirkfield and Verulam Formations are predominantly composed of MF 10, MF 11, and MF 13, with
low representations of MF 8 and MF 14, indicating a fore shoal environment.

Depositional Model

Wackestone

-packstone
cycles

Figure 2. Depositional model of a carbonate ramp system proposed for the Black River — Trenton
Group, Southern Ontario.

Meter-Scale, Shallowing-Upward Cycles and Depositional Sequences

The Black River — Trentron Group in the research area consists of recurrent meter-scale, shallowing-
upward cycles. The average cycle thickness varies among all analyzed sections, and the number of
cycles demonstrates a decreasing tendency from Shadow Lake-Gull River through Coboconk to
Kirkfield and Verulam formations. Two primary cycle types are identified based on lithofacies
constituents and their vertical arrangements: (1) peritidal cycles, characterized by peritidal facies at the
top (Figure 3(a), (b), and (c)); and (2) subtidal cycles, characterized by shallow subtidal facies at the
top (Fig. 3d and e). The meter-scale cycles have average thicknesses of 5m, 2.5m,4m, 2.5 m, and 1
m in Shadow Lake, Gull River, and Mooree Hill Formations, respectively.
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Figure 3. Schematic cross section showing the distribution of peritidal cycle (a, b, and c), and subtidal
cycle (d, and e) in the Lake Simcoe area.
Peritidal cycles
This cycle is characterized by peritidal facies capping and is predominantly found in the Shadow Lake,
Gull River, and Moor Hill Formations. Five subtypes of peritidal cycles are further recognized based on
facies alterations over the bounding surface. Siliciclastic cycles, dolomitic mudstone-wackestone and
silty/sandy dolostone cycles, wackestone-packstone/grainstone cycles, packstone-grainstone cycles
Cycles of dolomitic packstone and grainstone.
Siliciclastic cycles: are restricted to the lower Shadow Lake Formation and consist of fining upward
sequences of breccia/sandstone, siltstone, and claystone, attaining thicknesses of up to 5 meters (figure
3a). In the Lake Simcoe region, the cycle measures 4 meters in thickness, and the underlying breccias
and sandstones also appear substantial; however, this evaluation is based on drilled cores, as natural
exposures only display fragmentary sections of the Shadow Lake Formation. These siliciclastic cycles
are generally regarded as indicative of transgressive continental and supratidal deposits.
Dolomitic mudstone-wackestone - silty/sandy dolostone cycle: comprise the predominant composition
of the Lower Gull River Formation and are also found in the Upper Gull River Formation (figure 5b).
They consist of asymmetrical coarsening upward sequences of dolomitic mudstone (MF 4), peloidal
wackestone/-packstone (MF 5, 6), and sandy/silty dolostone (MF 3) (Figure 3 (b)). Modern equivalents
of these microfacies are located in the hypersaline, supratidal, and shallow intertidal environments of
the Bahamas [28] (Figure 4) [29-30], Persian Gulf [31], and Florida Bay [32] (Figure 5). This cycle is
generated by the migration of tidal flats.

Figure 4. Peritidal environments comprising hypersaline, supratidal and intertidal of the Bahama.
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Figure 5. Photograph from space showing the area of the Florida Keys. The platform interior behind
the cays is a muddy, restricted environment with well-developed lime-mud banks. In front of the cays
are the open platform interior and a platform-margin barrier reef.

Wackestone-packstone/grainstone cycles: consist of peloidal bioclastic wackestones, which are
succeeded by peloidal bioclastic packstones and grainstones, predominantly located in the Upper Gull
River and Moore Hill formations (figure 3 (c)). Modern equivalents of these microfacies are located in
the most protected areas of the Bahamas platform at depths generally exceeding 4 meters, in
environments marked by negligible tidal currents and wave action, lacking cross-bank currents, leading
to sediment reworking solely during major storms [33]. Similar sediments are present in the subtidal
lagoonal sediments of the Persian Gulf (Figure (6)), located behind barrier islands, where the movement
of low-relief tidal bars over tranquil water muds produces analogous vertical configurations of
microfacies [34].

Florida
Everglades

@ Gulfof
_&\(\% Mexico
Ak

50 Km

Deep water

Figure 6. Simplified map of modern tidal flat near Abu Dhabi, Arabian/Persian Gulf. Coastal lagoons
are floored with peloidal and bioclastic sands and muds, and are drained by subtidal channels

Subtidal Cycles

Subtidal cycles are volumetrically predominant and dispersed throughout the Coboconk. Kirkfield and
Verulem formations from all measured sections. These cycles begin with relatively deep subtidal facies,
succeeded by shallower subtidal facies, lacking indications of extended subaerial exposure, while
frequently exhibiting internal erosive surfaces. Two subtypes of subtidal cycles are further identified:
Packstone-grainstone cycles and dolomitic packstone-grainstone cycles (Figure 3).
Packstone-grainstone sequences: These cycles generally measure under 2.5 m in thickness,
demonstrate asymmetry, and exhibit a shallowing upward tendency. They are common in the Coboconk
Formation, but are also found in the Kirkfield Formation (figure 3 d). They arise from the movement of
several bioclastic and oolitic bars across interbar depressions [32]. Numerous varieties are present.
Analogous to the Persian Gulf, these phenomena can be interpreted as shallow-water cycles arising
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from the seaward displacement of bedforms beyond the principal Coboconk bar. A possibility entails
the relocation of deeper water facies similar to the 40-to-100-meter deep grainstones of the West Florida
Shelf (Fig. 7). The crinoidal grainstone cycles of the Verulam resemble the cross-bedded grainstone
cycles of the South Australian ramp, which were formed under conditions of storm wave reworking and
superimposed oceanic currents, as well as specific deep-water banks of the West Florida Shelf.
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Figure 7. General map of the surface sediment facies on the west Florida shelf.

Dolomitic packstone-grainstone cycles: These cycles often have a thickness of less than 1 meter, have
vertical and lateral discontinuities, and are prevalent in the Kirkfield and Verulam Formations. They
consist of bioclastic dolomitic packstones and peloidal bioclastic dolomitic grainstones (figure 3 (e)).
These cycles were described by [15] as proximal to distal storm cycles. Contemporary counterparts of
the microfacies are found in low-energy open lagoon and open marine settings of the Persian Gulf
(Figure 8), in the hardground regions of the outer shelf of West Florida (Figure 7), and beneath the
usual wave base on the South Australian ramp.

Figure 8. Shuttle photo showing open lagoon and open marine environments in Persian Gulf.

Meter-Scale Cycle Stacking Patterns and Third-Order Depositional Sequences

Meter-scale fifth-order cycles exhibit regular upward variation within third- and fourth-order sequences,
establishing different stacking patterns. Cycle stacking patterns establish the essential connection
between meter-scale cycles and larger-scale sequences, together with their constituent systems tracts.
Stacks of genetically linked cycles constitute the parasequence sets under sequence stratigraphic
nomenclature. In shallow-water carbonate sequences, cycle thickness can be considered indications
of variations in accommodation space resulting from high-frequency eustatic fluctuations [1,2],[6], [9],
[35]. Additionally, cycle stacking patterns can reflect stratal cyclicity of varying orders and connect the
interval between meter-scale cycles and larger-scale (third-order) depositional periods together with
their associated systems tracts. [5], [7,8]. This study's comprehensive outcrop, quarry, and
sedimentological analyses demonstrated that, aside from the basal and upper limits of the Black River-
Trenton Group identified as unconformities, transitional sequence boundary zones rather than a
singular surface (e.g., [3,4], [11] define sequence boundaries. Transitional border zones are
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characterized by cycles that are thinner than average, superimposed by cycles that are thicker than
usual, within shallow-water depositional environments (Shadow Lake, Gull River, Moore Hill, and
Coboconk formations) (figure 9, 10, and 11).

The boundary zones exhibit thicker-than-average cycles superimposed by thinner-than-average cycles
in deeper-water depositional settings (Kirkfield and Vefrulam formations) (figure 12). The cycle
boundary zones or surfaces can be traced laterally over considerable distances, without evident
subaerial exposure characteristics. Five third-order depositional sequences are identified in the Black
River-Trenton Limestone Group based on vertical facies differences and meter-scale cycle stacking
patterns. The meter-scale cycle (fourth-order cycle) ranges from 6 to 30 meters in thickness. Four cycles
of regional extent are present in the Black River-Lower Trenton Groups (figure 9-12). The depositional
model of a carbonate ramp system developed for the Black River-Trenton Group in the study area
indicates that the initial type consists of the transgressive basal clastic to supratidal cycle of the Shadow
Lake and lower Gull River formations, represented by sequence 1. The second kind consists of
supratidal to nearshore shallowing upward cycles within the Gull River, as depicted in sequence 2. The
third type consists of two upward-coarsening cycles within the Moore Hill, Coboconk, and Kirkfield-lower
Verulam formations, which exhibit no identifiable nearshore facies [38].

Sequence: commences at the base of the Shadow Lake Formation and represents the initial sequence
established during the early transgressive-regressive phase.d This sequence , 7 - 32 m thick,
corresponds to one huge meter-scale cycle (4th order cycle) consisting of two 5" order cycles. This
sequence consists of supratidal sandstone/siltstone and shale microfacies interbedded and overlain by
intertidal-supratidal calcareous/argillaceous dolostone, with sandy argillaceous dolostone capping the
cycle (figure 9). The initial sequence in the Lake Simcoe region is 7 meters in thickness and correspond
to one meter scale cycle, and two minor meter-scale cycles, incorporating the Shadow Lake Formation
and Lower Gull River Formation (submember Al of [14]). The basal transgressive section comprises
conglomerate at the base, transitioning to coarse sandstone, siltstone, and shale. Superjacent
regressive facies consist of supratidal calcareous/argillaceous dolostone, topped by progressively
sandy argillaceous dolostone, ending in the deposition of a 15-25 cm bed of intraformational
conglomerate, as witnessed in the Waubaushene and Uhthoff quarries. Sequence 1 emerged during
the initial significant transgression period of the Middle Ordovician. Analogous to the Persian Gulf, it
signifies the layering of increasingly coastal supratidal facies above a basal regolith. The fluctuation in
cycle thickness can be attributed to changes in paleotopography and possibly local tectonics.
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Figure 9. Section of 0GS-93-11, showing sequence 1 contains one 4" order cycle (large meter scale
cycle) and two 51 order cycle (small scale cycle) deepening and upward-shallowing and their
microfacies arrangements (modified from [39]).
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Sequence 2: is 5 to 18 meters thick and comprises one fourth-order cycle, which includes three fifth-
order cycles, constituting the majority of the lower Gull Formation. The deposits consist of a package
of asymmetrical, shallowing-upward units of supratidal calcareous/argillaceous to sandy argillaceous
dolostone (Green marker bed). Cycle 2 is an intertidal-supratidal cycle characterized by limited subtidal
and intertidal sediments transitioning into silty dolomitic supratidal sediments (figure 10). In the Lake
Simcoe region, cycle 2 is merely 5 meters thick and comprises tidal flat carbonates, indicative of shallow
hypersaline intertidal to lower supratidal environments with low energy. The formation is mostly
composed of calcareous-argillaceous dolostone, interspersed intermittently with shallow subtidal facies
of wackestone-mudstone, occasional storm deposits of packstone associations, and rare grainstone
associations. It comprises two small asymmetrical cycles exceeding 2 m in thickness (figure 10).
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Figure 10. Section of Uhtjoff quarry showing sequence 2 contains one 4 order cycle (large meter
scale cycle), and three 5" order cycle (small scale cycle) upward-shallowing cycles of the intertidal-
supratidal, and their microfacies arrangement (modified from [39]).

Sequence 3: is 8-22 meters thick and comprises two fourth-order cycles, which consist of eight
asymmetrical fifth-order upward-shallowing cycles, each ranging from 2 to 5 meters in thickness. The
bottom 4™ order cycle, consisting of two 5" order cycles, comprises interbedded intertidal-subtidal
lagoonal mudstones and wackestones from the Upper Gull River Formation and Moore Hill Formation.
The lower section of sequence 3 resembles the sediments that accumulate in the sheltered lagoons
around Abu Abyad and Marrawh on the western region of the Trucial Coast. The upper 4" order cycles
consist of sex 5" order cycle, cyclical transitions between shallow subtidal open lagoon and shoal
bioclastic peloidal grainstones, which are occasionally interbedded with intraclastic bioclastic
grainstones and frequent packstones of the Coboconk Formation (Figure 11). The sediments in the top
section are analogous to those found along the Great Pearl Bank, where sediment variation correlates

with water depth.
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Figure 11, Composite section from Dalrymple & Brechin quarries, showing sequence 3 contains 2-4
order cycle (large meter scale cycle), and eight 5" order cycle (small scale cycle) upward-shallowing
cycle of the third transgression phase, and their microfacies arrangement. (Modified from [39]).

Sequence 4: In the Lake Simcoe region, the sequence 4 is 18 meters deep and comprises one fourth-
order cycle, which is subdivided into five fifth-order cycles (small-scale cycles) that include the Kirkfield
and lower Verulam formations. Shales and interbedded grainstones and packestones, reflecting
fluctuating calm and turbulent circumstances, transition into sporadically cross-bedded, bioclastic
peloidal and dolomitic packstones and grainstones (including hardgrounds), together with rare
oncolithic grainstones that signify more sustained turbulence. Sequence 4 resembles the open marine
ecosystems of the Persian Gulf, located seaward of the Great Pearl Bank. The interbedded bioturbated
grainstones and packstones, along with shales from the Kirkfield and lower Verulam formations,
resemble the shallow water bivalve sands (bioclastic grainstones) and deeper water bivalve muds
(packstone/wackestone to mudstone) found in the mid-ramp of the Persian Gulf.

Cycles
Ll |@
olo [©
> =
o|3|o
@ 5 L=
B = %’a}gm Cycle -4
e | = = S5I2B|15|8 |8
s | 8 =3 Olg(o|&8 |& o P
= £ S s |l |s | 8 |E 5|2 |=
D < = £ S | S (8] [}
= | = m|s |v | = |= A ES
Uou
3 = dh)"-"
S| s 'D‘”%m
® | = = S (D2 | 2|
; g | 2 S ols|o| 8|S
s £ 2 s |g |= s |8
=| = 5 |e|elw| =8
5 a 10
o (o) 37M3
& ES 37M2
£ ’%931;11 3
[ M2 o
) | ¢
8 By e S
E ii
7
§

Figure 12. Composite section of Brechin quarry, showing sequence 4 consists of one 4 order cycle
(large meter — scale cycles), and Ten 5% order cycles (small meter-scale cycles) upward-shallowing
cycles and their microfacies arrangement (from [39]).

Discussion (Meter cycle Generation)
Two distinct mechanisms have been suggested to elucidate the development of meter-scale,

shallowing-upward cycles: (1) autocyclic generation [39-44], (2) Allocyclic mechanisms refer to external
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factors influencing the sedimentary system, including climate variations, tectonic activity, and eustatic
sea level changes. Climatic variations influence carbonate production ([45];[46]) and may be a
contributing factor to the transition from the "tropical" Black River to the "temperate" Trenton Group [47].
The autocyclic model claims that tidal flats aggrade and prograde seaward over subtidal deposits,
ultimately halting sediment formation and resulting in a meter-scale, shallowing-upward cycle [48- 50].
In this scenario, these cycles must be terminated by tidal-flat facies. This model may elucidate the
genesis of peritidal cycles in the Shadow Lake and Gull River formations. The vertical succession of
peritidal cycles indicates the reactions of specific tidal flats to fluctuating local sediment accumulation
rates surrounding moving islands, rather than to external factors such as eustatic sea level variations.
Lateral progradation occurs until adjacent subtidal regions become insufficiently expansive to generate
significant sediment and for tidal forces to transport considerable sediment. Peritidal autocycles develop
through the accumulation of a localized sediment wedge until it attains or marginally surpasses the
high-tide elevation. The significant occurrence of contemporaneous lateral subtidal cycles in the
Coboconk, Kirkfield, and Verulam Formations indicates that they cannot be exclusively attributed to an
autocyclic origin. These subtidal cycles likely result from a balance between sediment buildup and
accommodation gain (e.g., [1]; [6]; [7]). Therefore, the autocyclic model is not the primary mechanism
for the formation of meter-scale cycles of the Black River — Trenton Group in the research area.
Autocyclic and allocyclic mechanisms have been suggested for numerous shallowing-upward cycles.
To ascertain the predominant mechanism in any succession, individual cycles must be meticulously
traced laterally and precisely correlated; unfortunately, this is seldom feasible and has not yet been
accomplished for the Black River - lower Trenton succession.

Conclusions
A comprehensive examination of microfacies, meter-scale cycles, and depositional sequences of the
Middle Ordovician Black River — Trenton Group in Lake Simcoe, southern Ontario, disclosed that:
= A shallow-water carbonate ramp system was established across the Homoclinal ramp in the
Lake Simcoe region during the Ordovician, where fifteen microfacies were developed within six
depositional facies (associations), comprising peritidal, restricted, and open-marine subtidal
facies.
= Four third-order depositional sequences were formed during the deposition of the Black River
- Trenton Limestone. They mostly comprise the bottom transgressive and upper regressive
components. The depositional sequence of the Black River — Trenton Group evolution and their
creation were likely influenced by both autocylic (sedimentary) and allocyclic (sea level,
climatic, tectonic) factors. Upward-shallowing cycles occur at two separate scales.
= Small meter-scale cycles (5th order cycles) demonstrate significant unpredictability and
inconsistency; they can be interpreted as increasingly marine cycles, evolving from continental
to open ramp, and consist of five categories: a) Siliciclastic cycles, b).Dolomitic mudstone-
wackestone - silty/sandy dolostone cycles; ¢) Wackestone-packstone-(grainstone) cycles; d).
Packstone-grainstone sequences, and e). Cycles of bioclastic-dolomitic packstone.
= Large meter-scale cycles (fourth-order cycles) extend from 6 to 30 meters in thickness, with
three unique forms identified in the Lake Simcoe region. The primary type consists of a single
violation, fining upward, regolith-supratidal cycle within the Shadow Lake Formation. The
second type consists of two subtidal-supratidal shallowing upward cycles within the Gull River
and Moore Hill formations. The third kind is a coarsening and deepening upward lagoonal-shoal
cycle within the Coboconk layers. The fourth group includes upward cycles of open marine
coarsening (and possibly shallowing) in the Kirkfield and Verulam formations, of which only one
was analyzed in this study.
»= Autogenic processes may primarily govern the creation of meter-scale cycles in the studied
area
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