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Regional mapping, terrain analysis and subsurface studies in the Greater Toronto
Area indicate a sedimentary succession of up to 200 m. Figure 2 displays the
generalized stratigraphy consisting of six major sediment packages: Paleozoic
bedrock, lower sediment (e.g. Scarborough, Thorncliffe formation), Newmarket Till,
channel sediment, Oak Ridge Moraine sediment, and overlying Halton Till. An
element of the stratigraphy is a number of regional unconformities, the most
noteworthy of which is eroded into Newmarket Till and also forms the base of a
series of large northeast to southwest trending tunnel valleys beneath the Oak
Ridges Moraine.

Warden Stratigraphy

Four stratigraphic units are observed in the Warden borehole, from the base these
include: 1) Blue Mountain Formation 2) Scarborough Formation, 3) Thorncliffe
Formation and 4) Newmarket Till. The Scarborough Formation consists of a 36 m
coarsening upwards succession of mud, silt and sand that has abundant detrital
and in-situ organics. The overlying 35 m thick Thorncliffe Formation consists of
multiple coarsening-upwards successions from coarse sand to mud, which is
capped by a ~ 9 m thick massive diamicton unit (Newmarket Till).
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Figure 2: The regional stratigraphic framework of the study area. A) Lithostratigraphy and chro-
nostratigraphy (modified from Karrow, 1974; ages from Barnett, 1992). B) Conceptual strati-
graphic architecture (modified from Sharpe et al., 1997).

thick, ungraded unit composed of unconsolidated granule to
cobble sized clasts, predominantly pebbles (>80%). Matrix
content of the gravel may be under represented due to poor
recovery. Limestone/dolostone grains (10%) vary from
subrounded to rounded, granite/Precambrian grains are
less than 5% and angular shale grains account for 85% of
the facies.

Facies 3: Sand

This facies consists of individual beds generally > 50 cm in
thickness, lower contacts are sharp and gradationally. Grain
size ranges from very coarse - to medium - sand at the base
fining upwards to medium-to fine-sand. Subrounded to
rounded granules and pebbles are locally concentrated at
the base of beds and gradually decrease in abundance
upwards. Sedimentary structures are predominantly
mm-scale planar laminations and ripple scale
cross-stratification that is defined by the concentration of
dark heavy minerals. Sand beds are commonly interbedded
with massive and rhythmitic silt and clay horizons (Facies 2
and 3) throughout the lower 53m of the core. At a depth of
36 metres there is a 9 m thick succession of coarsening
upwards planar laminated sand beds. Normal grading
within individual beds is observed although an overall
coarsening from fine sand to coarse sand occurs over this
interval. At 16 metres depth, there is a single, 5.5 m thick
sand bed that coarsens upwards from medium to coarse
sand. This bed is largely massive with weakly defined cross
bedding observed in the upper 2 metres.

Facies 4: Muddy sand with organic material

The muddy sand facies consists of 30-90 cm thick beds of
massive, fine-grained sand with mud clasts and flecks
dispersed throughout the bed. These sediments abruptly
overlie rhythmite successions and gradationally overlie
medium-grained sand. Flecks of irregularly- shaped organic
material up to 3 mm in diameter are commonly present in
the sand beds. This facies only occurs stratigraphically
below the peat facies.

Facies 5: Silt with dispersed pebbles

This facies is characterized by a 9 m thick unit between17.5
- 27 m depth of dark brown to grey, well consolidated silt,
with sparsely dispersed rounded pebbles (1-3 cm in

partially compacted and lithified. It occurs at the top of a
silt-clay rhythmite succession and marks the top of the
Scarborough Formation.

Facies 7: Massive Mud

The massive mud facies is composed of 1 to 4 cm thick dark
brown/grey massive mud horizons that gradationally or
abruptly overlie planar laminated mud of facies 2, in some
instances, facies 2 fills scours in the top of the massive mud
beds.

Facies 8: Cross-Stratified to Planar Laminated Mud
The cross-stratified to planar laminated mud facies consists
of 1 to 15 cm thick, light grey sediments with discontinuous
dark grey mm-scale silt laminations. Bed thickness
increases from 1 cm near the bottom of the borehole to 15
cm near the top with laminar spacing increasing with bed
thickness  from  sub mm-scale to  cm-scale.
Cross-stratification is generally characterized by 1-30 mm
thick sets of ripples, with rare climbing ripples forming in the
thicker beds near the top of the unit. The lowermost contact
between mud and fine sand is abrupt; however the lower
contact between massive mud and planar laminated mud
varies from abrupt to gradational with rare loaded beds at
the contact.

Facies 9: Diamicton

The diamicton facies consists of subangular to subrounded
granules and pebbles up to 7 cm in diameter that form
approximately 10% of the facies in a dense silt-to very
fine-sand matrix. Clast lithology is ~25% Precambrian
Shield rocks, 70% limestone/dolomite and 5% shale. This
facies occurs as a single massive unit between 11 and 3 m
depth, both the upper and lower contacts were not
recovered due to core loss at those intervals. Matrix ranges
from light greyish brown at the base to light rust- coloured
brown towards the top. This colouration is most likely due to
weathering of iron-rich minerals within the diamicton.
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Figure 5: Depositional setting of clay rhythmite facies and the diamicton facies.

Mud facies Association

The cross-stratified to planar laminated mud and massive mud facies form a
series of rhythmic couplets varying from 0.5 m to 7 m in thickness. Variations in
couplet thickness, bed spacing, grading and sedimentary structures produce a
number of different rhythmite deposits. Within the Warden borehole, there are five
common variations of rhythmites:

a. Light grey, diffusely planar and cross —laminated mud (2-15 cm thick) that is
abruptly overlain by a 1-2 cm thick dark grey massive mud cap. Couplets range
in thickness from 3-17 cm.

b. Light grey, massive to diffusely laminated, mud overlain by massive mud.
Couplets range from 0.5 to 4 cm thick. The base of these rythmites are dominated
by light-grey, silty-clay with very thin (few mm) massive mud. Towards the top of
the rythmites mud content increases and basal light-grey beds thin. Successions
of these rhythmites are commonly capped by a 2-5 cm thick mud bed. Unit
thickness ranges from 4-10 cm thick.

c. Light grey, massive mud abruptly overlain by a few millimeter to 2 cm thick
dark grey, massive mud cap. Couplets range from 0.5 to 4 cm thick, a succession
of these rhythmites is commonly capped with a 2-5 cm thick dark grey mud bed.
Unit thickness ranges from 1-10 cm thick

d. Light grey, massive mud (0.5-1 cm thick) abruptly overlain by 0.5- 1 cm thick
dark grey mud. Contact between these two elements is characterized by loading
structures and scouring, in places cutting through to the underlying couplets
(scours may range up to 15 mm deep).

e. Light grey, planar laminated to cross-laminated, silt and mud 1- 10 cm thick
that is gradationally overlain by a 2 - 4 cm thick clayey mud. In general, thicker silt
and mud beds (5-10 cm thick) are ripple cross-laminated with sets up to 3 cm
thick. Thinner silt and mud beds (< 5 cm thick) are planar laminated and mm in
scale.

Intercalated graded, structureless sand beds (Facies 3) are interpreted to be deposited by
density currents, specifically moderately concentrated hyperpycnal flows emanating from a
subglacial conduit. These flows were generated by highly concentrated sediment plumes
associated with subaqueous fan sedimentation, most likely signalling the presence of a
hydraulic jump within the transition zone of a plane-wall jet (e.g. Russell and Arnott, 2003;

figure 6: c-C).

Newmarket Till

The Newmarket Till is regionally extensive and is interpreted to represent a till sheet
deposited incrementally by subglacial processes (Sharpe et al., 2002; Boyce and Eyles,
2000). The clast angularity and large range in grain size indicate glacial abrasion and
crushing suggesting that these sediments are not the result of sorting by fluvial or
subaqueous processes. The thickness and topographic location of the massive unit does
not support an interpretation of deposition from gravity flows, unless in a direct ice marginal
position. The drumlinized upland indicates deposition prior to deglaciation

Thorncliffe Formation

The Thorncliffe Formation is characterized by a sequence of rhythmites comprising
alternating light grey planar laminated silty-mud beds (facies 8) and massive dark grey
mud beds (facies 7). The fine grain size suggests very little (if any) traction deposition of
sediment indicating settling of fine-grained sediment in a quiescent environment, such as
a subglacial / proglacial lake (Figure 5) or by the tail ends of low-density turbidity currents.
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Figure 6: Depositional facies model of a subaqueous fan, depiciting downflow and lateral facies transi-
tions. Facies 2, 4, and 5 are interpreted to have been deposited in this type of environment
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(Knight et al., 2015a) and to complement the interpretation of downhole
geophysics, micropaleontology, and pore water geochemistry (Medioli et
al., 2011). To maximize the analytical accuracy and precision the pXRF
analysis is best completed on the <0.063 mm size fraction (Plourde et al.,
2012, Knight et al., 2012). Generally, in this size fraction, the mechanically
crushed bedrock detritus has not been exposed to long periods of chemical
weathering following deposition in glacial basins. Data derived from pXRF
spectrometry is interpreted using single element trends from the base to

Fourteen elements (Ba, Ca, Cu, Fe, K, Mn, Ni, Rb, S, Sr, Ti, V, Zn, and Zr)
were detected in sufficient quantities to produce meaningful results. Four
elements (Cu, Ni, S, and V) returned some values below the limits of detec-
tion.. Complete results as well as precision and accuracy using standard
reference materials are compiled in Knight et al. (2015b).
South-central part of Ontario Na and K likely represent granitic prove-
nance, while Ca represents carbonate terrains. It is important to note that
without mineralogical characterization pXRF spectrometry can only infer
generalizations with regards to source rock types. Chemostratigraphy of
the Warden borehole can be divided into 8 units (Fig. 6). The three lower-
most units correspond to the Scarborough Formation, the overlying 3 units
to the Thorncliffe Formation, while the uppermost two units represent the

In the

Unit 1 (~67 m depth to bedrock), displays a large variability in the concen-
trations of most elements (Ba, Ca, Cu, Fe, K, Ni, Rb, Sr, V and Zn) as well
as the progressive decrease of elemental concentrations of Cu, Fe, K, Rb,
Ti, V, and Zn as distance above bedrock increases. The variability in ele-
mental concentrations in the unit above bedrock is likely due to the effects
of groundwater flow in this coarse sand and gravel unit. Maximum element
values in these sediments are detected just above bedrock and decrease
in concentration stratigraphically upwards. The contact between unit 1 and
unit 2 (67 m depth) corresponds to the change in texture from the muddy
sand/sand interbeds and the overlying silt/clay rhythmites. Unit 2 sedi-
ments (from 43 -67 m in depth) are homogeneous and display much less
variability in elemental concentrations compared to the underlying sedi-
ments of unit 1 (e,g, Fe, Mn, S, Ti, Zn, Zr). At a depth of 53 m there is a
spike in Cu, Fe, Mn, Ni, Ti, V, Zn and Zr, which is likely due to a nugget
e effect or erroneous pXRF detection as values at this interval are a signifi-
cant departure from the normal trends through the unit. Unit 2 sediments
are finer grained than those of overlying unit 3 sediments, which are char-
acterized predominantly by sand; marking the transition from the Scarbor-
ough Formation to the overlying Thorncliffe Formation. Unit 3 sediments
(from 39.5 to 43 m depth), contain variable amounts of sand content and
organic matter culminating with a six centimeter thick peat horizon defining

sistent in chemical signature to the overlying Thorncliffe Formation than
with underlying Scarborough sediments. However for some elements,
such as K, Rb, and Sr that are associated with a granitic provenance there
is little to no change in chemical signature between the Scarborough For-
mation and the overlying Thorncliffe Formation.

Unit 4 (from 27.5 to 39.5 m depth), represents the lowermost sediments of
the Thorncliffe formation and consists of approximately 14 meters of inter-
bedded silt and clay to very course sand. Unit 4 sediments, for many ele-
ments (Cu, Fe, Mn, Ti, Zn and Zr) are geochemically less variable than the
underlying unit 3 sediments. A sample occurring at -39.07 meters in depth
contains high values in some elements (e.g. Cu, Fe, Mn, Ti, V, Zr) that is
similar to the variability to the underlying unit 3 sediment but occurs strati-

graphically above the peat horizon used to define the formational contacts.

Unit 5 (from 17.7 to 27.5 m depth) display a decrease in Ca and Sr as well
as an associated increase in Fe, K, Rb and Ti, that is attributed to a change
in sediment provenance from carbonate-rich to granitic rich Precambrian
Shield sediment. For the top 4 meters Ca concentrations increase marked-
ly as the source of shield detritus is replaced by increased carbonate con-
tent. For the 28-22 meter interval a shield derived mud suspension event
may have interrupted a high Ca and carbonate environment. Unit 6 (from
11.2 to17.7 m depth) is difficult to delineate from the underlying unit 5 sedi-
ments. For Ba, Cu, Fe, K, Rb, Sr, Ti, and Zn the contact occurs at a depth
of 17.7 meters and corresponds to a change from silt to mud. However Ca
displays no change in concentration until a depth of 16.5 meters where
there is an influx of sand. Unit 6 displays significantly lower amounts of Fe,
K, Rb, Ti, V and Zn than both overlying and underlying units. The top of Unit
6 also corresponds to the contact between the Thorncliffe Formation and
the overlying Newmarket Till.

Unit 7 (from 5.2 to11.2 m depth) displays an abrupt decrease in Ca concen-
trations as well as an associated increase in Ba, Fe, K, Rb, Ti, V and Zn
and suggests that the <0.063 mm size fraction of the Newmarket Till has a
different provenance than the underlying unit 6 (Thorncliffe Formation) sed-
iments, or that the matrix of the Newmarket Till is not related to the matrix
of the Thorncliffe Formation. The differences in geochemical signature be-
tween units 6 and 7 indicate that the Newmarket Till had a different sedi-
ment source (Shield dominant) from the underlying carbonate dominant
Thorncliffe Formation. A thin clay horizon at a depth of 5.2 m within the
Newmarket Till marks the contact between Units 7 and 8.Unit 8 (from 2.5 to
5.2 m depth) is characterized by an increase in Ca concentration, which
corresponds to a decrease in Ba, Fe, K, Rb, Ti, V, and Zn concentration.
This change is most likely associated with a continued change in sediment
provenance from shield terrain to a more carbonate-rich source.
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