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Abstract

The Monkton Formation is described as a Lower Cambrian regressive sand-
stone unit containing shallowing-up cycles, called parasequences, which
record tidal flat progradation. Spatial variation and limited outcrops of con-
tinuous stratigraphy have made it difficult to characterize how cycles change
in architecture and thickness through the entirety of the Monkton Formation.
This study seeks to identify stratigraphic trends in the parasequence archi-
tecture and thickness from the successful recognition of facies in the subsur-
face, information that will clarify how the sea level changes and impacts ac-
commodation space. New geophysical data allow this research project to ex-
plore the stratigraphy of the Monkton at higher levels of resolution than pre-
viously achieved. Initial statistical study of gamma ray data from a well
through the Monkton suggests that meter-scale parasequences are identifiable
in geophysical logs. Using continuous gamma log data, this work identified
clastic carbonate ratios from a 1034’ deep geothermal well drilled at Cham-
plain College in Burlington, VT. Although cycles were identified in the gam-
ma log, the spatial variation, complexity and variety of parasequence types
within the Monkton made it difficult to correlate the sequences with specific
environments or changes in sea level. To see if specific architectural elements
of parasequences and lithologies could be characterized by gamma values,
outcrops of the Monkton were surveyed containing both parasequences and
lithologies that were useful paleobathymetric indicators. The survey deter-
mined gamma ray patterns and relative values of a common Monkton para-
sequence representing tidal flat progradation and a carbonate lithology indi-
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cating an abrupt sea level rise. Gamma data from a second well on the Uni-
versity of Vermont campus, along with accompanying borehole camera vid-
eo, confirmed that the outcrop survey results could be useful in subsurface
interpretations of the Monkton. Intervals representing the parasequences and
carbonate lithologies were identified in the Champlain College Well and were
combined with the UVM Fleming Well findings to create a composite strati-
graphic section of the Monkton. The parasequences and lithologic trends
identified in the composite section indicated that, over the entirety of the
Monkton, accommodation space decreased. The decrease in accommodation
space is interpreted to represent a change in the rate of sea level rise. The
Monkton Formation deposition occurred in a transgressive systems tract with
varying rates of sea level rise, which implied that the overlying Winooski
Formation would represent highstand systems tract deposition.

Keywords

Cambrian, Sequence Stratigraphy, Parasequence, Vermont Sedimentary
Sequence and Monkton

1. Introduction

The characterization of parasequences is a key component for interpreting de-
positional systems and systems tracts in the field of sequence stratigraphy. Para-
sequences represent the cyclic deposition of a conformable succession of geneti-
cally related beds or bedsets bound by a marine flooding surface [1] and the
identification of stratigraphic trends in parasequence architecture and thickness
is used to clarify how sea level changes and impacts accommodation space [2].
Understanding how sea level fluctuates within a depositional sequence allows for
that stratigraphy to be put into the context of systems tracts and sequence strati-
graphy.

The Monkton Formation of northwestern Vermont is described as a Lower
Cambrian regressive sandstone unit containing shallowing-up cycles (SUCs) re-
cording tidal flat progradation [3] [4]. This heterolithic unit is greater than 300
meters in thickness and is comprised of sand, silt and dolostone [5]. [4] studied
this mixed siliciclastic-carbonate unit, identifying facies recording supratidal,
intertidal and shallow subtidal deposition which were interpreted to represent
prograding tidal flat sedimentation. [4] and later [6] described the unit as being
characterized by repeating shallowing-up cycles or parasequences, representing
this tidal flat progradation.

Repeating meter-scale shallowing-upward parasequences of mixed siliciclas-
tic-carbonate rocks in the Monkton are identifiable at a variety of outcrops in
the Champlain Valley of Vermont. However, spatial variation and limited out-
crops of continuous stratigraphy make it difficult to characterize how cycles

change in architecture and thickness through the entirety of the unit. [7] col-
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lected gamma log data through a significant portion of Monkton stratigraphy in
a 1034’ deep geothermal well drilled at Champlain College in Burlington, Ver-
mont and identified cyclic patterns, interpreted as parasequences, in the gamma
log data. However, the nature of the mixed siliciclastic-carbonate facies and the
depositional complexities in the subtidal, intertidal and supratidal environments
of the Monkton made it difficult for the authors to confidently interpret the pa-
rasequences in the well log data. Building on their preliminary work, this study
has several objectives, including outcrop analysis of gamma emission patterns,
analysis of gamma emission and borehole camera data from a second well, and
syntheses of these data to identify parasequence architecture trends through the
Monkton and using this information to interpret how sea level and accommoda-

tion space change.

2. Geologic Setting

The Monkton Formation, along with the entirety of the Cambrian stratigraphic
sequence in Western Vermont, was deposited on a thermally subsiding tectoni-
cally stable shelf along the Laurentian-Iapetus Ocean margin that formed fol-
lowing the breakup of Rodina [8]. Recent work by [9] using paleomagnetic, li-
thologic and geochronologic data suggests that the breakup of Rodina was com-
plete by 580 Ma. The formation of the Laurentian-Iapetus Ocean margin has
been constrained between 615 and 580 Ma based on radiometric age determina-
tions of rift-related, Tibbit Hill Formation, basalts that formed in modern Ver-
mont and Southern Quebec at a triple junction associated with the breakup of
Rodina [10].

The triple junction, created during rifting, formed three major features that
controlled large scale sediment distribution along the Iapetus margin. On the
two successfully rifted arms, northwest-striking transform faults offset north-
east-striking rift segments including the (convex ocean-ward) New York Prom-
ontory and (convex land-ward) Quebec Reentrant features [11]. The failed third
arm of the triple juncture forms the 55 km wide and 700 km long topographic
low known as the Ottawa-Bonnechere aulacogen [12]. The Cambrian sequence
in Vermont was deposited on the New York Promontory portion of the shelf.
The shallow water Monkton, Cheshire, Dunham, Winooski and Danby Forma-
tions make up the Vermont Iapetus shelf units whereas the Parker, Skeels Cor-
ners, Rugg Brook and Rockledge Formations represent the basinal environments
[13]. These deeper water formations were deposited in a depocenter known as
the Franklin Basin located north of Colchester, Vermont [14].

The allochthonous Cambrian stratigraphy found in the Champlain Valley was
transported ~80 km to the west emplaced over Ordovician limestone and shales,
on the upper-plate of the Champlain Thrust [15]. Even with this Middle Ordovi-
cian displacement of the Champlain Thrust the Cambro-Ordovician stratigraphy
in the Champlain Valley has remained relatively undeformed. The outcrop belt

of the Vermont Iapetus Shelf units extends from the Franklin Basin to the north,
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southward the length of Vermont. As can be seen on the bedrock geologic map
of Vermont [16], this stratigraphy is located on the western limb of broad syn-
clines, to the north the St. Albans Synclinorium and to the south, the Middle-
bury Synclinorium.

The age of the Monkton is based on biostratigraphic data. Ptychoparia adamsi
and Ollenellus zone trilobites present in the Monkton, place the formation’s age
as Lower Cambrian [17] [18]. The underlying Dunham Dolostone contains Sa/-
terella conulata, a Lower Cambrian index fossil [19] correlative with the lower
Olenellus trilobite zone. The basal horizons of the Parker Slate, a fine-grained
unit deposited in the Franklin Basin, also contain Lower Cambrian age Ollenel-
lus zone trilobites [14] [20], indicating that the Monkton and part of the Parker
are correlative. However, upper horizons of the Parker contain trilobites of the
Bolaspidella zone of Middle Cambrian age [3]. These authors identify the five
missing trilobite zones between Olenellus and Bolaspidella, a gap that occurs in
stratigraphy along the Iapetus margin elsewhere in the Appalachians, and which
represents a basin-wide unconformity they termed the Hawke Bay Event. Be-
cause of this unconformity, it is not clear whether the entire Monkton is Lower
Cambrian in age or if it extends into the Middle Cambrian. The overlying Wi-
nooski Dolostone is dated as Middle Cambrian on the basis of interbedding with
the younger trilobite-bearing Parker Slate.

During the time interval of Monkton deposition, the North American craton
was in the early stages of a sea level rise termed the Sauk megasequence by [21].
The Sauk megasequence includes strata from latest Precambrian to Early Ordovi-
cian in age, an interval based on its position between an interregional pre-Cambrian
conformity and an interregional unconformity at the base of the succeeding
Tippecanoe sequence [21] [22]. [23] subdivided the Sauk megasequence into
transgressive-regressive cycles termed supersequences and even these are further
subdivided into depositional cycles referred to as sequences. [24] recast the
terms megasequences, supersequences and sequences in terms of sequence stra-
tigraphy as first, second, and third order cycles, respectively, and estimated their
time durations as 50 - 100 My, 5 - 50 My and 0.5 - 5 My, respectively.

Several authors made interpretations of sea level fluctuation within the Sauk
transgression in the Northern Appalachians. The Hawke Bay unconformity de-
scribed by [3] marks the boundary between the Sauk I and II super sequences
[25], which in the Vermont Cambrian sedimentary sequence is marked by the
unconformity separating the Dunham Dolostone and the overlying Monkton
Formation. In addition to [3], [26] suggested that the fluctuating sea levels in-
fluenced basin aerobic and disaerobic cycles on the Iapetan continental slope,
producing varying coloration of shale units which they interpreted as recording

two deepening in these late Early Cambrian deep water deposits.

3. Monkton Formation

The greater than 300 meter thick mixed siliciclastic-carbonate Monkton Forma-
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tion was studied by [4] and [6], both of whom identified facies recording supra-
tidal, intertidal and shallow subtidal deposition. More recent work by [27] iden-
tified a fluvial facies of the Monkton in erosional contact with the Dunham Do-
lostone; the contact between these two units is commonly in a covered interval.
Although the first detailed description and thickness estimate of the Monkton
was done by [5], it was [4] who characterized the cyclic nature of deposition in
the Monkton Formation. He identified two repeating types of sedimentary cycles
within Monkton Formation (Figure 1). The first of these is a mixed siliciclas-

tic-carbonate cycle that is more carbonate-rich towards the top of the cycle. The

Type 1:Siliclastic-Carbonate Parasequence

Carbonate

Clastic

[ cryptalgalaminate Carbonate Muds (Supratidal)
[ Heterolithic Sand, Silt and Carbonate (Intertidal Flat)
I 5:nd Sheets, Channels and Bars (Subtidal)

Marine Flooding Surface (mfs)

Type 2:Siliclastic-Carbonate Parasequence

Marine Flooding Surface (mfs)
[ Very Fine Sand/Silt (Intertidal)
- Cross-Bedded Sands (Subtidal)

Figure 1. Stratigraphic columns and corresponding outcrop examples of Rahmanian’s
Type 1 and Type 2 parasequences [4]. The Type 1 cycle architecture example is from
Redstone Quarry and represents the transition from subtidal and tidal channel deposits at
the base into intertidal heterolotihic deposits and eventually towards a carbonate domi-
nated intertidal-supratidal deposit at the top. The Type 2 cycle architecture illustrated is
from Pease Mountain and represents the transition from a subtidal bar and tidal channel
deposit moving up into a mixedsand and mud intertidal flat deposit. The red lines on the
columns mark the maximum flooding services at the top of the parasequences. Circled in
white are rock hammers for scale.
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cycle is interpreted to record the transition from subtidal and channel system fa-
cies to a carbonate dominated intertidal-supratidal facies. This mixed siliciclas-
tic-carbonate carbonate cycle identified by [4] is useful in making sea level in-
terpretations because the carbonate facies characteristic of the peritidal setting
makes an excellent paleobathymetric indicator. The second cycle is siliciclas-
tic-dominated and is interpreted to have formed in a subtidal bar and tidal
channel environment moving stratigraphically upwards into mixed sand and
mud intertidal flat. [4] interpreted the down slope pinch out of the tidal flat to
represent overall regressive sedimentation recording tidal flat progradation.

Using the terminology of sequence stratigraphy, shallowing-up cycles is also
called parasequences. Parasequences can be considered a fourth or fifth order
sea level cycles which represents durations of between 0.01 and 0.5 Ma [24]. The
cyclic sediment deposition creating these parasequences are commonly identi-
fied in core and well logs and are often used by stratigraphers for correlation
between wells. Parasequence sets describe successions of parasequences that
form a distinctive stacking pattern [28] and they are used to define systems
tracts [29].

Cyclic deposition of parasequences can develop if accommodation space is
sequentially created. This can happen as a result of external processes, such as
sea level change, in which case the driving mechanism is termed allocyclic, or
internal processes related to lateral facies migration, termed autocyclic processes.
[30] suggested that autocyclic processes occur within a particular depositional
setting, such as a fluvial system, and their effects tend to be local and, in geologic
terms, instantaneous. They are described as aperiodic because they generally
occur randomly in time and space [31].

The Type 1 cycle recording the progradation of tidal flat sediments is inter-
preted to record allocyclic deposition because the space needed to produce the
vertical accretion of such shallow water sediment implies that space was created
through repeated sea level changes (Figure 1) [4]. Rahmanian’s Type 2 subtidal
sandstone cycles, associated with the lateral migration of tidal channels and sand
bars, would be the product of autocyclic processes, however these may also occur
during sea level fluctuation (Figure 1). For this study we are most interested in
the cycles produced by the prograding tidal flat deposits (Rahmanian’s Type 1),
because the depositional environments represented by these cycles are accurate
bathymetric (sea level) indicators.

Table 1 summarizes the five lithofacies of the Monkton that define bathyme-
tric and sea level conditions. Lithofacies 1 - 3 represent the range of environ-
ments (subtidal, intertidal and supratidal) found within Type 1 and 2 cycles,
while lithofacies 4 and 5 indicate deposition under specific environmental con-
ditions; lithofacies 4 describes a clear water platform carbonate that would only
form when there is little siliciclastic input and this lithology is interpreted to
have been deposited during a rapid base level rise. These flooding events trap

clastic sediment in more proximal alluvial systems, allowing for the return to
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Table 1. Summary of lithologies identified in outcrop and subsurface studies. The depo-
sitional environments of these lithologies are identified by their sedimentary structures.
These identified depositional environments make these lithologies ideal bathymetric in-
dicators. The expected gamma values of these lithologies within the well log are a general
guide and not absolute in interpretations, depending on the thickness of the bed and the
adjacent lithologies this can vary.

Depositional ~ Expected Well Log

Lithofacies Lithologies Sedimentary Structures
& vy Environment Gamma Values
Trough and tabular,
Moderately to well g
herringbone cross .
1 sorted sandstone, X N K Subtidal sand bars  ~100 - 200 (cps)
R . stratification, horizontal
variably dolomitic

laminations

Ripples, mudcracks,
Sandstone, siltstone, PP

2 bioturbation, flaser  Intertidal sand flats ~150 - 250 (cps)
dolostone .
bedding
Cryptalgalaminations,
3 Dolostone, siltstone Typragdaminations Tidal ponds ~60 - 150 (cps)

rip up clasts

Sucrosic dolostone, Uncommonly rippled or

4 Subtidal shelf <~60
arenaceous dolostone cross stratified ubtidal she (cps)
“event bed”, rapidl
Poorly sorted arkosic . i pialy
Dewatering structures, deposited unsorted
5 sandstone, abundant >~250 (cps)

load casts and burrows  sediment on the

accessory minerals tidal flat
i a

clear water carbonate deposition on the shelf. Lithofacies 5 is poorly sorted ar-
kosic sandstone containing abundant accessory minerals and displaying features
such as dewatering and load structures (Figure 2). This lithofacies is interpreted
as an event bed related to rapid deposition from storm-generated sediment dis-
charge onto the tidal flat. Though lithofacies 5 is not necessarily a bathymetric
indicator, the ample accessory minerals were found to have a unique gamma
signature.

Because of the association with different gamma emissions from different li-
thologies, characterizing the gamma signatures of the facies representing these
environments and of the parasequences they create would lead to successful
recognition of facies in the subsurface. Wells drilled through the Monkton pro-
vide the thickest continuous section of Monkton stratigraphy and allowed us to
identify stratigraphic trends in parasequence architecture. Such trends in archi-
tecture and thickness can clarify how the sea level changed and impacted ac-
commodation space through Monkton deposition. However, in order to confirm
that the lithofacies within a parasequence can be accurately recognized in a well
log, outcrop examples of parasequences were logged using a methodology de-

scribed below.

4. Survey Methods
4.1. Outcrop Survey

Outcrops were chosen where parasequences and distinct lithologies within the

Monkton were well exposed and easily identified and where the relative position
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Figure 2. Outcrop photograph of lithofacies 5 from Redstone Quarry. This lithofacies is
poorly sorted arkosic sandstone with abundant accessory minerals. Dewatering (A) and
load cast structures (B) are labeled. Both are interpreted to record rapid sedimentation in
a shallow subtidal envrionemnt. The hammer head is for scale and its length is approx-
imately 8 cm.

of the exposure relative to the base of the overlying Winooski Formation is
known. Gamma emission data collection was completed through stratigraphic
intervals at three localities: Redstone Quarry, Salmon Hole, and at Pease Moun-
tain (Figure 3). Gamma ray data was collected in counts per second (cps) using
a Radiation Solutions hand held gamma-ray spectrometer (RS-230 BGO Su-
per-SPEC).

In order to mimic the continuous curve data collection in gamma well log da-
ta, surveys were completed by hand-held logging in 5 and 10 cm increments,
collecting data through the thickness of the stratigraphy. Readings were taken
for one minute at each position and then averaged to get a single gamma (cps)
value at that point. With this data, a continuous curve of gamma emission
through the interval of stratigraphy was produced by connecting these points.

While of the focus of data collection was from the parasequences in the
Monkton, the unit also contains lithologies (ex, lithofacies 5) that are not part of
a cycle. Like the continuous survey through a cycle, readings were taken for one
minute and then averaged to get a gamma value in (cps) for these lithologies.
The gamma-ray spectrometer was positioned as much in the middle of the bed
of interest as possible. These values were not used to produce any sort of curve,

just to identify relative gamma values for certain lithofacies.

4.2. Well Survey

Both the Fleming and the previously logged Champlain College wells are located
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Figure 3. Simplified bedrock geologic map of Vermont showing localities for wells and

outcrop studies within the Monkton Formation. Base map is the bedrock geologic map of
Vermont [16].

within the city limits of Burlington, Vermont. The Fleming well is a former
teaching well located on the University of Vermont campus (Figure 3) that was
drilled in 1996. The total depth of the well is ~91 meters with the first 41 meters
in casing. Gamma data was collected using a Mount Sopris Instruments
2PGA-1000 POLY-GAMMA PROBE taking readings in 5 cm increments. The
well was logged twice with the gamma tool. A caliper tool was also used to log
the diameter of the entire well to be used in open-holewell water corrections.
Water is located within the well at ~68 meters in depth. Additionally, a down-
hole camera was used to get imagery of the stratigraphy through the uncased
portion of the well. The previously logged Champlain College data was acquired
from Jon Kim of the Vermont Geologic Survey. This well was logged by Jon Kim
and Edwin Romanowicz (S.U.N.Y Plattsburgh) in 2012 using the same Mount
Sopris Instruments 2PGA-1000 POLY-GAMMA PROBE taking reading in 3 cm
increments. The raw and filtered data for both the Fleming well and Champlain
College wells can be found in [32].
Both the wells and outcrops in the Burlington area could be correlated using
strike and dip data for bedding and DEM elevation data. Using strike, dip and
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distance data, the stratigraphic sections of Fleming and Champlain College wells
and the outcrops at Redstone Quarry and the Salmon Hole were hung from the
contact of the overlying Winooski Formation (Figure 4). From this it was de-
termined that ~12 m of uncased stratigraphy overlapped between the two wells
and that the Salmon Hole and Redstone Quarry outcrops lay within the casing of
the Fleming well.

In order to test the physical correlation between the two wells a statistical me-
thod was also used. The goal of this statistical method was to compare the gam-
ma curve from the portions of the Fleming and Champlain wells that overlap,
according to physical stratigraphy. A statistical test would confirm if our original
physical correlation was statistically viable or if there are other correlations that
are more likely. A correlation coefficient, or linear dependence of two variables
or sets of data, was used to see how strong the correlation is of an interval of the
Fleming well gamma data to an interval of the Champlain College well gamma
data. To do this, the portion of the Fleming well that overlaps (according to our
physical correlation) was broken into thirds of approximately 4 meters in thick-
ness to create manageable intervals of comparison. The correlation coefficient
was calculated sequentially descending through the Champlain College well.

This process was repeated for each of the three segmented intervals through the

Red stone Champlain Flemming Salmon
Quarry College Well Well Hole
Monkton
Top of Well Winooski
Top of RQ OutcropH “\
Casing Bottom
H Top of Well Top of Salmon Hole Outcrop

-+ Casing Bottom

100m Scale Bar

Figure 4. Relationships between Monkton stratigraphic intervals from wells and out-
crops. The stratigraphic intervals were hung with their relationship to the contact be-
tween the Winooski and Monkton Formations. These relationships were identified using
elevation and distance data from DEM maps and dip data from two outcrops to the north
and south of the wells. The attitude measured from the two outcrops was on bedding
planes and a mean strike and dip of 15° and 7°was determined, respectively. The intervals
of stratigraphy could then be projected with respect to their relationship with the Wi-
nooski Monkton contact.
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entire Champlain College well. Results indicate the physical correlation between
wells has a high (~0.7) statistically significant correlation for each of the three
segments, suggesting that the physical correlation is correct. However, there
were other levels within the Champlain College well that also had a high statis-
tical correlation coefficient to the Fleming well. If these alternative correlations
are accepted it would require a more complicated scenario. The closest and least
complicated alternative position was located between 50 and 55 m depth in the
Champlain College well. For this to be possible the two wells could be offset by a
high angle fault with a displacement of 23.5 m. Additionally, a bedding attitude
change of 3 degrees between the two wells could also explain the alternative cor-
relation. A broad fold that changes dip magnitude a few degrees over 0.61 miles
is plausible, however there is no evidence of this. Neither is there evidence of
faulting. Finally, because of the repetitive occurrence of cycles with a similar ar-
chitecture and gamma values the statistically significant correlation coefficients
may occur simply because of in a segment of a stratigraphic sequence it wouldn’t
be possible to distinguish one cycle from another; a thicker record would be
needed. For these reasons we believe that the physical correlation shown in Fig-
ure 4 is correct. However, the alternative interpretations cannot be completely
ruled out. Based on the original correlation as a whole, nearly 350 meters of

Monkton stratigraphy was represented in our well and outcrop data

5. Data Processing Methods
5.1. Well Log Filtering

The intensity of gamma emissions is controlled by the abundance of radioactivi-
ty-emitting minerals present in different lithologies, however gamma log data is
subject to random noise due to the counting statistics other sources of error and
because radioactive processes are inherently subject to statistical variation [33].
Additionally, variation in gamma log data can vary between logs due to logging
speed and tool calibration [34].

A series of data filtering steps were taken to remove unusable data, adjust for
water within the wells and to reduce noise. The same filtering procedures were
done on both wells. All data from in well casings was deemed unusable and
omitted from discussions. Though attenuation from well casing can be adjusted
for, data in both well casing was omitted from this study because of the limited
amounts of bedrock stratigraphy within them. Both the Champlain College and
Fleming wells contained water below ~56 and ~68 meters, respectively. An in-
dustry standard correction factor for all points, within open water filled holes,
based on hole diameter was applied to these portions of the wells [35].

Smoothing of the raw gamma emission data was completed to suppress statis-
tical noise and account for variation in vertical resolution inherent to gamma
logging tools. Two assumptions about borehole gamma logging were used in set-
ting the parameters for filtering. First, the vertical resolution of a gamma probe

is between 30 and 60 cm which means that any gamma data point could be
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measuring emissions over this interval of well stratigraphy. Second, across this
vertical resolution readings are being picked up in a symmetrical probability
distribution relative to the center of the sensor [36] [37] [38]. To account for
these two factors a moving average was taken vertically over ~40 cm of data
points in the well log and weighted over a symmetrical distribution. The sym-
metrical distribution curve used was a Hann Curve, such that values in the cen-
ter of the data points being averaged were weighted more in the moving average
than those at the top and bottom or, in other words, the gamma probe, over the
vertical resolution, was less influenced by rocks further away from it than by the

rocks directly adjacent to it.

5.2. Outcrop Survey

From outcrop data, four endmember Monkton lithofacies were identified to be
most useful in subsurface interpretations: 1) clear water subtidal platform car-
bonates; 2) a variety of subtidal sandstones and sandy dolostones; 3) the inter-
tidal sand, silts and dolostones representative of the tidal flat; 4) supratidal/high
intertidal cryptalgal laminate dolostone. The relative gamma values measured
from these lithologies are shown in Figure 5.

The results of the survey from Redstone Quarry can be seen in Figure 6 which
illustrates the observed gamma ray curve from two mixed siliciclastic-carbonate
parasequences. Both cycles represent the transition from the clastic dominated
intertidal sandstones and siltstones vertically into the carbonate dominated su-
pratidal dolostones. The abrupt lithologic change at the base of a cycle, transi-
tioning from carbonate to siliciclastic lithologies, is interpreted as the marine
flooding surface (MFS) and can be identified from the abrupt gamma value in-
crease. The higher gamma value holds steady in the heterolithic intertidal lithol-
ogy until it gradually decreases in value moving up in the stratigraphy. This gra-
dual decrease represents the gradational transition into the supratidal cryptalgal

laminate dolostone. Comparing the two cycles illustrated in Figure 6 illustrates

Expected Relative Gamma Values
Low High

Inter/Supratidal
Cryptalgalaminate Dolostone
Interidal Sands,Silts
and Dolostone
| Subtidal |
Platform Sands
Carbonates

Figure 5. Expected relative gamma values for lithologies used in subsurface interpreta-

tions. These are not assigned exact gamma values but show the relative overlap and rela-
tionship between them. Because of the overlap it is also essential that the gamma ray
curve shape must also be incorporated into interpretations of gamma emission patterns.
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Figure 6. Redstone Quarry stratigraphic column with outcrop survey gamma results.
Survey 1 was completed in 10 cm increments and survey 2 in 5 cm. Outcrop survey re-
sults of intervals representing two of the Rahmanian’s Type 1 parasequences are hig-
hlighted [4]. Both cycles have an abrupt boundary on the bottom of the gamma curve and
then gradually grades upward through the cycle. Example A is a thicker parasequence and
as a result the interbedding of lithologies can be seen in the jagged gamma emission
curve. The detailed jagged curve representing interbedded silt and cryptalgal dolostone is
not seen in example B, the nature of the survey would not necessarly pick up the inter-
bedding in thin interval. It should be noted that neither of the examples illustrated here
contain a subtidal basal unit that is seen elsewhere.

that the thicker cycles show more internal variation in gamma emission data; the
serrated shape of the lower curve represents the interbedding of sandstone and

siltstone lithologies that is not developed in the thinner parasequence.

5.3. Fleming Well

The relative gamma values for the lithologies and the gamma curve shapes pre-
dicted for cycles, based on outcrop results, were used to identify the parase-
quences and platform carbonate intervals within the Fleming Well gamma log.
The gamma curve interpretations in the Fleming well were confirmed using the
borehole camera imagery within the well log, details of which can be found in
[32]. Results confirm what was observed from the outcrop logging: the platform
dolostones have the lowest gamma values while the interbedded sands, silts, and
dolostones recording tidal flat environments are characterized by the highest
relative gamma values. The cryptalgal laminate dolostone lithology is characte-
rized by a lower-middle gamma value.

5.4. Champlain College Well

The Fleming and Champlain College Wells were both logged at different speeds
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and sampling intervals which lead to overall variation in absolute gamma emis-
sion values. Correlations, in the ~11 m of uncased overlapping stratigraphy be-
tween the peaks in the gamma logs identified that the Champlain College Well
gamma peak values were ~25 (cps) higher on average than the Fleming Well
peak values. This slightly higher gamma value was factored into interpretations
within the Champlain College Well.

Unlike the Fleming Well, the Champlain College Well did not have borehole
camera data to help identify subsurface characteristics. The ability to recognize
parasequences and certain lithologies was developed from the analysis of the
Fleming well. The Champlain College Well was analyzed using the same ap-
proach as the Fleming well. The intertidal to supratidal parasequence illustrated
in Figure 6 and described from the Fleming Well was the easiest cycles to recog-
nize in the Champlain Well. The characteristically low gamma values of signifi-
cant dolostone horizons, interpreted as subtidal platform carbonates, are also

clearly identifiable.

6. Results

Using the gamma curves and bedding attitudes the Fleming and Champlain
College wells were correlated and their positions with respect to the Monk-
ton/Winooski contact determined. Parasequences that record inter-to supratidal
shallowing up cycles and thicker subtidal platform dolostone horizons were
identified and compiled and plotted relative to their position below the Monkton
and Winooski contact (Figure 7). The composite data from the two wells will be
used to identify the stratigraphic distribution and thicknesses of parsequences to
make interpretations regarding stratigraphic trends.

In Figure 7 Parasequence sets have been identified and separated by the thin
red horizontal lines. The red arrows within the sets indicate decreasing or in-
creasing thickness trends of the cycles of that parasequence set. After examining
the data the stratigraphy has been broken into three distinguishable segments
identified in Figure 7 as “Intervals”. An “Interval” is identified based on the
frequency and thickness of parasequence sets and the frequency of the platform
carbonate lithology.

The portion of the well identified as “Interval 2” in Figure 7 contains strati-
graphy with the most well-developed Type 1 parasequence sets. Interval 2 con-
tains both the thickest single parasequences and thickest parasequence sets seen
in the entire composite section. The parasequence sets in Interval 2 are deposited
one after another without interruption. Additionally, in Interval 2 there is only
one occurrence in the stratigraphy of the platform carbonate. Since the parase-
quences representing tidal flat progradation are well developed and uninter-
rupted and because of the low frequency of occurrence of the platform carbonate
lithology, Interval 2 is interpreted to represent deposition on a well-developed
tidal flat and the generation of accommodation space that was able to keep up

with deposition.
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A. Monkton Composite Cycle
and Lithology Data
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Figure 7. Interpretation of parasequence architecture through the composite Champlai-
nand Fleming wells (A) are plotted (B) versus the Sauk II transgression (blue line) and the
interpreted changes in accommodation space (black line). A. Parasequence thickness and
stratigraphic position relative to the Monkton/Winooski contact. Colors represent the
thickness of clastic and carbonate components of Rahmanian’s Type 1 parasequences and
of the platform carbonate lithology. The red horizontal lines represent the boundaries
between parasequence sets, while the red arrows identify the trends in parasequence
thickness within a set. B. Interpreted accommodation space curve (black line) is related to
the thinning or thickening of parasequence sets and the presence of the platform carbo-
nate lithology. See text for further discussion.

Interval 3 contains Type 1 parasequence sets like Interval 2, however they are
not in succession and the parasequences within them are not as thick. These
changes are interpreted to represent decreasing accommodation space because
with less space for sediment being created in the nearshore, sediment would be
moved further out onto the shelf instead of accumulating on the tidal flat. Inter-

val 3 also contains the highest frequency of the platform carbonate lithology, of-
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ten found separating the parasequence sets. We interpret these carbonates as re-
cording clear water deposition following periodic flooding events that trap sili-
ciclastic sediment on the coastal plain, allowing for a return to clear water car-
bonate deposition.

Interval 1 contains few repeating parasequence sets and only one instance of
the platform carbonate lithology. A large portion of Interval 1, between ~265
and 295 meters below the Monkton/Winooski contact, is characterized as poorly
cyclic, based on the lack of identifiable parasequences. The gamma values seen in
this interval of poor cyclicity are consistent with subtidal sand values. We in-
terpret the lack of cyclicity to the complex depositional processes in the subtidal
and the likelihood that the tidal flat is never established, thus the identifiable
Type 1 cycles are not being generated.

Figure 7 also shows a generalized sea level curve representing the Sauk II
transgression (blue line) and an interpreted accommodation space curve (black
line) based on our data. The accommodation space curve was generated by in-
terpreting the bathymetry associated with the parasequences identified in the
well log. The cryptalgalaminite lithology (Lithofacies 3) represents sediment
which accreted up to/at sea level and thus represents minimum space for addi-
tional sediment, in other words, minimal accommodation space, and the sea lev-
el rise which followed deposition of this lithofacies created new accommodation
space. This sea level rise can also result in deposition of the platform carbonate
lithology as a result of clastic sediment trapping on the coastal plain, so the plat-
form carbonate lithofacies represent flooding events. A thinning parasequence
set corresponds to a decrease in accommodation space while a thickening set in-

dicates an increase in available accommodation space.

7. Discussion & Conclusions

The successful identification of parasequence sets and lithologies that signify
variation in accommodation space through the composite section allows us to
describe and interpret changes that occur throughout the Monkton Formation.
The interpretations of Intervals I - III in Figure 7 indicate that there is an overall
decrease in accommodation space being generated through the Monkton strati-
graphy. Though the Monkton was being deposited during the overall transgres-
sion at the start of Sauk II, on this portion of the Iapetus shelf the ability to gen-
erate accommodation space decreased over time. Since in the case of the Monk-
ton Formation changes in sea level were the primary control on accommodation
space generation, these results would conclude that the rate of sea level rise
changed through deposition. The combination of relative sea level rise during
Sauk II and decreasing accommodation space can only be generated by a de-
crease in the rate of sea level rise during Monkton Deposition.

As discussed in [39], trends in accommodation space through a unit were a
useful tool for interpreting the systems tract it formed in, and by extrapolation,

how overall sea level was changing. [39] described a highstand system tract as
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commonly containing progradational deposits that formed when sediment ac-
cumulation exceeded the rate of increase in accommodation space. However,
progradational deposits can also form during a transgressive systems tract when
the rate of sediment accumulation exceeds the rate of increase in accommoda-
tion space. Because our data indicate a loss in accommodation space over time,
progradation of the tidal flat deposits that characterize the Monkton Formation
and the decreasing trend in accommodation space suggests that transgressive
system tract deposition is coming to an end as highstand conditions are ap-
proached (Figure 8(A)). If this were the case, we would also expect to see the
onset of clear water carbonate deposition marking the transition to a highstand
systems tract. No such interval is present within the Monkton. However, the
contact between the Monkton and Winooski Formations, with the shoreline at
its maximum landward position, could be interpreted to represent this transi-

tion. If the Monkton was deposited, as we think, entirely in the transgressive

FSST LST TST HST

- Rate Sea Level Change +
o
—>

»
>

» Time

<
Y

- Rate Sea Level Change +
[an)

Monkton Winooski

Figure 8. Rate in sea level change curves for systems tracts model (A) and interpretation
of sea level changes through Monkton deposition (B). For both curves the x axis
represents time while the y the rate in sea level change. Any values above 0 on the Y axis
would represent sea level rise, just at varying rates. (A.) modified from [40] shows the
predicted rate in sea level change during falling stand systems tract (FSST), lowstand sys-
tems tract (LST), transgressive systems tract (TST) and highstand systems tract (HST).
The sea level curve in (B.) shows the how rates have changed over Monkton and Wi-
nooski deposition. The area shaded purple shows where the TST is and the green shaded
areas is where HST is believed to have occurred. Looking at (B.) the curve through Inter-
vals I-III it is overall decreasing. This decreasing rate would indicate a decreasing genera-
tion of accommodation space. There is a dashed line at the end of Interval III because ac-
cording to our projections of the Winooski Monkton contact there is a portion of Monk-
ton stratigraphy above it not represented by well log data. The interval between Winooski
deposition and Interval III is believed to contain a rapid rate in sea level rise, marking the
maximum flooding surface and the transition to HST.
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systems tract, then the decreasing accommodation space generation documented
in this unit would represent a decreasing rate in sea level rise within the trans-
gression (Figure 8). Following this decreasing sea level rise, Monkton deposition
ceases, possibly due to a rapid increase in sea level at the end of the transgression
system tract, marking the beginning of the Winooski Dolostone deposition. This
transition marks the start of the highstand systems tract, represented by the on-

set of clear water carbonate deposition and of the Winooski Dolostone.
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