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Abstract

During the early Mesozoic breakup of Pangea a series of rift basins
formed along the eastern coast of present-day North America. The Newark
Basin in New York, Pennsylvania, and New Jersey, is the largest of these
Triassic rift basins. The equatorial location and monsoonal climate of the

Newark Rift Basin during the Triassic provided the setting for orbital forcing
- functions to effect climate, which in turn effected lake levels, and the associated
sedimentary facies, within the basin . The Newark Basin Drilling Project, run by
Lamont-Doherty Earth Observatory in 1991, drilled six cores throughout the
Newark Basin to collect a continuous stratigraphic section of the Triassic rocks.
Several shallow seismic profiles in the vicinity of the Titusville, Nursery Road,
and Princeton coring sites were to be used to examine the lateral continuity of
facies between the cores. However, a complex near-surface weathering zone
prevented successful imaging of coherent reflections. Synthetic seismograms
generated from geophysical logs collected at these same core sites
demonstrate that there is relatively high reflectivity in the subsurface at these
locations. The synthetics suggest that if the near-surface problem is overcome,
good shallow seismic profiles can be collected. Cyclostratigraphy within the
Newark Basin, consisting of Van Houten cycles of 21,000 years, the associated
beat cycles of 100,000 and 400,000 years, and the obliquity cycle of 41,000
years are observed in spectral analyses of reflectivity series from the Titusville,
Nursery Road and Princeton geophysical logs. High reflectivity is correlated to
the transition from the low velocity thick, black shale sequences, representing
the deepest-water facies, to the higher velocity shallow water/playa facies. The
sedimentation rates within the Newark Basin, estimated by fixing the 413 ky
cycle peaks of the reflectivity series, show variation between. 0.5643 ft/ky and
0.9416 ft/ky during its 25 My history, but an overall avérage of 0.7316 ft/ky
agrees with the rate of 0.7283 ft/ky used in this study and previously in the
literature.



Introduction

During the Triassic breakup of the supercontinent Pangea, several rift
basins were formed along the eastern coast of North Ameri}ca (Figure 1). The
Newark Basin of New York, New Jersey, and Pennsylvania is the largest and
best exposed of these Triassic rift basins (Figure 2). The Triassic sequence
within the basin consists of three main, non-marine stratigraphic units. The
basal unit is the fluvial-deltaic Stockton Formation. The hiddle unit is the
Lockato\;lqg Formation, consisting of deep water lacustrine mudstones. The
Passaic Formation, composed of shallow water lacustrine facies, is the,
uppermost unit. These Triassic strata show a cyclicity related to changes in lake
level caused by climate modulation which was, in turn, induced by orbital
forcing (Olsen, 1986). The lake level fluctuation due to climatic change
correspond to periods of roughly 21,600, 41,000, 100,000, 400,000 and
2,00,000 years (Olsen, submitted).

-~ The purpose of this study is to examine Triassic Cyclostratigraphy within
thé Newark Basin. Two geophysical methods are used. First, geophysical logs
from three core locations within the basin are examined to determine reflectivity
(by generating synthetic seismograms from the sonic and density logs) and look
for evidence of cyclicity at these borehole sites. Second, five high-resolution
seismic reflection profiles collected at the borehole sites-are used to examine

the seismic expression of the stratigraphy at the sites.

The results of this study demonstrate: 1) A complex near-surface layer
makes seismic imaging difficult; 2) Synthetic seismograms generated from the
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geophysical logs demonstrate that boundaries between members of the
Passaic, Lockatong-and Stockton Formations typiqally are good reflecting
interfaces; and 3) Analysis of reflecfivity series generated from the borehole
geophysical logs, demonstrates that cYcIi"city matches orbital forcing functions,
including the 41,000 year cycle of obliquity, and sedimentétion rates at the

borehole sites average to 0.7283 ft/ky (22.3 cm/ky).

Geological Setting

During the Triassic, there was only one major continent, Pangea, more or
less symmetricélly distributed about the equator but exfending from pole to pole
(Figure 3). The breakup of Pangea during the Triassic numerous rift basins to
form along the present-day coast of North America. Included among these rift
basins is the Newark Rift Basin. Paleomagnetic studies indicate the Newark
Basin was' centrally located in Pangea, at about 3.5° north paleolatitude during
the initial stages of deposition, and drifted north more than 10° during the
Triassic (Kent and Olsen, 1992).

The rocks in the Newark Rift Basin (the Newark Supergroup) form a
classic half-graben, bounded to the northeast by a series of basinward-dipping
normal faults (the border fault system), and otherwise lay unconformably on
older Paleozoic strata (Schlische and Olsen, 1988). Several intrabasinal faults
and transverse folds are observed in the basin. At least some of the internal
faulting and folding appears to be synchronous with deposition (Schlische and
Olsen, 1988; Olsen et al., 1989).

The lacustrine and fluvial-deltaic strata of the Newark Supergroup dip, on

average, 5° to 15° toward the boarder fault system (Schlische, 1990; Figure 4),
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so that sequentially older strata crop out away from thé boarder fault. The
Triassic stratigraphic section is marked by two distinct depositional patterns, a
lower fluvial deltaic section and an upper lacustrine section (Schlische and
Olsen, 1990), which record 25 My of late Triassic dévelopment of the Newark
Basin.

The lower section> is a sequence of red and brown fluvially deposited
sands,-named the Stockton Formation. This lower sequenc}e'contains features
typical of a hydrologically open basin (Olsen, 1988). The Stockton is
characterized by basinwide channel systems and large- to small-scale
lenticular bedding (Schlische and Olsen, 1990). Additionally, conglomeratic
intervals that can span the basin, and paleocurrent patterns that are oftén axial
or ‘that are dominated by one direction across the basin (indicating through-
going drainage), are present (Schlische and Olsen, 1990). There is an
absence of evidence for the formation of large lakes within the Newark Basin
during the deposition of the Stockton Formation, although some pond or
paludal deposits have been found (Schlische and Olsen, 1990).

The upper section is composed of deep water lacustri'ne mudstones,
(representing, in some instances, lake depths in excess of 120 m), and shallow-
water/marginal lacustrine mudstones, representing the Lockatong and Passaic
Formations, respectively (Olsen, 1986). This second depositional pattern is
typical of a hydrologically closed basin system, and is characterized by: a
systematic increase in grain size toward all basin boundaries, paleocurrent
patterns directed away from the basin's boundaries, local provenance of
coarse-grained strata near the basin margins, the presence of evaporites, and
cyclicity of fine-grained sedimentary rocks in the central portion of the basin

(Schlische and Olsen, 1990). Within the central basin, cyclical lacustrine beds
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have considerable lateral continuity, while the basin margins are dominated by

~ deposits of fluvial-deltaic sequences and aIIuViaI fans (Olsen, 1988).
Cyclostratigraphy

Tectonic processes were responsible for the geométry of the Newark
Basin, which controlled the maximum attainable lake depth during the basin’s
history. However, high-frequency fluctuations in lake depth (relative to.a
tectonic time sgale) were largely controlled by climate (Olsen, 1988). The
depositional environment of the Newark Basin during the early Mesozoic was
influenced by the arrangement of land masses, the geographic location of the
basin and global climatic conditions. A7

- The climatic conditions during the depositional phase of the Newark
Basin are described as “hot house”, with no evidence of polar ice (Frakes and
Francis, 1988), and deposition of coals in sub-polar regions (Cornet and Olsen,
1992). These climatic conditions led to the development of strong monsoonal
weather patterns simildr to that of equatorial Africa today (Kutzback and Street-
Perrott, 1985). Several authors have argued for a “super-monsoonal” climate
system of equatorial Pangea which affected lake levels within the Newark Basin
(Crowley and North, 1991; Crowley et al\1 992). Orbital forcing effects upon the
“super monsoonal” system involved changes in the intensity of maximum
insolation at the Earth’s equatorial region, which ultimately resulted in altered
global precipitation patterns (Webster, 1985). The amplitude of the climatic
changes, resulting in-large fluctuations in lake level within the equatorial
Newark Basin, was most likely due to the immense size of the Pangean land- |

mass (e.g. Crowley et al., 1992).



Fluctuations in lake levels are expressed in the Newark Basin strata as
changes in facies through time. These facies fluctuations, referred to as
éyclostratigraphy, have been cor\related in the Newark Basin to celestial
mechanical periodicities (e.g. Van Houten, 1964; Olsen, 1986). Van Houten
(1962) was the first to suggest that meter-scale fluctuations in the sedimentary
facies within the Newark Basin are related to changes in lake depth caused by
climatic variations. Van Houten (1962) also attributed the fluctuations (now
called Van Houten cycles) to the 21 ky cycle ot climatic precession (Figure 5).
More recently, extensive studies on outcrops, and cores from the Newark Basin
Coring Project, have shown the existence of the larger-period composite Van
Houten cycles (beat cycles of eccentricity) of climatic precession (Olsen, 1986;
Olsen, submitted).

The proxy used to indicate lake depth and thus climatic cycles are depth
ranks (Olsen, 1986). Depth ranks are a classification of sedimentary structures
and bedding characteristics arranged in order of increasing water depth from
playa-like conditions (rank 0) to deepest lake deposits (rank 6; Table 2).
Depth is converted to age in Olsen's (1986) outcrop study assuming a constant
sedimentation rate of 0.7831 ft/ky (22.2 cm/ky). Results from spectral analyses
performed on the depth ranks of sections of outcrop within the Newark Basin
show evidence of orbital forcing effects (Olsen, 1986; Figure 6). Similar
analyses performed on drill cores from the Newark Basin Coring Project show
even stronger correlation between lake depth and orbital forcing functions
(Olsen, submitted; Reynolds, 1994; Figure 7). The results of the outcrop study
(Olsen, 1986) prompted the Newark Basin Coring Project, which provided the

opportunity for the seismic and geophysical log examinations which are the

basis of this study.



Orbital Forcing Functions

The Milankovitch modulation frequencies (orBital forcing functions) that
effect climate are predicted on the basis of celestial mechanics. Inherent in the
rotation of the Earth is a precessional constant. The interaction of the
fundamental eccentricity frequencies of Venus, Mars, Jupiter, and the Earth with
the precessional constant 4generate four periods of climatic precession (which
average to form the 21,000 year period of the Van l-iouten cycles). Interaction of
these four non-synchronous periods of climatic precession generates higher
order beat cycles of climatic precession at 96,000, 127,000, 404,000, and
2,000,000 years. The major astronomical periods comprised of the periods and
‘beat cycles of climatic precession affect the intensity of incoming solar radiation
which in turn affects the climate. It is predicted that today’s precessional
constant of 23,694 years was 5-15 % smaller during the Triassic (Lasker, 1990;
Berger et al., 1992) because of lunar recession. Thus an uncertainty exists in -
the exact values of todays orbital periodicities extrapolated to the Triassic.
Variations in the obliquity of the earth’s axis to the sun (with a predicted
periodicity of 41,000 years) have a strong effect upon seasonal variations at the
mid-latitudes, but minimal effects at the equator. Kent and Olsen (1992)
suggest that the effect of the obliquity cycle is minimal in the Newark Basin

because of its equatorial position in the Triassic.



Newark Basin Coring Project

The Newark Basin Coring Project was initiated in 1991 to acquire a
continuous record of the Triassic cyclostratigraphy in the Newark Basin in order
to study the effects of orbital forcing functions (Olsen and Kent, 1990; Figure
8). By locating dfilling sites progressively closer to the border fault system, a
series of six 1 km deep cores sampled 5.4 km (over 20,000 ft) of section. There
is a 15 % overlap in coverage between adjacent cores for correlation (Olsen
and Kent, 1990; Figure 9).

Shallow reflection profiles were collected at Newark‘Basin Coring Project.
sites in order to tie reflections to specific lithologiés in the geophysical logs. The
three sites chosen for analysis in this study are Titusville, Nursery Road, and
Princeton. Titusville and Nursery Road were chosen because the lower portion
of the Passéic Formation and the Lockatong Formation, which crop out and are
located in the subsurface at these sites, contain the most prominent
cyclostratigraphy within the Newark Basin. Princeton was chosen because we
hoped to image the Stockton Formation onlapping Paleozoic basement.
Physical properties, including sonic velocity and density, were logged at each of
these core sites as part of the Newark Basin Coring Project and are used in this

study.

High-Resolution Reflection Profiles

In an attempt to examine the lateral continuity of strata in the vicinity of

the Newark Basin Coring Project sites, a series of high-resolution reflection
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profiles were collected. Synthetic seismograms constructed from the
geophysical log data were to be used to tie specific lithologies to the seismic
data. This study examines five of the reflection profiles, two profiles at the
Titusville site and three profiles at the Princeton site, collected in the summer of
1991. The reflection profiles are referred to as Washingtoh Crossing Lineé
(WCL) 1 & 2, and Princeton Lines (PRL) 2, 3 & 4.

The data were collected using a BISON 24-channel DIFP 9024
seismograph and 30 Hz geophones. The source was a BISON Elastic Wave
Generator (EWG), which uses a large elastic band to accelerate a 756 Ib weight
onto a metal pleque. The EWG source is capable of accurate repeatable strikes,
and for the reflection profiles collected in the Newark Basin 10 strikes were
recorded and summed to enhance signal at each source location. The record
length (time) is 1 second, and the sampling rate is 0.5 ms. Data were recorded
in the field in a trace sequential format and transferred from the BISON onto
micro floppy disks for storage. )

The shot-receiver geometry for each shot of the five seismic Iihes is an
off-end spread with a near offset of 360 ft, a far offset of 1050 ft, and a group
interval (with one geophone per group) of 30 ft (Figure 10). Using a roll box to
switch the geophones to the appropriate channels for the seismograph, a
continuous sequence of shots was recorded along each of the seismic line
transects, with a shot spacing of 30 ft. The result for each seismic line is a 12-
fold common midpoint (CMP) profile with a midpoint spacing of 15 ft (Figure
11).

Data processing is done using GALAXY seismic data pfocessing
software by Halliburton Geophysical on an Apollo/Hewlett Packard workstation.

The conventional processing scheme detailed in Figure 12, is modified for
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processing the Washington Crossing and Princeton profiles, to compensate for

problems specific to each set of profiles.
Washington Crossing Lines1&2

The Washington Crossing finés are located in Washington Crossing
State Park at the Titusville site. Washington Crossing Line 1 (WCL1) is 2220 ft
in length, runs parallel to the regional strike of the strata in the Newark Basin
(about N45E), and intersects the Titusville core site between shotpoints 54 and
55 (Figure 13). The near-trace display shows shallow refractions between
0.05 to 0.28 sec and the high-amplitude air wave at 0.31 to 0.33 sec (Figure
14). Discontinuities in the near-surface refractions occur because of a
complicated near surface layer. There is a noticeable lack of coherent
. reflections.

The processing scheme for WCL1 is detailed in Figure 15. The raw
field records are adjusted for topography (from transect survey information) by
correcting with a velocity Qf 1850 ft/sec determined by inverting the slope of the
direct arrival. Electronic noise recorded prior to the first arriving refraction is
muted. Bad or noisy traces, identified on the field records, are edited (scaled to
Zero).

To correct for the amplitude attenuation observed in the raw records, the
data are scaled. If amplitude analysis of any kind is to be attempted on the data,
a scaling method must be chosen to preserve the relative amplitudes.
However, this study is only concerned with generating a stacked section, so a
simpler method, called automatic gain control (AGC), is used. Automatic gain

control is @ method of scaling the amplitudes of the data through the use of a
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“sliding” analysis window. At each position of this window, the average
amplitude within the window is calculated, and a gain factor is applied to the
data, relating the amplitude within the window to an average amplitude over the
entire trace. Thus, the entire trace is scaled to a similar amplitude. Unless
otherwise specified, the AGC window length used on the data is 0.13 seconds.

Amplitude spectra across WCL1 are similar, and typically contain signal
between 5 and 240 Hz (Figure 16). Above 240 Hz, amplitude drops off. The
amplitude spectrum is used to design a band-pass filter. The four specified
pbints of the filter define a “scaling trapezoid”, in which the frequencies below
the first point and higher than the fourth point are scaled to zero. Frequencies
between the second and third points are scaled 100 % (i.e. unchanged from the
original amplitude). The ramp zone between the first and second point is
scaled from 0 to 100 %, and the ramp zone between the third and fourth points
is scaled from 100 to 0 % of original amplitude. For WCL1, the band-pass filter
points are 5, 10, 200 and 320 Hz. |

The prominent air Wave is visible in all of the WCL1 field records. The
best method to eliminate coherent dipping noise (e.g. an air wave) is by filtering
in the frequency-wavenumber (f-k) domain. A sloping mono-frequency signal in
the time-offsét (t-x) domain plots as a single point in the f-k domain by simple
Fourier conversion. Energy with a constant velocity in t-x space plots as a
st'raight line in f-k space. The multi-frequency air wave plots as a line in f-k
space (with a slope related to velocity of sound in air in t-x space), and can be
filtered without disturbing signal in t-x space with differing slopes. An attempt is
made to attenuate the air wave in WCL1 by filtering a swath in f-k space with a
slope of 1200 Hz/wavenumber, and a vertical (frequency) width of +/- 10 Hz.

Figure 17 shows the results of the f-k filter, and attenuation of the air wave.
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P
However, there are still no observable reflections. Figure 18 shows the

expected geometry of reflection hyperbola at several moved-out veloc(‘ities.

Deconvolution is a process which 4compresses the source wavelet , and
attenuates short period multiples. The purpose of compressing the source
wavelet is to increase temporal resolution by shortening the wavelength
(increasing the frequency). Deconvolution is achieved by applying an inverse
filter to the data. The inverse filter is calculated from a filter length and a lag
time. The filter length is equivalent to the wavelength of the source wavelet.
The lag time equals the length in time desired for the output (compressed)
wavelet. The filter length is initially selected at the second zero crossing of an
autocorrelation curve (Figure 19), which approximates the length in time of the
source wavelet. The lag length is adjusted to generate the ‘cleanest
compression’ of the signal without introducing excessive high-frequency noise.
The best improvement in the WCL.1 data is observed using a deconvolution lag -
of 0.006 seconds, an operator window of 0.04 seconds, and a variable analysis
window. The analysis 3(vindow is variable across the length of the profile, and
was picked a large as ;;ossible below the first arrival and above the air wave
(Figure 20).

After sorting to common midpoint (CMP) geometry, the gathers are
examined by several methods of velocity analysis to correct for normal moveout
(NMO) and thus flatten reflection hyperbola for stacking. Two methods for
obtaining stacking velocities for WCL1 are used. In both methods, a constant
velocity correction for normal hyperbolic moveout with offset is applied to the
analyzed gathers, and a mute is applied to avoid stacking in refractions as
signal (Figure 21) . The fist method, a velocity scan, calculates the semblance

(amplitudes) across a single record stacked at several velocities. Figure 22 is
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an example velocity scan in which the traces in CMP gather 77 were corrected
for NMO and summed at velocities from 4000 to 16000 ft/s with a 100 ft/s
increment. The resulting “smeared” look suggests that no reflection hy.perbola
stack to form a coherent signal at any of these velocities. The second method
is a velocity analysis using constant velocity stacks. Constant velocity stacks
are generated by performing normal moveout at a constant velocity for the
entire length of a gather, for sevéral CMP gathers, and displaying the stacked
traces. Normally, constant velocity stacks are generated for a group of traces at
spaces intervals along the line. Because of the small dataset size of the WCL1
(and the other four profiles), the entire set of CMP gathers are used to generate
a serieé of constant velocity stacks. Figure»23 is an example of a constant
velocity stack of WCL1 at a velocity of 14000 ft/s. Plots of this type are
generated for a range of velocities from 4400 to 22400 ft/s at a spacing of 200
ft/s. The resultant constant velocity stacks show the lack of any coherent

reflectors.

Washington Crossing Line 2 (WCL2) is a dip line 3300 ft in length,
beginning at roughly station 36 of WCL1 (Figure 13). Similar problems as
those seen in WCL1 are observed in the near trace display of WCL2 (Figure
24); namely a prominent air wave and high amplitude refractions.

WCL2 is processed using the same scheme detailed for Line 1. The
results are shown in Figures 25 through 31. The result of velocity analysis
using the same two methods detained above for WCL2 yields no evidence of

coherent reflections.

13



Princeton Lines 2, 3 & 4

The Princeton seismic lines are located near Princeton, N.J., at the
Princeton core site. Princeton Line 2 (PRL2) is 2970 ft in length and runs from
NE to SW (Figure 32). Inspection of the near-trace display of PRL2 (Figure
33) shows immediate contrasts to the Washington Crossing Lines. The first
arriving refraction is much more defined, as seen by the clean break at the
beginning of the traces, and the air wave is not as predominant. The
processing scheme for PRL2 (and the other Princeton lines; Figure 34) differs
from the scheme used in the Washington's Crossing lines in that an f-k filter is
not used (it is found to be to destructive to the data, in this case). Additionally,
near-surfacé refracted arrivals, which are more clearly observed in the
Princeton seismic lines, are used to correct for residual static time shifts, due to
the complex near-surface, through a refraction statics correction technique.

The processing steps and parameters for PRL2 are detailed in Figures
34 through 40. Velocity analyses are performed on PRL2 by the two methods
described under Washington Crossing processing, and similar results are seen.
Figure 41 is a typical example of a velocity scan of a PRL2 common midpoint
gather. No coherent reflections are observed by either method.

Princeton Line 3 runs 2610 ft from SW to NE, intersecting PRL4 at station
1, and the Princeton borehole site at station 43 (Figure 32). The near trace
display of PRL3 shows the similarities with PRL2 (Figure 42). A similar
processing scheme is used, and the results are shown in Figures 43 through
48. f

Princeton Line 4 runs paralle! to PRL2 (NE to SW) and is 3170 ft in length

(Figure 32). The near trace display of PRL4 shows the similarities with the two
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- previous Princeton seismic lines (Figure 49). A similar processing scheme is

used, shown in Figures 50 through 55.
Near-Surface Problems

" The results of processing the Washington Crossing and Princeton lines
demonstrate a distinct near-surface problem at both locations. The complex
near-surface is revealed by the both the varying arrival times of the first breaks,
which suggests changing layer thicknesses, and the varying slopes of the first
breaks, which suggests lateral velocity variations. A complex near-surface layer
cauga/s trace-to-trace static time shifts which have a detrimental effects upon
reflection hyperbola generated from deeper interfaces (Figure 56). However,
given good velod?ty estimates and control on the geometry of the near surface
layers from a near-surface model, times shifts calculated by applying a
refraction statics correction technique can be applied to correct for variations in
the fhickness and velocity of near-surface layers. By accounting for these time
shifts, the refraction statics correction technique is used to computationally
correct the source and receivers of the seismic experiment to a datum below the

near-surface layer.

The first step toward resolving the near-surface problem is the generation
of a near-surface model. Figure 57 shows the best interpretation of the six
layers in the near-surface of Princeton Line 2. Several different sets of
information used to construct this cross-section. First, time-distance pairs are
selected from approximately every sixth record of PRL2 (Figure 58) for layers

1 and 2 (see Figure 57 for layer identification). These time-distance pairs are
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used to generate veloéities, intercept times, and layer thicknesses (Table 3).
The 1D solutions of layer 2 (interface between Layer 1 & 2 and between 2 & 3)
are plotted with distance (Figure 59), to generate an approximate 2D model of
the layer boundaries (assuming constant layer velocities). The layer velocities
are the average velocity of each layer.

Next, time-distance pairs of refractions frqm the six layers from every
tenth record are inverted to get apparent velocities (Table 4). These apparent

velocities are then plotted versus distance across PRL2, to show variations in

'velocity along each interface (Figure 60).

A plot of the velocity of first arrivals calculated by regression on digitized
first break time-offset picks shows two trends in velocity (Figure 61) at 12,000
ft/s and 20,000 ft/s. The two deviations from ‘good’ straight line refractions by
the first arrival seen in the field records - the short wavelength perturbation seen
in the field records from station 4 through 16, and the break in slope from 12
kft/s to 20 kft/s - are seen in the plot of the correlation coefficient of the
regression lines from the digitized picks (Figure 62). The it' is not as good in
the vicinity of the short wavelength perturbation and the change in slope due to
a lateral velocity change. Thus, the first-breaks are modeled as the refracted
arrivals associated with the lateral velocity change from two isovelocity layers, 5
& 6.

2-Dimensional raytracing via the MacRay program (Luetgert, 1992)
constrains a depth model of layers 5 & 6. By this iterative method of raytracing,
a model of the first arrival in PRL2 is obtained. An interface is generated, with
the velocity gradient corresponding to the 12,000 to 20,000 ft/s lateral shift in
velocity seen in the field records. A constant velocity of 4800 ft/s, calculated‘

from apparent velocities of layers 1 through 4, is used for the upper layer.
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Travel times are calculated through the model and compared with the observed
travel times in the field records (e.g Figure 63). If a poor match is observed,
the model is adjusted and the travel times are recalculated for another
comparison. The final 2D raytracing model shows a solution of the depth and
geometry of the layer 5/6 (first break) boundary (FigUre 64).

The near-surface model of PRL2 (Figure 57) is a compilation of
velocities and interfaée geometries, described above, with the assumption that
all layers are isovelocity layers, i.e. there are no lateral velocity gradients within
layers. First, thg upper surface is shown from the surveyed elevation data,
plotted versus the corrected datum. Next, layers 1 and 2 are modeled in 2D by
extending the 1D model results laterally, with the lower interface of Iayef 2
terminating at the interface of layer 5 because refractions from layer 2 are not
seen in that section of PRL2. Third, the depth to the interface from the upper
layers to layers 5 & 6 (first arrival) is modeled as per the 2D raytracing model.
The shapes of the remaining interfaces are constrained by examining plots of
apparent velocities and assuming an increasing trend in apparent velocity
suggests an upward sloping isovelocity interface and a decreasing trend
suggests a downward ;Iope of the same isovelocity layer. Finally, depths to
these remaining interfaces are constrained by the location of the interfaces of

the bounding layers.

The next step in correcting for the near-surface is to use the near-surface
model and digitized first-break time picks in a refraction statics correction.
Subweathering velocities at each station of PRL2 are estimated by fitting a
regression line through each set of time-offset pairs corresponding to the first

arrival (Table 5). The inverse of the slope of this regression line is the velocity
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of the layer in which the energy is refracted. Weathering velocities are
generated by calculating an average velocity to the first-break interface from the
near-surface model at every tenth station and linearly extrapolating to stations
in between. Calculations from the near-surface model are made every tenth
station because the near-surface model is only a coarse-scale representation
and not expected to be accurate at the scale of station (trace) spacing.

A diminishing residual matrix algorithm is utilized as the method of
refraction statics correction on Princeton Line 2. In the case of PRL2, the first
arriving refraction is used as a datum, and the set of digitized time-offset pairs
for each trace expressing the first break are used to calﬁulate time shifts. The
diminishing residual matrix algorithm decomposes a matrix, generated with
rows corresponding to receiver station positions and columns corresponding to
shot station positions, into shot and receiver delay time profiles. The teqhnique
gives a solution which minimizes, in the least-squares sense, the differences

between overlapping portions of shot and receiver delay time profiles.

The final corrections for the near-surface layer of PRL2 (the tbtal static
shifts applied to each trace) are calculated from delay times associated with
each shot and receiver station (from the diminishing residual matrix technique)
and the weathering and subweathering velocities (calculated by regression on
the digitized time picks and from the near-surface model). This method of
refraction statics does a good job of correcting for the weathering layer (i.e.
everything above the first arriving interface; Figure 65) by datuming the source
and receivers in each gather to the layer 5/6 interface. The long-wavelength '

variations are noticeably corrected on a near-trace display of the corrected

dataset (Figure 66).
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Even with the additional static corrections, coherent reflection hyperbola
still are not recognizable with PRL2. Velocity gnalysis performed on the
corrected data yielded no new results. An example of a constant velocity stack,
this time for common midpoint records 72 through 80 stacked at constant
velocities from 4400 to 22400 ft/s, demonstrate the lack of coherent reflections
(Figure 67). Princeton Line 2 is better or equal in quality compared to the
other seismic lines examined in this study, and it is concluded that no reflection
data can be obtained from any of the seismic profiles, and continued processing

on the Washington's Crossing and Princeton lines would be futile.

Gébphysical Logs and Synthetic Seismograms

The Titusville, Nursery Road, and Princeton core holes were
geophysically logged as part of the Newark Basin Coring Project. The
measurements included sonic velocity and density, and were recorded at 2 ft
(0.61 m) intervals. The upper 300 to 400 ft (90 to 120 m) of the cores penetrate
a weathefed zone with noisy logging results (Reynolds, 1994). This is
consistent with the seismic data. The upper 400 ft of log data were removed by
Lamont workers.

The product of sonic velocity and density is impedance. Thus, the sonic
velocity and density logs from the core holes are used td generate an
impedance array (or reflectivity series) for each core hole (Figs. 68, 69 & 70).
The reflectivity series, when converted to time by summing all of the pieces of

two-way traveltime for each interval represents, an ideal seismic response

-
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(synthetic seismogram) to the lithologies represented by the sonic velocities
and densities.

Synthetic seismograms ére filtered, to create synthetic seismograms to
match different typical seismic sources. For plotting ggcpaees\the synthetics
had to be scaled using a constant gain factor, which varies depending on the
filter, but is consistent from core to core figures so that comparisons can be
made. There are six synthetic sgismograms for each core (Figs. 71, 72 &
73). The first synthetic in each figure represents the unfiltered synthetic
~ seismogram, which has a frequency content up to the Nyquist frequency of the
synthetics (at 0.5 ms) of 1000 Hz. The next three synthetics in each figure are
filtered and contain frequencies of typical sources: a low ffequency source with
a 5 to 120 Hz frequency content (e.g. Vibroseis), medium frequency source with
10 to 240 Hz frequency content (e.g. Elastic Wave Generator), and high ’
frequency source with a 50 to 420 Hz frequency content (e.g. Betsy Seisgun).
The fourth and fifth sYnthetics in Figures 71, 72 & 73 are generated to match
the Washington Crossjné and Princeton reflection profiles. Although the source
for the experiment is an Elastic Wave Generator (with idealized frequency
components of 10 to 240 Hz), these two additional synthetics are filtered from
10 Hz to 180 Hz to better represent the response of the EWG source to the rocks
at the sites specific to the experiment (as seen in the amplitude spectra). The
fourth synthetic in each figure represents an idealized case (no noise). The fifth
represents the synthetics in the 5 to 180 Hz spectrum with added random noise
generating a S/N ratio of 2. The presence of observable reflections in this fifth
synthetic, for each of the three sites, suggests that the lack of reflections in the

seismic profiles is not due to the lack of reflectivity.
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Cyclostratigraphy and Sedimentation Rates from

Reflectivity Series

. To determine whether an orbital forcing function can be extracted from
the reflectivity series, a relationship must be established between the seismic
reflectivity and orbital periodicities. It has been established that a relationship
exists between orbital periodicities and the cyclicity of lake depth within the
Newark Basin (e.g. Van Houten, 1964; Olsen, 1986). One of the main
assumptions of conclusions drawn from the sediment record is that climatic -
forcing effects can be seperated from tectonic effects. As previously mentioned,
there are many intra-basinal faults throughout the Newark Basin thought to
have been syn-depositional. Syn-depositional faulting of previously deposited
Triassic sediments within the basin énd also of the Paleozoic bacement forming
the basin itself, would have had substantial influence upon the sediment record
by altering sediment sources and changing the geometry of the basin (e.g.
making a deep lake more shallow). Both of these effects of syn-depositional
tectonics would effect the rate of sedimentation and facies depesited within the
basin. The assumption that climatic forcing effects can be seperated from
tectonic effects is validated if the tectonic effects are random. Because spectral
analyses respond to fixed periodic events, orbitally forced effects upon
sedimentary facies would show up in a spectral analyseé, whereas random
tectonic effects upon sedimentation rates and facies would not. Thus, for the
purpose of correlating orbital forcing functions to reflectivity series, if we assume

tectonic effects are non-periodic and the relationship between orbital forcing
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and lake depth established in the literature is valid, a relationship must be set

between lake depth and the reflectivity series.
Relating Lake Depth to Seismic Reflectivity

By examination of the cores from the Newark Basin Coring Project, Olsen
(personal comm.) generated digitized sections representing lake depth by rank
(Olsen, 1986) for the Titusville (Figure 74), Nursery Road (Figure 75), and
Princeton (Figure 76) cores. By comparing the reflectivity series (which is the
product of rock velocity and density, and is a function of grain size, matrix
lithology, cementation and compaction) to the ranked lake depth sections, the
relationship between reflectivity and lake level is qualitatively observed (Figs.
77, 78 & 79).

Reynolds (1994) suggests that in the Passaic Formation, carbonate and
silicate cements are present in the deeper-water facies and thus produce an
increase in velocity relative to the arid facies, thus deeper facies have lower
sonic velocity and higher reflectivity values. During deposition of the Lockatong
Formation, mean lake depth was greater than during the Passaic Formation
deposition, and the shallow-water facies of the Lockatong Formation contains
carbonate and dolomite cements producing a higher velocity (Reynolds, 1994).
- Reynolds (1994) also noted that the deepest-water facies in all cases are
éharacterized by thick, black shales with a high total orgadic content, which
have\a significantly lower velocity than the cemented material which encases
them. Thus the deepest-water layers in all instances are characterized by low

velocity and high reflectivity contrasts. This is observed directly in Figures 80,

81 & 82 by correlating the synthetic seismograms generated in this study with
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the litho-stratigraphy from Olsen (personal comm.) using the depth scale of the
geophysical logs. Although thickness of the units, lithology, and cements are all
changing through time, the cyclical pattern of fluctuating lake depth caused by
orbital forcing functions remains constant, and is preserved in the sediment
record as cyclostratigraphy. Thus, the reflec.tivity series, which responds to the
facies changes from shallow to deep lake depth, is a good ihdicator orbital
forcing functions, and spectral analyses examining the periodicities of the

“fluctuations are meaningful.
Analysis of the Reflectivity Series

A composite reflectivity series is generated by correlating tie points of
~the Titusville, Nursery Road, and Princeton cores. Detailed stratigraphic,
palynofloral, and paleomagnetic study of the overlapping sections of the cores
(Olsen, submitted) has yielded the tie points for the reflectivity series. The
Titusville (at 2745.0 ft) and Nursery Road (at 432.6) records match at the
Tumble Falls Member of the Lockatong Formation. The Nursery Road (at
2664.0 ft) and the Princeton (at 448.6 ft) records match at the Scudders Falis
Member of the Lockatong Formation.
Spectral analysis is performed on a composite core reflectivity series
i without converting to age (Figure 83). - Converting depth to age using a
'constant sedimentation rate of 0.7283 ft/ky (from Olsen, 1986) yields close ties

to orbital parameters:
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Peak (ft)  Period (ky)  Cycle (ky)

344.8 473.4 413
128.2 176.0
78.7 108.0 100
64.1 - 88.0

. 29.2 40.1 41
26.2 36.0 41
20.5 28.1
16.0 22.0 21
14.2 19.5 21

Estimates of Sedimentation Rates

The accuracy of sedimentation rate average used to generate the age
model for the spectral analysis can be examined by manipulating the data
contained in the reflectivity series of the Titusville, Nursery Road, and Princeton
sites. In order to eliminate noise from smaller cycles and variations in general,
smoothed reflectivity series are generated by running an averaging window
down the length of the cores. The length of the smoothing window is found to
effect the reflectivity series by removing the short wavelength modulations (as
per a frequency filter), and does not affect the presence or absence of peaks or
troughs. There are three averaging window lengths used to filter out
sequentially longer frequency variations. The 30 ft smoothing window (run by
averaging 15 impedance values from the 2 ft intervals every 2 ft) shows the
~ 130ky cycle, which repeats every 95 ft with a sedimentation rate of 0.7283 ft/ky.
The 100 ft smoothing window shows the very prominent 400 ky cycle, which has
a thickness of 300 ft With a 0.7283 ft/ky sedimentation rate. And the 300 ft
smoothing window, which shows the 2 My cycle in the Nursery Road and
Princeton but is questionable in the Titusville, with a thickness of 1450 ft with a

sedimentation rate of 0.7283 ft/yr. As previously mentioned, the deepest-water



. fac@es in all instances within the Newark Basin show high reflectivity, specifically
the 2 My and 400 ky cycles (Reynolds, 1994), but the 130 ky cycles are also
seen with the smoothed curves (Figs. 84, 85 & 86). The compound borehole
reflectivity series also clearly exhibits the 413 ky cycles (100 ft smoothing
window), and the 2 My cycles (300 ft smoothing window; Figure 87).

~ Using the 413 ky cycles in the compound corehole reflectivity series,
estimates of the sedimentation rates in the Newark Basin rthroughout the -
Trias_sic can now be made. For each of the cores, the time-depth pairs |
associated with the 413 ky peak are noted, and sedimentation rates are then
calculated between 413 ky cycles (Tablé 6). This is done for the Titusville
(Figure 88), Nursery Road (Figure 89) and Princeton (Figure 90) reflectivity
series, showing the variations in sedimentation rates throughout the
depositional history. Additionally, a linear regression is calculated for the 413
ky time-depth pairs for each core (Table 6). The highest sedimentation rate of
0.8254 ft ky (25.16 cm/yr) is in the Princeton core, which correlates with the
fluvial-deltaic Stockton Formation. The smallest sedimentation rate of 0.6822
ft/ky (20.76 cm/yr) is in the Nursery Road core, which contains all of the deep-
water lacustrine Lockatong Formation. The Titusville core has an intermediate
sedimentation rate of 0.7703 ft/ky (23.48 cm/ky), correlating with the Passaic
Formation. A linear regression of the compound sequence (Figure 91),
representing the average rate of sedimentation throughout the 10 My history
recorded by the Titusville, Nursery Road, and Princeton reflectivity series, yields
arate of 0.7316 cm/ky. This rate, generated by fixing the 4?3 ky cycle peaks in
the reflectivity series, is only 0.45 % larger than the rate of 0.7283 ft/ky (22.2
cm/ky; Olsen, 1986) used to convert the spectral analysis peaks of this study

from depth to age.
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Summary |

The poor results of the Washington Crossing and Princeton seismic
profiles are a result of a complex near surface layer.’ At the Princeton site, this
complex near-surface consists of six different layers, with undulating interfaces,
extending to 60 ft. Similar near-surface conditions are expected to exist at the
Wash'ington Crossing site. Detailed processihg was attempted, but without

coherent reflections, no reasonable stack sections can be produced.

Synthetic seismograms show significant reflectivity at the sites of the
Washington Crossing and Princeton lines. Even the lower section of the
Titusville core, with the lowest impedance contrasts of the three cores examined
in this study, yields good reflections with a S/N ratio of 2. Thus good shallow
reflection profiles should be attainable if a way to overcome the near surface

problem is found.

Cyclostratigraphy within the Newark basin’s Triassic section can
analyzed by examining reflectivity series generated from sonic velocity and
density logs. Facies variations due to cyclical fluctuations in lake depth
generate corresponding cyclical fluctuations in the reflectivity series. Titusville,
Nursery Road and Princeton sites of the Newark Basin Coring Project are
examined in this study. Spectral analysis on the composite reflectivity series
generated from these three sites demonstrates the existence of prominent
periodicities. The cycles observed in the spectral analyses have 21,000,
41,000, 100,000, and 413,000 year durations when assuming a constant
sedimentation rate of 0.7283 ft/ky throughout the 10 My history of deposition
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recorded in the three sites.

The constant sedimentation estimate of 0.7283 ft/ky (from Olsen, 1984)
used in the spectral analysé% of this study is corroborated by fixing the 413 ky
cycle peaks in the reflectivity series and calculating a regression line throUgh
the resultant sedimentation rate values. However, variations in sedimentation
rates seen by fixing 413 ky cycle peaks are significant, and explain the

‘smearing’ of the cycle variations in spectral analyses.
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Origin of the Major Astronommical Periods

fundemental k
frequencies of cycles/ yr period average periods  average periods
the solar system
g2, Venus 5.7530246E-06 173,822
g3, Earth 1.3398682E-05 74,634
g4, Mars 1.3823690E-05 72,340
g5, Jupiter 3.2784068E-06 305.026
precessional
constant -2
k 3.8919592E-05 25.694
periods of
climatic
precession
k+g5=pl  4.2197999E-05 23,698 19,037
k+g2=p2 4.4672617E-05 22,385 21,039
| k+g3=p3 5.2318274E-05 19,114 23,041
k+g4 = pd 5.2743282E-05 18.960
beat cycles of
climatic
precession
p3-p4 42500818E-07 2,352,896
pZ-pl 2.4746178E-06 404,103
p2-p3 7.6456570E-06 130,793
p2-p4 8.0706652E-06 123,906 127,349
pl-p3 1.0120275E-05 98,312 112,085
pl-pd 1.0545283E-05 94,829 96.820
TABLE 1: Origin of the Major Astronomical Periods (Lasker, 1990). The fundimental

frequencies of the solar system, g2, g3, g4, and g5, combine with the Earth's precessional
constant to form the periods of climatic precession. This combination of the periods generates
the higher-order cycles of climatic precession; the 100,000, 130,000, 400,000, and 2,000,000
year cycles. The two columns of averaged periods shows the periods commonly observed in
lower-resolution analyses.
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Depth Rank

Sediment fabric

rank O

rank 1

rank 2

rank 3

rank 4

1rank 5

rank 6

massive bedded calcareous claystone and siltstone
with root, tube , crumb, and vesicular fabric. Faint
parent fabric exsists. Intensely desiccated, deposited

. ] during the time of lowest lake level.

Intensely brecciated and cracked calcareous claystone
and siltstone. Burrows can be common but obvious
parent fabric is present. This fabric shows less intense
desiccation and on a time-averaged basis was
deposited under relatively deeper water than the facies
of depth rank Q. ' :

Thin bedded calcareous claystone and siftstone with
desiccation cracks. Large patches of uncracked matrix
are preserved and reptile footprints and burrows are
often present. Relative low density of desiccation
cracks.

Thin bedded calcareous claystone and rare siltstone

with very small scale burrows; desiccation cracks are
rareto absent and pinch and swell lamination is often

present. Deposited under relatively shallow water, as
evidenced by frequent erosion and deposition above
wave base.

Evenly laminated calcareous claystone with some
small-scale burrows and abundant discontinuous
microlamination. There are no desiccation cracks.

Evenly and finely laminated calcareous claystone or
limestone with abundant discontinuous
microlaminations. There are no desiccation cracks.
Deposited in water frequently anoxic with only
infrequent veltilation and hence deeeper than that of
depth rank 4.

Microlaminated calcareous siltstone with only rare
disruptions and no desiccation cracks. Deposited in
least oxygenated water when the lake was deepest
and when the bottom wa most insulated from wind- and
wave- generated turbulence.

TABLE 2: Depth rank as clssified by Olsen (1986) expressing specific sediment

from Olsen, 1986

fabrics as related to relative lake level (depth). Ranks are from 0 to 6, with 6
representing the deepest time-averaged lake level.
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TABLE 3:  Thicknesses of layers 1 and 2 calculated from apparent velocity
picks and intercept time for approximately every sixth record of Princeton Line 2.

Calculations are made using 1D traveltime formula.
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pri2 thickness
Layer (rec 1) |Apparent Velocity Ti Layer Thickness | Interface Depth
1 1835 0 26.95523237
3941 0.026 8.182572883 | 35.13780525
5 12483 0.033
Layer (rec 6) |Apparent Velocity Ti Layer Thickness | Interface Depth
1 1795 0 22.36664814
2 3821 0.022 10.67871201 | 33.04536015
5 12683 0.03
Layer (rec 11)|Apparent Velocity Ti Layer Thickness | Interface Depth
1 1831 0 25.33093135
4273 0.025 6.021328592 | 31.35225994
5 12257 0.03
Layer(rec 20)|Apparent Veloci Ti Layer Thickness | Interface Depth
1 1832 0 20.70901036
3929 0.02 9.180833513 | 29.88984387
3 5927 ° 0.025
Layer{rec 29)|Apparent Velocity Ti Layer Thickness | Interface Depth
1 1837 0 12.29326106
4148 0.012 14.91515Q91 | 27.20841197
3 6063 0.018
Layer(rec 39)|Apparent Velocity Ti Lafer Thickness | Interface Depth
1 1826 Q 10.24889893
2 4019 0.01 12.06383988 | 22.3127388
3 5819 0.015
Layer(rec 46)|Apparent Velocity Ti Layer Thickness | Interface Depth
1 1783 0 10.15131356
2 3728 0.01 17.04981298 | 27.20112654
3 5958 0.018 )
Layer(rec 52)|Apparent Veloci Ti Layer Thickness | Interface Depth
1 1839 0 10.41636806
2 3914 0.01 18.21033463 | 28.62670269
3 6163 0.018

31




Layer(rec 58)|Apparent Velocity Ti pri2 thigkBeShickness | Interface Depth
1 1792 0 9.898163817
2 4217 0.01 16.69436172 | 26.59252553
3 5847 0.016

Layer(rec 64)|Apparent Velocity Ti Layer Thickness | Interface Depth
1 1839 0 15.49945635
2 4031 0.015 7.972826609 | 23.47228295
3 6037 0.019

Layer(rec 70)|Apparent Velocity Ti Layer Thickness | Interface Depth
1 1809 0 16.29280412
2 3938 0.016 4.880510687 | 21.17331481
3 5916 0.019

Layer(rec 82)|Apparent Velocity Ti Layer Thickness | Interface Depth
1 1836 0 15.57623867
2 3928 0.015 9.944614643 | 25.52085332
3 6025 0.02

Layer(rec 86)|Apparent Velocity Ti Layer Thickness | Interface Depth
1 1836 0 16.74418994
2 3824 0.016 11.88959214 | 28.63378208
3 5824 0.022
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Layer 1 layer 2 layer 3 layer 4 layer 5 layer 6
Sta. Vel. Sta. |Vel. Sta. Vel. Sta. Vel. Sta. Vel. Sta. Vel,
1 ? 1] 4928 1 1 1111500 1
100 7 « ? 10 10 10111228 10
20/ 1979 20{ 3343 20 7 20 20(12879 20
30, 2179 30| 3680 30| 6536 30 30/12897 30
40/ 2115 ? 40| 5474 40| 7550 40/ 12164 40}
50/ 1710 ? 50/ 5474 50, 7 50/ 10960 50[19039
60/ 1610 ? 60| 6737 60 7 60 60/20852
70| 1745 ? 70| 5687 70| 7422 70 70/20399
80/ 1889 80| 4342 80| 2 80| 7840 80 8o[ ?
TABLE 4:  Velocities with distance calculated for each of the six layers

modeled for Princeton Line 2. Velocity picks were only made with high

confidence. Question marks (?) are used where the layer generated a suspect

refractor which could not be accurately quantified. Layer 1 velocities vary by

15%. Layer 2 velocities vary by 20%. Layer 3 velocities vary by 12.5 %. Layer

4 velocities vary by 3.5%. Layer 5 velocities vary by 8.5%. Layer 6 velocities

vary by 5.5%.
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TABLE 5: Calculated velocities and r2 correlation coefficient by linear
regression on digitized first break time picks for each station of Princeton Line 2.
Additionally, 1D calculations of the interface depth with an upper layer velocity |
of 4800 ft/s at each station is included. Regression equations from Snedecor

and Cochran (1989).
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0.93228485

226.006605

46

16487.4552
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titusville
time dapth sad.rn. yA2 xA2 xy
413 474 2246878/ 170569 195762|3X= 14888
826 800] 0.002406] 640000 682276 860800|YYls 13022
1239 1168] 0.0027168] 1364224] 1535121| 1447152|3X2= 34796076
1852 1522] 0.0026813] 2316484] 2729104| 2514344|7YW2= 25462996
2065 1810} 0.002125] 3276100] 4264225 3737650/3XYs 29720306
2478 2188] 0.002642| 4700224 6140484| 5372304|X(mean)= 1858.5
2891 2402! 0.001727| 5769604| 8357881 6944182!Y(mean)= 1627.75
3304 2678] 0.002037| 7171684] 10916416 8848112
slope= 0.770379ift/ky 0.009245(in/y 0.234812imm/y
intercept= 196
r= 0.998267
m2 = 0.996537
nursery
time depth sed.nt. yr2 x~2 Xy
413 584 341058 170569 241192|3X= 14868
826 894] 0.002288| 799236| 682276] 7384443V 12754
1239 1170f 0.002037] 1368900/ 1535121| 1449630(TXi2= 34796076
1652 14861 0.002332] 2208196 2729104 2454872{FTYiN2= 236681908
2065 17668] 0.002066] 3118756] 4264225| 3646790/TXYi= 28583730
2478 2008] 0.001786] 4032084| 6140484| 49758241X(mean)= 1858.5
2891 2262] 0.001875| 5116644| 8357881| 6539442|Y(mean)= 1594.25
3304 2584| 0.002376| 6877056{ 10916416| 8537536
slope= 0.881252|ft/ky 0.008175lin/y 0.207846imm/y
ntercept= | 328.1429
r= 0.999392
M2 = 0.998785|
princaton
time depth sed.rt. yA2 xXA2 xy
413 604 364816] 1705691 249452!132G= 6195
826 924| 0.002362 853776 682276 7632247k 8304
1239 1206] 0.002081| 14544361 1535121] 1494234|¥XiA2= 9381295
1852 1596] 0.002878] 2547216] 2729104] 2636592|YYi2= 9116920
2065 1974( 0.00279] 3896676} 4264225] 4076310|74Yk= 9219812
X({mean)= 1239
Y(mean)= 1260.8
[4
slope= 0.82615Ift/ky 0.009914lin/y 0.251811|mm/y
intercept= 237.2
r= 0.998004
M2 = 0.996011

TABLE 6:  Listing of the time-depth picks for the 400 ky cycles seen in each of
the three reflectivity series. Additionally, linerar regression lines with correlation

coefficients are shown.
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New York

Conn.

Pennsylvania

FIGURE 1: A map of the eastern coast of North America. The shaded regions
are early Mesozoic rift basins identified by surface exposure. The black region
is the Newark Rift Basin. Note that the general trend of the basins parallels the

final rifted axis.
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Section D N\
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Section C

FIGURE 2: The Newark basin
A. a simplified geologic map (after Schlische,

1991) showing the areas discussed in the text.

The Lamont cores are numbered as follows:
1. Martinsville

2. Somerset

3. Rutgers

4. Titusville

5. Nursery Road

6. Princeton

Cross sections A-D are shown in Figure 4.

B. the major components of the Newark
Supergroup in the Newark basin, correlated
with age (from Olsen, 1988). Symbols shown
in the right hand column correlate with
symbols on map in A.
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Late Triassic (Norian) Pangaea

FIGURE 3: Simplified map showing the near-equitorial location of the North
American East Coast rift basins during the Late Triassic (from Reynolds, 1994).
The pole-to-pole coverage of Pangea is a suspected cause of strong equitorial

monsoonal climates.
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FIGURE 4: Representative cross sections of the Newark Basin (see Figure 2 for
locations). Transverse lines A-A’, B-B', and C-C illustrate the asymmetric nature of the
basin. Longitudinal section D-D’ shows the overall synclinal shape of the basin. No
vertical exageration in any section. From Schlische, 1990,
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VAN HOUTEN CYCLES

A
Relative

Envimoment ook Fossils gﬁ TOC, Cabomate
desper lOIIIIlII8 9|||nn

[ %}
E
]
R
Cycle Divisions

FIGURE 5: Characteristics of a single Van Houten cycle (from playa to deep
perennial lake) typical of the Newark Rift Basin (Olsen, 1986). The cycles are
caused by the 21,000 year cycles related to the astronomoical influences upon

the precession constant of the Earth.

42



547 ¢ 24.0 m (100.0 x 107 yoan)

1 0.8 m (400 x 107 yean)®
192 5.8 m (2.5 x 103 yoers)
/

218

&1

Moters 9.6 - 4. 16 14 12 11 10
10’”&64&0 20 13 100 a9 8.7 §7 S0 44 40

$3.0 m (400.0 x 103 years)
24.0 m (100.0 x 103 yours)®
12.0 m (50.0 x 103 yeass)
€A m (285 m x 109 yoars)
SAm (2.5 x 103 years)

225

46

= ..:il{'::‘ D et . .
Moters 98 48 32 24 16 14 12 1 9
107yeare 400 200 120 100 80 67 57 50 44 4p

219 4 $8.0 @ (4000 x 103 yeurs)

Delaware
- 20 133 x 183
) | X yoers)
15.8 < 240 m (1000 x 103 ysars) hiiddie Lockatong

&1 m (25.5 x 107 yeara)

" 100m{d19x \

10%yeans)®

/ 55 m (228 x 107yoars)

s e ioe ALY Sy
Maters 208 144 96 72 53 48 41 16 32 11
103 years 1200 €00 400 300 240 200 17.4 150 133 130

213 1
] 288 m (120 x 107 yean)

152 - 6.9 m (284 x 10 yoars)
53 m (22 x 109 ysars)
9.2 4

Otteville Section
Lower Passaic

1

S et 2oL ,174—':0..."\,,.\7.‘_» St o1t
Meters 144 72 48 38 29 24 21
109 ymars 60.0 300 200 150 120 100 8.6

1.8 18 14
75 &7 &0

from Olsen, 1986

FIGURE 6: Power spectra of the sections of the Lockatong and Passaic
examined by Olsen (1986). In this instance, the “peaks” represent
locations where a high number of certain cycles were repeated. The
vertical axis is the correlated amplitude of the Fourier analysis. Note the
two sets of numbers given for the horizontal axis. The first set denote
sediment thickness. Thus the number corresponding with a peak is the
thickness which is repeated throughout the section. The second set of
numbers is that derived when Olsen (1986) used a sedimentation rate of
0.7382 ft/ky (22.2 cm/ky) to convert from sediment thickness to time. This
.assumption assumes a constant sedimentation rate and is based on varve
counting within the microlaminated sequences.
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Power Spedra of Carehole Sanic Logs

Rulgers

Martinsville 1365

Powar

lerse 1365 Nursery Road
1365 Sontersel
216
163 133
Q 0.02 0.04 0.0G6 008 0 0.02 0.04 0.06 0.08

Freguency (1/1t) Frequency (1/11)

FIGURE 7:  Power spectra of corehole sonic logs by Olsen et al. (in press).
The depth peaks shown by the spectral analysis should correspond to: 1450 ft
for the 2 My cycles, 300 ft for the 413 ky cycles, 85 ft for the 130 ky cycles, and
15 ft for the 21 ky cycles. Note the good correlation with the majority of the logs,
and the ‘smearing’ which takes place to the peaks of the smaller cycles due to
fluctuations in sedimentation rates.
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0 5 10
10 Border Fault 1 1 L
km
B
Figure 8 - Schematic location of Lamont
coreholes. , Ma ,
A. a generalized cross section showing the A T [Extrusives
areas discussed in the text (from Meltzer et al., — Seds J
1991). Note classic half-graben shape, 200 |
dipping strata, and the placement of cores to — '
sample entire basin stratigraphy. o010 ] |Passaic P
Lamont cores are as follows: = Formation
1. Martinsville -]
220 — |
2. Sommerset 7 [Cockatong T
3. R'utge(s 1 |Stockton | . - fS
4. Titusville 230
5. Nursery Rd. v
6. Princeton

B. the major components of the Newark
Supergroup in the Newark basin, correlated
with age (from Olsen, 1988).
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FIGURE 9: Stratigraphy of the Newark Basin cores (from Olsen, submitted).
The cores of interest to this study are: T - Titusville, N - Nursery Road, and P -

Princeton.
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Receivers

Shot
7 AAAAAAAAAAAAAAAAAAAAAAAA
ear Offset .
<1360 feet > Group Interval
30 feet o

Far Offset
1050 fest —

FIGURE 10: Shot and receiver geometry for the Washington’s Crossing and
Princeton seismic profiles. Eash shot is collected as one field record, the next
shot, moved 30 ft further along the transect, represents the next sequential field
record, etc. '
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Midpoint

—p> g
Receiver

h

Offset for
CMP domain

FIGURE 11: A stacking chart for Washington's Crossing Line 2 (110 shotpoints). Each dot
represents a receiver location. A is the shot domain and is in the S-G (shot-receiver)
coordinate plane. Traces that fall along line A = shot gather. B represents common
midpoint domain, the midpoint being the projection onto line. Traces that fall along line B =
1 CMP gather. C. Note for future reference the shot gathers composed of 24 receivers
(traces) are sorted into common midpoint gathers of 12 traces.
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Preprocessing:

o Reformat
 Edit noisy traces
{e Field statics

o Gain

Deconvolution

v

e Sort from sho

gathers to common
midpoint gathers Stack
» Velocity analysis -
* NMO correction {
* Mute
A || Migration
4 Filter
o Residual Statics Scale

;

H!Comgleted Sectionm

»

FIGURE 12: Generalized seismic data processing routine. Note
that returning arrows represent possible iterations.
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Washington's Crossing Seismic Lines and
Titusville and Nursery Road Wells

Church St

k Nursery Road
Well

1
1/2

FIGURE 13: Location map of the Washington Crossing seismic lines and the
Titusville and Nursery Road core hole locations. Washington’s Crossing Line 3
& 4 were not examined in this study (University of Deleware).
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AGC, 0.13 second window) and filtered (5 to 360 Hz)

n’s Crossing Line 1. The high amplitude signal
The upper 0.26 seconds of the data is

Note the lack of coherent reflections.

FIGURE 14: A scaled (
near trace display of Washingto
at 0.32 seconds is the air wave.
characterized by refracted arrivals.
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[Preprocessing:

* Reformat

Edit noisy traces
Field statics

Gain (AGC 0.13 5)
BP Filter

(10to 200 Hz)
F-K Filter (1200 ¥s)

Y

Deconvolution

lag=.006s
opper. length = .04 s
v

o Sort from shot
gathers to common
midpoint gathers

° VeIoEi't'y analysis

(velocity scan & CVS)
e Mute Refractions
* NMO correction
* Mute

Y A

* Residual Statics

Stack

FIGURE 15: Processing scheme for Washington Crossing Lines

&2.
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AHPLITUDE SPECTRUM
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FIGURE 16: An amplitude spectra of field record 10 from Washington Crossing
Frequencies up to 240 Hz contain signal above ambient noise level.
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FIGURE 17: Plots from WCL1 of records 60 and 80 before and after fk filtering.
Note the reduced prominance of the air wave.
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Modeled Reflection Hyperboes
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FIGURE 18: Hyperbola generated for variods velocities
demonstrating expected moveout times. The dashed box

-~~~ represents the offsets recorded by the shot geometry of — -

the Washington Crossing and Princeton seismic lines.
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FIGURE 20: Plots

deconvolution spans 0.1 to 0.4 seconds. Note the reduction of refraction

multiples and lack of reflection hyperbolas. All records plotted with AGC (0.13
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FIGURE 21: WCL1 after common midpoint sorting, deconvolution, and a mute
to remove refracted arrivals. The mute is necessary in order to prevent stackin

in refracted signal in velocity analyses. All gathers are plotted with AGC (0.13
sec window).
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FIGUBE 22: Velo_city scan for WCL1 for commorimidpoint gather 27. The
smheanntg of the hlg_t;]-semblance dark contours is an indication of a lack of
coherent energy. The ruled line represents the best veloci ' i
o S velooy sene elocity function obtainable
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FIGURE 23: Constant velocity stack for WCL1 at 14},000 ft/s. r\.lear.su_rfac.e
refractions from near traces left live are the only horlzqns seen in this 'se.ctlon.
No reflections are identified. The other constant velocity stacks for this line look

similar. Plotted with AGC (0.13 sec window).
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FIGURE 24: Near trace display of Washington Crossing Line 2. Note the
similarities between this section and the near trace display of WCL1 (Figure
14). Plotted with BP filter (5,10,240,360) and AGC (0.13 sec window).
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FIGURE 26: Comparison of WCL2 records 20 and 40 before and after editing,
field statics, and electronic noise muting. Displayed with band-pass filter
' (5,10,200,320) and AGC (0.13 second window).
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FIGURE 29: An autocorrelation plot from record 40 of WCL2. From time zero,
the second zero crossing is used as the first estimation of the deconvolution
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FIGURE 31: WCL2 after common midpoint sorting, deconvolution, and a mute
to remove refracted arrivals. The mute is necessary in order to prevent stacking
in refracted signal in velocity analyses. Plotted with AGC (0.13 sec window).
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FIGURE 32: Site location map for the Princeton seismic lines and the Princeton
core hole.
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FIGURE 33: Near trace display, after field statics, of Princeton Line 2. Note

higher S/N ratio than Washington's crossing Lines and prominant residual
statics effect. Plotted with BP filter (5,10,160,240) and AGC (0.13 sec window).
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'Preprocessing:

o Reformat

o Edit noisy traces
Field statics

Gain (AGC 0.13s)
BP Filter
(10to 160 Hz)

v

Deconvolution -

lag=.006s
opper. length =.04 s
v

e Sort from shot
gathers to common
midpoint vgithers Stack
» Velocity analysis -

(velocity scan & CVS)
e Mute Refractions
° NMO correction
o Mute

7 A

» Residual Statics

FIGURE 15: Processing scheme for Princeton Lines 2, 3 & 4.
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FIGURE 35: Comparison of PRL2 records 1 and 21 before and after editing,
field statics, and electronic noise muting. Displayed with band-pass filter

(5,10,160 200) and AGC (0.13 second window).
72



AMPLITUDE SPECTRUM

248.9
FREQUENCY IN HZ

24

NAX £ ANPLITUDE : 38842.7

LAST SEQ TRACE :

168.8

TR AHFE Do W

FIGURE 36: An amplitude spectra of field record 1 from Princeton Line 2.

Frequencies up to 160 Hz contain signal above ambient noise level.
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FIGURE 38: Plots from PRL2 before and after deconvolution with a lag of 0.006
seconds and an opperator length of 0.04 seconds. The analysis window for the
deconvolution was chosen at every tenth record along the line, and is the area
between the heavy lines. Note the reduction of refraction multiples and lack of
reflection hyperbolas. Plotted with AGC (0.13 sec window).
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PRL2CDP.DAT PRL2CDP. DAT PRL2CDP.DAT PRL2CDP. DAT PRL2CDP. DAT PRL2CDP. DAT
CopP: 38 cor: 58 cop: 78 CoP: 98 coP: 118 :
L w1 2 21 21

l{ 5

6.208 S-S

0.460 {

0.688 KB

eyl i
1 TR Y.
; 3 {a‘?;»t’_’é; .
) B S X L
=355763 3 By
: LR R 05 -
Bt ,ﬁ e l! 3:)433 2 b ! :
1. 080 XY | ié.zoii}‘;:.!x '2.4'5 !.zz"-
- CXP GATHERS, (PREPROCESSED, FILTERED, DECON, SORTED)

8.868 &

FIGURE 39: Records of PRL2 sorted to common midpoint gathers after
deconvolution. Note the refractions which still dominate the upper 0.1 seconds
of the gather. Plotted with AGC (0.13 sec window).
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FIGURE 40: PRL2 after common midpoint sorting, deconvolution, and a mute to
remove refracted arrivals. The mute is necessary in order to prevent stacking in
refracted signal in velocity analyses. Plotted with AGC (0.13 sec window).
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PRL2VSTK_138. DAT

GALAXY

FIGURE 41: Velocity scan for PRL2 for common midpoint gather 132. The
smearing of the high-semblance dark contours show the lack of good stacking

velocities for reflection hyperbolas.
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FIGURE 43: Comparison of PRL3 records 1 and 21 before and after gditing,
" field statics, and electronic noise muting. Displayed with band-pass filter
(5,10,160,200) and AGC (0.13 second window).
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FIGURE 44: An amplitude spectra of field record 21 from Princeton Line 3.
Frequencies up to 140 Hz contain signal above ambient noise level.

81



AUTG CORRELATION

m o tigs

1 9. 1 ==

.......................... sl e
< Pow

M BB

............... r------f-”n.\.lwaﬁv..-------T-----L-----i‘n

L <] Js

| I

[

TR R, bemweae Jeaeaa AV.. |||||||||||| R I l.m. [72)

b nﬂFg La =

[ D D e S . B

L o - Y

: == e

m |||||| P - ———— mw--llnnuu:..l-||c|L|||||..|.w m

W AHH ]

....... %---:-.-----L-.mU\'(an.?------.------:.---. L
r.\f.\ﬂv Tz

S O My

[ q * st

m ~ Ys&
<] [l

....... L.---.--r---:i-------HU,{------A--!-:-.---. Aamm
AUV n.uﬂMM

i d 88

| ST A Ao ] e

: o o @ - i - ]

E £ g & 2 ® § =& 8

™~ < < acaxa J-H- Do W
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FIGURE 46: Plots from PRL3 before and after deconvolution with a lag of 0.006 seconds and
an opperator length of 0.04 seconds. The analysis window for the deconvolution was chosen at
every tenth record along the line, and is the area between the heavy lines. Note the reduction of
refraction multiples and lack of reflection hyperbolas. Plotted with AGC (0.13 sec window).
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FIGURE 47: Records of PRL3 sorted to common midpoint gathers after
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deconvolution. Note the refractions which still dominate the upper 0.1 seconds
of the_gather. Plotted with AGC (0.13 sec window).
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FIGURE 48: PRL3 after common midpoint sorting, deconvolution, and a mute to
remove refracted arrivals. The mute is necessary in order to prevent stacking in
refracted signal in velocity analyses. Plotted with AGC (0.13 sec window).
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FIGURE 49: Near trace display of Princton Line 4. Note the similarities
between this plot and PRL2 (Figure 33). Plotted with BP filter (5,10,160,240)

and AGC (0.13 sec window).
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FIGURE 50: Comparison of PRL4 records 2 and 22 before and after editing,
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FIGURE 51: An amplitude spectra of field record 22 from Princeton Line 4.

Frequencies up to 120 Hz contain signal above ambient noise level.
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FIGURE 53: Plots from PRL4 before and after deconvolution with a lag of 0.006 seconds and
an opperator length of 0.04 seconds. The analysis window for the deconvolution was chosen at
every tenth record along the line, and is the area between the heavy lines. Note the reduction of
refraction multiples and lack of reflection hyperbolas. Plotted with AGC (p.13 sec window).
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FIGURE 54: Records of PRL4 sorted to common midpoint gathers after
deconvolution. Note the refractions which still dominate the upper 0.1 seconds
of the gather. Plotted with AGC (0.13 sec window).
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FIGURE 55: PRL4 after common midpoint sorting, deconvolution, and a mute to
remove refracted arrivals. The mute is necessary in order to prevent stacking in
refracted signal in velocity analyses. Plotted with AGC (0.13 sec window).
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FIGURE 56: The top schematic shows a samplé ray path traveling through
different thicknesses of a low velocity layer. (a) shows a common midpoint
gather with a normal moveout velocity correctly applied. However, the static
time shifts caused by the varying low velocity layer cause a degraded stacked
trace (b). By correcting for a varying near surface layer, a correct common

midpoint gather with the same normal moveout velocity applied produces a

-

distinct reflector (c).
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Schematic Cross-Section
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FIGURE 57: Interpretation of the complex near-surface of
Princeton Line 2. The velocities for the layers are
calculated as described in the text.
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FIGURE 58: A graphical illustration of the location of the refraction picks used

to calculate the various near surface velocities. Table 4_ tabulates the results
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1D Model of Layer 2
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FIGURE 59: Plot of the 1D interface depth of Layer 1 and Layer 2 (see Table
5), showing the modeled depths and geometries of the interfaces. Depth to
Layer 2 is calculated using Layer 5/6 velocities, thus the depth is the shallowest

expected position of the interface.
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2500 Y T T T Y
2000F /K// 1
1500 —_—1 1 1 A .
0 ) 1000 1500 8] 2500
ol 0 W00 T o0 m0 oo
4000 \/// .
aooo L L 1 i —
0 500 1000 1500 2000 2500 3000
7000 L - Lo T R T
g 6000} \—/\
5000 i S 1 1 I
0 500 1000 1500 2000 2500 3000
-__2.8000 T T T T L
8 7500+ _— -
> 7000 vs 1 - — 1 1 |
x 10 500 1000 1500 2000 2500 3000
] 1 4 T ¥
1.3 b
120 .
1.1 T —e L. 1 1 J%
x 10 500 1000 1500 2000 2500 3000
2.1 L L ¥ T T
2+ ﬁ ]
1.9 —l —l, 1 -
0 500 1000 1500 2000 2500 3000
distance (ft)

FIGURE 60: A plot of the apparent velocity picks for the six near surface layers
seen in PRL2. The curves are plotted with layer 1 at the top and layer 6 at the
bottom. With the assumption of constant velocity layers, an increase in
apparent velocity suggests updip ray paths, or an upward sloping interface.
Similarly, a decrease in apparent velocity suggests a downward spoling
interface.
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Near Surface Velocit
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FIGURE 61: A plot of the near surface velocity calculated from linear-
regressions at each station (see Table 5). Note the two trends in the velocity:
the perturbation between stations 7 and 19 from an average velocity of 12,000
ft/s, and the smoothed increase to 20,000 ft/s at increasing station numbers.
The vertical axis is in units of ft/sec, and the horizontal axis is station numbers.
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FIGURE 62: A plot of the correlation cofficient from the regressions on the
refraction picks of PRL2. The two locations of decreasing correlation (increased
deviations of the picks from the regression line) correspond with the short offset
perturbation between stations 4 and 16, and the sharp break in velocity from
12,000 ft/s the 20,000 ft/s at station 46, which is recorded in records 34 through

58.
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FIGURE 63: Comparison of the raytracing model of Figure 69 for shot record
52. with travel times from raytracing model superimposed.
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FIGURE 64: Final model of the Layer 5 and Layer 6 first break interface using
the 2D raytracing program MacRay (Leutgert, 1992). Note the short offset
undulations throughout the model, and the velocity break at offsets of 0.69 to
0.74 km from 12,000 ft/s (3.66 km/s) to 20,000 ft/s (6.1 km/s). Distance and
depth are in kilometers. '
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FIGURE 66: Near trace display of Princeton Line 2 after refraction statics corrections modified
with least-squares velocities of digitized picks for subweathering velocities and medeled
estimated for weathering velocities. Compare static shift with that of the uncorrected near trace

display (Figure 33). Plotted with AGC (0.13 sec window).
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FIGURE 67: A piot of several constant veloeity stacks used to examing the
preSence of coherent reflectors after refraction statics corrections. The traces
shown are the ;tacked gathers of PRL2 common midpoint gathers 72 through
80. The velocities shown are: 4400, 4800, 5200, 5600, 5600, 6000, 6400,
6800, 7200 ft/s. Then 10400, 12400, 14400, 16400, 18400, 20400 and 22400
ft/s. Velocities chosen for display represent the range of velocities expected in
the PRL2 survey. Although not displayed, continuous constant velocity stacks |
from 4400 to 22400 ﬁ/s ét an increment of 200 ft/s were examined, and

“reflectors” seen in the near surface correlated to stacked refractions in the

unmuted near traces.
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FIGURE 68: Titusville plots of the velocity (right) and density (center) logs
provided by the Lamont-Doherty Earth Observatory; and the calculated
reflectivity (left). The vertical scale is depth in feet.
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FIGURE 69: Nursery Road plots of velocity (right) and density (center) logs
provided by the Lamont-Doherty Earth Observatory; and the calculated
reflectivity (left). The vertical scale’is depth in feet.
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FIGURE 71: Plots of synthetic seismograms from the Titusville reflectivity
series. From left to right: 1) Unfilteredn synthetic seismogram of primary
reflections associated with the Titusville reflectivity series. Note the prominant
amplitude excursions. Scaled by a factor of 110. 2) Synthetic seismogram
representing a low frequency source with frequencies of 5 Hz to 160 Hz.

Scaled by a factor of 118 . 3) Synthetic siesmogram for a medium-frequency
source with frequencies from 10 to 240 Hz. Scaled by a factor of 115. 4) |
Synthetic seismogram representing a high frequency source with frequencies of
50 Hz to 420 Hz. Scaled by a factor of 112. 5) Synthetic seismogram of
Titusville correlating to the amplitude spectra seen in Washington Crossing Line
2, with frequencies from 5 to 160 Hz. Scaled by a factor of 118. 6) Synthetic
seismogram of Titusville representing a frequency content of 5 to 160 Hz, with a
S/N ratio of 2. Scaled by a factor of 118. The visibility of reflectors with a S/N
ratio of 2 suggests that if there were no near surface problems, reflection would
be recorded in the field records given the same parameters used in the

Washington Crossing and Princeton experiments.
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FIGURE 72: Plots of synthetic seismograms from the Nursery Road reflectivity
series. From left to right: 1) Unfiltered synthetic seismogram of primary
reflections associated with the Nursery Road reflectivity series. Note the
prominant amplitude excursions. Scaled by a factor of 110. 2) Synthetic
seismogram representing a low frequency source with frequencies of 5 Hz to
160 Hz. Scaled by a factor of 118. g.’o) Synthetic siesmogram for a medium-
frequency source with frequencies from 10 to 240 Hz. Scaled by a factor of 115.
4) Synthetic seismogram repres'enting a high fréquency source with
frequencies of 50 Hz to 420 Hz. Scaled by a factor of 112. 5) Synthetic
seismogram correlating to the amplitude spectra seen in Washington Crossing
Line 2, with frequencies from 5 to 160 Hz. Scaled by a factor of 118. 6)
Synthetic seismogram representing a frequency content of 5 to 160 Hz, with a
S/N ratio of 2. Scaled by a factor of 118. The visibility of reflectors with a S/N
ratio of 2 suggests that if there were no near surface problems, reflection would
be recorded in the field records given the same parameters used in the

Washington Crossing and Princeton experiments.
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FIGURE 73: Plots of synthetic seismograms from the Princeton reflectivity
series. From left to right: 1) Unfiltered synthetic seismogram of primary
reflections associated with the Princeton reflectivity series. Note the prominant
amplithde excursions. Scaled by a factor of 110. 2) Synthetic seismogram
representing a low frequency source with frequencies of 5 Hz to 160 Hz.

Scaled by a factor of 118 . 3) Synthetic siesmogram for a medium-frequency
source with frequencies from 10 to 240 Hz. Scaled by a factor of 115. 4)
Syn_thetic seismogram representing a high frequency source with frequencies of
50 Hz to 420 Hz. Scaled by a factor of 112. 5) Synthetic seismogram
correlating to the amplitude spectra seen in Princeton Line 2, with frequencies
from 5 to 160 Hz. Scaled by a factor of 118. 6) Synthetic seismogram
representing a frequency content of 5 to 160 Hz, with a S/N ratio of 2. Scaled
by a factor of 118. The visibility of reflectors with a S/N ratio of 2 suggests that if
there were no near surface problems, reflection would be recorded in the field
records given the same parameters used in the Washington Crossing and

Princeton experiments.
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FIGURE 74: Chrono-stratigraphy, lithostratigraphy, Depth Rank (black = 6), color and grain size
for the Titusville cores (from Olsen, per. comm.). Titusville #2 represents the upper section of th
core hole which was drilled in a weathered zone, and then cased. Titusville #1 is the data used in
this study. The lithology is a representation of depth rank, with darker colors representing deeper

lake levels.
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FIGURE 75: Chrono-stratigraphy, lithostratigraphy, Depth rank (black = 6), color and grain size
for the Nursery Road cores (from Qlsen, per. comm.). The lithology is a representation of depth
rank, with darker colors representing deeper lake levels.
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FIGURE 77: A plot comparing the reflectivity series generated from the sonic
velocity and density log data with depth rank for the Titusville core, which
records the Passaic Formation and the extreme upper Lockatong. The darker
shades represent deeper lake depth. Vertical depth scale is in feet,
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FIGURE 80: A plot of lifho-stratigraph‘y (from Olsen, submitted) correlated to the
synthetic seimogram from the Titusville reflectivity series generated with a filter
to match the expected frequencies seen in the Washington Crossing Lines as
per Figure 71 (5 to 160 Hz). Correlation provided by matching depth from
reflectivity series with depth of litho-stratigraphy. Note the excellent correlation
between positive excursions on the synthetic seismogram and deepest lake

level represented on the lithology column by the darkest shades.

122



TITUSVILLE #1 & 2

CHRONO- LITHO- LITHOLOGY

STRATIGRAPHY STRATIGRAPHY = 2 g.a8ad
Perkasic Mb. CT.=2210f
(NO)(77.1)
member LM .
(358.8) ==
member K 500 1
(672.2)
z
=
-4
Z -
z S —
member [
(10139) T 8.1088
1000 e
member GH =
(1430.1)
5 ud 1500 o~ |
2 2 E member EF A
= n < (1699.5) i =
g iz =
[-N -]
& 2 —
~ Warford Brook T
Mb. (2011.8)
member C 8.2886
(2408.9) 7 o=
=
TR
Walls Island
Mb. (2745.0)
z Q =z
E: Z¢S
z £ E
2 S = | TumbleFalls
© 9s Mb.
3 & | (incomplete)
}?% 3?3% ; 9‘390

o 123



FIGURE 81: A piot of litho-stratigraphy (from Olsen, submitted) correlated to the
synfhetic seimogram from the Nursery Road reflectivity series generated with a
filter to match the expected frequencies seen in the Washington Crossing Lines
as per Figure 72 (5 to 160 Hz). Correlatiop provided by matching depth from
reflectivity series with depth of litho-stratigraphy. Note the excellent correlation
between positive excursions on the synthetic seismogram and deepest lake

level represented on the lithology column by the darkest shades.
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FIGURE 82: A plot of litho-stratigraphy (from Olsen, submitted) correlated to the
synthetic seimogram from the Princeton reflectivity series generated with a filter
to match the expected frequencies seen in the Princeton Lines-as per Figure

. 73 (5 to 160 Hz). Correlation providéd by matching depth from reflectivity
series with depth of litho-stratigraphy. Note the excelient correlation between
positive excursions on the synthetic seismogram and deepest lake level

represented on the lithology column by the darkest shades.
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FIGURE 83: Spectral analysis of the reflectivity series generated by combining
the Titusville, Nursery Road, and Princeton logs. The numerated peaks
represent periodic signal in the reflectivity series with the given depth.
Converting periodicities in depth to time using a constant sedimentation rate of
0.7283 ft/ky (from Olsen, 1986) yields close matches with orbital periodicities

(see text).
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FIGURE 84: Plots of the Titusvilles reflectivity series with 30 ft, 100 ft and 300 ft
smoothing windows. The bold-faces depth and time in each plot represents the
corresponding value of the bars matching peaks in the reflectivity series.
Overlap or spacing between bars sUggests deviations in the 0.7283 ft/ky (22.2

cm/Ky) sedimentation rate used to scale the bars.
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FIGURE 85: Plots of the Nursery Road reflectivity series with 30 ft, 100 ft and
300 ft smoothing windows. The bold-faces depth and time in each piot
represents the corresponding value of the bars matching peaks in the reflectivity
series. Overlap or spacing between bars suggests deviations in the 0.7283

(22.2 cm/ky) sedimentation rate used to scale the bars.
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FIGURE 86: Plots of the Princeton reflectivity series with 30 ft, 100 ft and 300 ft
smoothihg windows. The bold-faces depth and time in each plot represents the
_ corresponding value of the bars matching peaks in the reflectivity series.

4Overlap or spacing betweén bars suggests deviations in th‘e 0.7283 (22.2

cm/ky) sedimentation rate used to scale the bars.
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FIGURE 87: Plots of the compound reflectivity series with 100 ft and 300 ft
smoothing windows. The bold-faces depth and time in each plot represents the

corresponding value of the bars matching peaks in the reflectlvnty series.

Overlap or spacing between bars suggests devnatlons in the 0.7283 ft ky (22 2

cm/ky) sedimentation rate used to scale the bars.
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Titusville Interpolated Sedimentation Rates
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FIGUBE 88: 'Sedimentation rates in mm/yr calculated by fixing the peaks
assocn_a;ed with the 413 ky cycles at a regular spacing of 413 Ky for the Titusville
reflectivity series. ; :
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Nursery Road Interpolated Sedlmentzg;ion Rates
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FIGURE 89: Sedimentation rates in mm/yr calculated by fixing the peaks
associated with the 413 ky cycles at a regular spacing of 413 ky for the Nursery

Road reflectivity series. :
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Princston Intrpolated Sedimentation Rates
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FIGURE 90: Sedimentation rates in mm/yr calculated by fixing the peaks
associated with the 413 ky cycles at a regular spacing of 413 ky for the

Princeton reflectivity series.
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FIGURE 91: A plot of the compound core sedimentaion rates 'infered from the
413 ky cycles. A linear regression of this compound section yields a _
sedimentation rate of 0.7316 ft ky (22.3 cm/ky) with an r = 0.966 correlation

coefficient.
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