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Abstract 
 In the Piscataway area of New Jersey, the Triassic-age Passaic Formation of the 
Newark basin contains an orthogonal fracture pattern in which the dominant set strikes 
northeast-southwest and the subordinate set strikes northwest-southeast.  Azimuthal 
seismic refraction profiles show that the fastest compressional-wave velocities (3.57 
km/s) propagate along the dominant fracture set whereas the velocity along the 
subordinate fracture set was 3.25 km/s.  In all other orientations, lower compressional-
wave velocities between 2.4 km/s and 2.9 km/s were recorded. Higher compressional-
wave velocities are associated with orientations that are less influenced by groundwater-
filled joints. 
 

 
Introduction 
 Fractures are ubiquitous within the Earth’s upper 
crust and provide secondary porosity and permeability 
in rocks and thus serve as important conduits for fluid 
migration (e.g., Barton and Hseih, 1989). Interest in 
fractured bedrock aquifers has blossomed because of 
continuing societal problems associated with obtaining 
safe ground-water supplies, the mitigation of 
contaminant spills, and the search for safe depositories 
for radioactive waste. Fractured bedrock aquifers 
display anisotropic hydraulic character, reflecting the 
orientation of geologic structures such as bedding and 
fractures, among others. Where direct observation of 
bedrock structures is not practical, aquifer 
characteristics are uncertain. This is especially 
problematic in urban areas, where outcrops are poor to 
non-existent, and contamination problems are often 
more acute. 
 In this study, we show that variations in 
compressional wave velocities derived from seismic 
refraction profiling can be used to estimate fracture 
orientations, joint density, and depth to the water table. 
The study area (Fig. 1a), located on the Busch Campus 
of Rutgers University, is underlain by mudstones of 

the Passaic Formation containing an orthogonal 
fracture pattern. The study area was chosen because 
the orientation of fractures and bedding are well 
constrained by a series of outcrops adjacent to the area 
where the eight azimuthal reversed seismic refraction 
profiles were obtained. 
 
Geologic Background 
 The Newark basin (Fig. 1b) is one of numerous 
early Mesozoic rift basins that are located along the 
eastern seaboard of the United States (Olsen et al., 
1989).  The basin formed as a result of the Triassic-
Jurassic breakup of Pangea, and is a large half-graben 
bounded on its northwestern margin by a system of 
normal faults (Schlische, 1992).  The Late Triassic and 
earliest Jurassic-age Passaic Formation is the thickest 
unit in the Newark basin (Fig. 1b) and, in the study 
area, consists predominantly of massive red mudstones 
deposited in a playa lacustrine environment.  The red 
mudstones are cyclically interbedded with purple, 
gray, and black mudstones and shales that represent 
progressively deeper-water lacustrine deposits (Olsen 
et al., 1996).  Bedding of the Passaic Formation in the 
study area dips gently at 10˚ to 15˚ to the northwest, 
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toward the border fault system, except in the vicinity 
of drag folds immediately adjacent to intrabasinal 
normal faults. 
 Two fracture sets are present in the study area.  The 
dominant set strikes NE-SW while the subordinate set 
strikes NW-SE (Fig. 2); both sets are generally steeply 
dipping.  The northeast-southwest striking dominant 
fractures are sub-parallel to the strike of the border 
fault as well as to the intrabasinal faults.  At least two 
intrabasinal normal faults are present in the study area. 
The faults strike NNE and dip steeply to the SE. At 
least one of the faults is associated with drag folds in 
both the hanging wall and the footwall. The seismic 
refraction profiles were obtained from the footwall of 
the westernmost fault; continuity of marker beds 
through this region suggest that no appreciable faults 
are present that would affect the refraction data. 
 The faults in the Passaic Formation nearest to the 
seismic profiles formed post-depositionally, as there is 
no change in thickness and facies of marker units 
across the faults (Fig. 1).  The joints formed after 
sedimentation and lithification.  Some of the joints are 
deformed by the drag folds adjacent to the intrabasinal 
faults, which indicates that faulting post-dates jointing. 
 
Geophysical Methods 
 Seismic refraction data were acquired in the field 
using a Bison Industries model 8012A 12 channel 
seismogram with 60 Hz geophones.  The geophones 
were placed 10 meters apart with a 20 meter offset 
from the shot point to the first geophone.  The 
orientation of the seismic profiles was azimuthal in a 
star shaped pattern (Fig. 2).  The first two digits of the 
label of the refraction lines corresponds to the line 
number (e.g., '01' corresponds to line 1), while the last 
two digits correspond to the shot number (e.g., 0402 
would correspond to the 2nd shot on the 4th line).  The 
letters 'S' and 'A' through 'M' correspond to the 
consecutive geophone locations for each line, 'S' being 
the shot point for that particular shot number.  
Labeling for the respective reverse shots was not 
included.  It should also be noted that there is a one 
geophone gap after the shot location that corresponds 
to the  20 m offset.  In the lab, statics corrections and 
further filtering were accomplished through home-
grown software that utilized Microsoft FORTRAN 77.  
The profiles were graphed and then scanned into 
Canvas (a C.A.D. program), for further enhancing.  
The progression from the original Bison field data 
through the final filtered version can be seen in figures 
3 and 4, both of which represent seismic line  A0101.  
The final filtering in the lab resulted in a narrow band 
between 80 and 90 Hz. 

 The refraction data is shown as a time (T) versus 
distance (x) plot (Fig. 5).  From this plot it is possible 
to calculate the slope of the second arrival time (rise 
over run) as well as its apparent velocity (the inverse 
of the slope) (see Table 1).  We picked the first 
arrivals at each geophone to determine the refraction 
velocities.  The velocity associated with the first 
arrival time and the upper layer (620 m/s) is that of 
“dry” bedrock.  This was determined as the line from 
the origin of the T vs. x plot to the first arrival. With 
an apparent velocity, V', an intercept time, Ti  and a 
velocity of the upper layer, V, it is possible to calculate 
the depth, y, to the second interface.   

 

y =
Ti

2

V' V

V' 2 !V 2
          (equation 1) 

 
This would be the the depth to the water table (Dobrin 
& Savit, 1988) for this study.  Since reversed 
refraction profiles were shot in both dip directions to 
eliminate the effects of a sloping topography, we can 
now calculate the depths and apparent velocities for 
both the up- and down-dip directions.  With both of 
these velocities, it is possible to calculate the angle ic 
(Fig. 5), which allows us to calculate the true velocity.   
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where Vu and Vd are the up-dip and down-dip 
velocities respectively (Dobrin & Savit, 1988). The 
true velocity is then given by: 

 

! V = V
sin i

c

         (equation 3) 
 

 In addition to the reversed refraction profile, a 
statics correction was applied to the data to bring slight 
topographic irregularities in the refraction profiles up 
to an arbitrary horizontal base level.  The equation 
used is: 

 
!t = ((Ed " Es ) + (Ed " Eg)) /V     (equation 4) 

 
where Ed is the elevation of the datum (taken to be an 
arbitrary value of 102 m in this study), Es is the 
elevation of the shotpoint, and Eg is the elevation of 
the geophones, and V is the velocity in the surface 
layer (Dobrin & Savit, 1988).  Data for the statics 
corrections were collected using an electronic total 
station (ETS) in combination with global positioning 
system (GPS) receivers (Fig. 2). 
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Discussion 
 The final processed profiles and calculated 
compressional-wave velocities show a correlation 
between fracture orientation and velocity.  Seismic 
line A0801-A0802 shows a 3.567 km/s velocity (Table 
2), which is approximately 310 m/s faster than the 
3.250 km/s compressional-wave velocity recorded in 
line A0601-A0602.  As the seismic lines deviate 
further from the orientation of the orthogonal fracture 
pattern, their velocities decrease.  Seismic lines 
A0501-A0502 and A0701-A0702, for example, 
recorded compressional-wave velocities as low as 2.4 
km/s to 2.6 km/s.  The orientation of seismic line 
A0801-A0802 corresponds to the NE-SW orientation 
of the predominant joint set of the orthogonal fracture 
pattern found in the Passaic Formation (Fig. 2).  Line 
A0601-A0602 was oriented along the subordinate 
fracture set that corresponds to the NW-SE set of 
fractures.   
 The seismic refraction velocities recorded beneath 
the “dry” bedrock (620 m/s) (Table 1), indicate that 
the fractures in the Passaic Formation of the study area 
are water filled.  Compressional-wave velocities along 
the orientation of the dominant fracture set encounter 
the less dense fractures of the sub-dominant set.  The 
compressional waves along this orientation therefore 
encounter lower volumes of water associated with the 
fractures.  Such waves will experience less delays, 
higher bulk incompressibility, and record higher 
velocities (Figs. 2 & 6).  Along the sub-dominant 
fracture set, the compressional-waves encounter the 
dominant water-filled fracture set.  These waves will 
experience more delays, lower bulk 
incompressibilities, and record slower velocities (Fig. 
6).  Several seismic lines in this study at high angles to 
the known fracture orientations (A05 and A02) record 
lower velocities. The seismic waves on these lines 
encounter the water filled joints of both the dominant 
and sub-dominant patterns obliquely and are 
consequently slowed. 
 This research demonstrates that remote sensing, 
such as refraction profiles, can predict fracture 
orientation.  Furthermore, anisotropy in fracture 
orientation controls anisotropic permeability in 
fractured rocks, which ultimately controls ground 
water flow.  The depth to the water table and water 
saturated mudstones varied from 2.04 m to  8.04 m in 
October of 1995 (A01) to 4.65 to 6.02 m in June of 
1996 (A06).  This depth was the refraction interface 
(Table 1) measured from an arbitrary base level that 
was used for the statics corrections.  A similar 
variation is observed between A04 (3.19 to 7.64 m) in 
October 1995 and A07 (3.75 to 5.05 m) in June 1996. 

These differences in water table depth and slope 
may be attributed to the wet spring of 1996 (shallower 
water table) and the relatively dry summer and fall the 
year before (deeper water table).  The overall slope of 
the water table refraction interface to the south 
generally follows the surface topography (Fig. 2).  
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Figure 1 - Geologic map of the study area on the Busch campus of Rutgers University, Piscataway, NJ.  The location of the
area containing the seismic refraction profiles is shown in the box. The diagram on the right shows the location of the study
area within the Newark rift basin of New Jersey (modified from Schlische, 1992).
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Figure 2 - Topographic map showing geophone location and labeling scheme. The
map was prepared using an electronic total station and GPS receiver.  Superimposed
on this is an equal area rose diagram of the orthogonal fracture set in the Passaic
Formation as well as the true compressional wave-velocities, showing faster velocities
along the strike of the dominant fracture set.


