Chapter 4: Seismic Refraction and Reflection Experiment
Introduction


Previous studies throughout the region have employed geologic mapping, fracture analysis, limited well log analysis, and geologic cross sections interpreted from surface geology to analyze faults and structures at depth (Abercrombie, 1989; Willis and Groshong, 1993; Gay, 1999; Brocka, 2007; and Clements, 2008). Few studies in the area have utilized seismic studies and techniques to constrain the geologic interpretations at depth (Skeen and Ray, 1983; Alward, 2010; and Tiffany, 2011). Alward’s (2010) study attempted to image the SCF specifically, and is compared with results found in this study’s seismic portion. The SCF has a limited surface exposure throughout the region, and therefore the subsurface geometry is poorly defined. This portion of the study satisfies the fourth objective outlined in Chapter 1:

· Use 2-D seismic reflection and refraction techniques to image the Beaver Creek Fault, which is a reactivated Precambrian weakness.
It includes two 2D seismic profiles with the intention of imaging the SCF at depth to determine the subsurface geometry. The locations of the seismic lines are indicated on Plate X-X as line C-C’ for profile 1 and D-D’ for profile 2. The two seismic lines used to collect refraction and reflection data had different spread lengths, with seismic line 1 covering 280 meters and seismic line 2 covering 468 meters. The equipment used for these experiments include: 1) 104 Geometrics receivers or geophones (72 from IRIS PASSCAL and 32 from the University of Missouri), 2) three 24-channel and two 16-channel Geometrics geode data acquisition boxes, and 3) 400 grain 8 gauge blanks used with a Betsy Seisgun source and 4) associated cabling connecting the entire system to a field laptop. The first seismic line (C-C’) used a fixed spread design with an 8 meter shot spacing and 2 meter geophone spacing (Table 1) creating 13 fold data. The second line (D-D’) used a modified rolling spread design, which is described in further detail in the next section (Table 2), using a 6 meter shot spacing and a 2 meter geophone spacing creating 17 fold data. 

Methodology
Field Methods

Before the lines were placed and data acquisition began, the line locations were surveyed and staked to ensure that elevation changes were recorded from each receiver or source location. The surveying was completed using a SOKKIA( Total Station and was completed as flagging and measuring took place. Once surveying and flagging was completed, 0.5 meter deep holes were drilled with a hydraulic tow hitch auger at each source location. Once acquisition began, the holes would be filled with water to increase the coupling and signal to noise ratio with the Betsy Gun being fired in the water. The data from each successful shot was recorded on a field laptop computer using Geometrics Seismodule Controller( software. Descriptions of field acquisition for both lines are outlined in Tables 1 and 2. 

Data Processing

Seismic Refraction Tomography

Data processing and analysis for refraction tomography was conducted in the lab after fieldwork was finished using SeisImager( programs PickWin95( and PlotRefa(.  

	Table 1 – C-C’ data acquisition parameters (Fixed Spread)

	Source Type:
	Betsy SeisGun – 400 grain 8 ga. blanks

	Source Depth:
	~ 0.5 m

	Receiver Type:
	104 Geophones (40 Hz Geometrics Receivers)

	Data Recording System:
	3 – 24 Channel and 2 – 16 Channel Geometrics Geodes 


	Recording Time:
	1 s

	Sampling Interval:
	0.25 ms

	Source Spacing: 
	8 m

	Receiver Spacing:
	2 m

	Total Spread Length:
	280 m

	Total Shots Fired:
	36

	CMP Fold:
	13

	Procedure

	A “fixed spread” design was used for this experiment. This means that shots were fired along the entire line, with the geophones remaining stationary. Four shots were fired before the first geophone was reached, and five shots were fired after the last geophone. 


Processing began by evaluating variations in P-wave speed by picking P-wave arrival times (Fig. 26). This was done using the PickWin95( program, and selecting first break arrival times of P-waves on every other shot file. Once the picks were made and saved, they were uploaded into the PlotRefa( program for velocity analysis. Best-fit velocity lines were fit to the data by picking inflection points along each shot profile (Fig. 27). A time-term analysis (Fig. 28) was completed on the data to account for any topographical and interference variations, and then a refraction tomography technique was applied to the data to create a tomogram (Fig. 29). 
	Table 2 – D-D’ data acquisition parameters (Modified rolling spread)

	Source Type:
	Betsy SeisGun – 400 grain 8 ga. blanks

	Source Depth:
	~ 0.5 m

	Receiver Type:
	104 Geophones (40 Hz Geometrics Receivers)

	Data Recording System:
	3 – 24 Channel  Geodes and 2 – 16 Channel Geometrics Geodes 

	Recording Time:
	1 s

	Sampling Interval:
	0.25 ms

	Source Spacing: 
	6 m

	Receiver Spacing:
	2 m

	Total Spread Length:
	480 m

	Total Shots Fired:
	39

	CMP Fold:
	17

	Procedure

	A modified “rolling spread” design was used for this experiment. Shots were fired up to the first geophone, and then a designated portion of the line was moved to the end of the spread. The steps for this procedure were:

1. 9 shots fired

2. 48 m of geophones and associated cable moved to end of line and reconnected

3. 8 shots fired

4. 48 m of geophones and associated cable moved to end of line and reconnected

5. 8 shots fired

6. 48 m of geophones and associated cable moved to end of line and reconnected

7. 8 shots fired

8. 32 m of geophones and associated cable moved to end of line and reconnected

9. 6 shots fired


For the final tomogram, the following parameters were used:
· Depth to top of lowest layer = 50 m

· Min. velocity – 300 m/s

· Max. velocity – 4000 m/s

· # of layers - 15
· # of iterations – 10 
· # of nodes – 3 

· Horizontal smoothing – 1 pass at 0.5 weight

· Vertical Smoothing – 1 pass at 0.5 weight
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Figure 26. First arrival picks in PickWin95( for line C-C’. Red line represents the picks for this shot file, and green lines represent picks for previous files. 
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Figure 27. First break picks displayed in PlotRefa( with inflection points picked, indicating changes in velocity. First layer is red, second layer is green, and third layer is blue. 
Seismic Reflection Processing


The seismic reflection data was compiled and analyzed using Parallel Geoscience Corporations Seismic Processing Workshop (SPW) as well as Geo2x’s Visual SUNT 20 Pro. The first processing was done in SPW, and the first step of processing was to convert the data collected in the field from SEG-2 to SPW format using the converter in the SPW program. The next step was geometry definition, which included entering receiver spacing, source spacing, elevation, and location. Shot gathers were then imported into SPW’s Seisviewer function to manually mute the ground roll and airwave from each shot gather in the profile. Each profile was then sorted into CMP (Common Mid Point) Gathers which were used to generate a velocity semblance file. The CMP and velocity semblance files were used to interactively select the velocity values used in the Normal Moveout Correction (NMO). Once the picks were complete and the NMO was applied, post-stack processing was done to each line that included Time-Variant Bandpass filtering and Time-variant Butterworth filtering. Reflection data was then reprocessed in Visual SUNT_20, with the first step being to convert the original data from SEG-2 to SU file types using the programs file converter. The next step was to kill all of the dead and noisy traces, and to do a basic quality control check on the data. Filters were then applied to the data to remove the airwave, and if possible the ground roll, so that the most possible reflections were visible. After filtering was complete, the data was muted to remove noise before the first arrivals, as well as any ground roll and airwave noise that was not filtered in the previous step. The geometry was then entered for each line, and the data was sorted into CDP (Common Depth Point) gathers. Velocity analysis was conducted to determine the velocities used in the NMO correction, and lastly the data was stacked using the NMO velocities. The processing went through nearly the same steps with both programs, yet the final outcome was quite different, and will be discussed in the analysis section. 
Results and Analysis

This section discusses the final seismic images and interpretations derived from the two 2D seismic profiles. Interpretations are based on both seismic reflection and refraction tomogram analysis. 

Seismic Refraction
              The seismic refraction data and analysis was limited to line C-C’, since the D-D’ line was a modified rolling spread, and refraction analysis was not possible. Figures 28 and 29 show the time-term inversion and tomogram images respectively. A flat surface model was used to create the final tomogram, so the vertical and horizontal velocity variations present do not represent subsurface topography. The time-term inversion was used to generate the initial tomogram model and final tomographic figure, which has an average error of 2.54 ms. The time-term inversion model and the final tomogram both display a large lateral velocity shift that corresponds to an extension of the surface expression of the SCF underneath the Quaternary deposits in the area. The area labeled on the time-term inversion and final tomogram as “fault zone” represents the interpreted SCF on the seismic profile as represented by velocity increases across the fault. This correlates with the initial expectations for the outcome of the refraction survey, as the higher velocity material was expected to be on the south side of the fault, or the hanging wall. Geometry of the velocity variations may be attributed to the presence of steeply north dipping units on the south side of the fault. 
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Figure 28. Time-term inversion model used to generate the initial model for tomography processing. 
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Figure 29. Final tomogram (smoothed) with fault zone indicated. Average error for this tomogram was 2.54 ms.

Seismic Reflection


Seismic Line 1 (C-C’) – Fixed Spread Design

The final processed images for the first seismic profile show the data as processed with both the SPW  (Fig. 30) and Visual SUNT (Fig. 31 & 32) programs. The data has 13 fold resolution and a ~4.3 times horizontal exaggeration for the SPW image and ~1.9 times horizontal exaggeration for the SUNT image. 
[image: image5.png]Time
(ms)

100

20

00

an0

1

C-C' (Time)
(meters)
o B e

S T

Fault Zone?

140 1S 180 170 @ 180 200 210

B [

il

4/

" N $ 0NN NN I e
> W i\ RN Q NN
I AALURSR)
DA LA IR
ARt e UG
(P SZ V1
YV

A




Figure 30. Seismic profile 1 (C-C’) displayed in TWTT as processed with the SPW program. Circle indicates interpreted location of SCF. 
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Figure 31. Seismic profile 1 (C-C’) displayed in TWTT as processed in the Visual SUNT Program. Circle indicates interpreted location of SCF. 
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Figure 32. Seismic profile 1 (C-C’) displayed in depth as processed in the Visual SUNT program. Circle indicates interpreted location of SCF. 

The interpretation for seismic line 1 matches the geologic mapping in both location and geometry of the fault. The most recognizable features in the profile are the zone of faulting associated with the SCF and the strong horizontal reflectors near the top of the profile that represent the Quaternary fill deposits in the area. Reflections off of the fault itself and stratigraphic units just to the south are not visible, as they are steeply dipping, and therefore not possible to image with this reflection survey. There are differences between the profiles as processed in SPW or SUNT as well, though they are negligible. The main differences are the presence or noise in the SPW processing, as muting worked better in the SUNT program.  
Seismic Line 2 (D-D’) – Modified Rolling Spread Design


The final processed images for the second seismic profile were also processed with both SPW (Fig. 33) and the Visual SUNT (Fig. 34 & 35) programs. The data has 17 fold resolution and the SPW image has a horizontal exaggeration of ~4.2x and the SUNT image has a horizontal exaggeration of ~1.1x. Seismic line 2 correlates well with the geologic mapping for the area, as well as seismic line 1, as both profiles show the SCF dipping steeply to the south. There are again strong, nearly horizontal reflectors near the top of the profile that is interpreted to represent the Quaternary fill deposits. Figures 34 and 35 show the fault well as the washed out zone that dips to the south. The zone does not contain strong reflectors due to the steeply dipping nature of the stratigraphic units and fault itself. The interpretations here are bolstered by the presence of north dipping reflectors that terminate at the interpreted fault location representing the north dipping limb of ScMA, and the correlation between the interpreted fault zone and cross section A-A’ (Plate X-X) created from surface geology. In this profile, the differences between SPW and SUNT were more drastic. The filtering process worked better in SUNT and the amount of noise was reduced. The fault was easily discernable in the SUNT images, while hardly noticeable at all in the SPW processing. The cause of these differences is thought to be a result of differences in the filtering and velocity picks between the two processing programs. While true that more in depth processing procedures can be done is SPW, it seems that the Visual SUNT program actually provides the better seismic image in this specific experiment. 
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Figure 33. Seismic profile 2 (D-D’) displayed in TWTT as processed with the SPW program. Circle indicates assumed location of SCF based on results from seismic profile 1 and data from profile 2 processed in Visual SUNT. 
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Figure 34. Seismic profile 2 (D-D’ in TWTT) as processed in the Visual SUNT program. The disturbance in signal due to the SCF is clearly visible, and indicated by the circle. 
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Figure 35. Seismic profile 2 (D-D’) displayed in depth as processed in the Visual SUNT program. Circle indicates interpreted location of SCF. 
Discussion
Data Acquisition Challenges

The primary challenges associated with data acquisition were location and noise. The access to the profiles sites was not a challenge as they were both close to Hwy. 287 and easily accessed by local farm roads. The problem with the locations was that traffic on Hwy. 287 created noise that the receivers picked up when shots occurred. Shots were attempted at times when no traffic was passing by, however this was not possible at some points due to time constraints in the field. Noise issues were also caused in the field by steady winds and strong wind gusts during shots. The local terrain was also an issue along the northern margin of the profiles, as more rugged topography limited how far north data could be acquired.   
Seismic Processing Challenges

Source related noise turned out to be a significant problem when trying to do seismic reflection processing. Filters were applied to attempt to remove linear noise related to ground roll and airwaves, and any remaining noise had to be muted out of the data manually with surgical mutes. This muting process resulted in a loss of a large portion of signal that may have contained reflections covered by the ground roll.  The muting process was necessary however to reduce the amount of noise within the profiles. Also a challenge, was the geometry for the second profile (D-D’) as it was a modified rolling spread, and had a complicated geometry. Refraction processing was not possible for the second profile, as shots were only done in one direction, leaving no crossing ray paths to be used for tomography processing. 
Conclusions

Due to challenges in data acquisition and processing, the final image resolution of each profile was significantly decreased. Aside from these issues, the following conclusions were derived from the 2D seismic refraction and reflection experiments:

1. The seismic refraction processing was only able to be completed on the first line (C-C’), and showed a large disparity in velocity laterally that correlates well with the surface trace of the SCF further to the west 

2. The seismic reflection processing was successful for both profiles, and an interpreted location for the SCF in both profiles correlated to the surface trace of the fault to the west

3. Both fixed spread and rolling spread designs produced useful data, with the rolling spread design being most useful in imaging the fault zone near the SCF

4. One of the main objectives of this study was to image the SCF fault, which the seismic experiment was successful in doing, and confirmed that the fault dips to the south at a high angle

5. A possible improvement on this experiment would be larger shots, with longer offsets, to reduce the amount of ground roll and airwave noise allowing for more reflection data to be obtained as well as imaging steeper dipping units. 
