
 
 
  
 
 
 
 

January 21, 2022  
 
 
Via Electronic Mail – johohenste@pa.gov 
John Hohenstein, P.E.  
Environmental Program Manager 
Waterways & Wetlands Program  
Pennsylvania Department of Environmental Protection  
Southeast Regional Office 
2 East Main Street 
Norristown, PA 19401 
 
Re:      Notice of Violation Inadequate Response Received September 24, 2021 

Violations of the Dam Safety and Encroachments Act (“DSEA”) and  
Regulations Promulgated under the DSEA and Clean Streams Law  
Pennsylvania Pipeline Project (a.k.a. Mariner East 2)  
Permit Nos. E15-862 and ESG 01 000 15 001  
West Whiteland Township, Chester County        

                  
Dear Mr. Hohenstein, 
 

On January 7, 2022, Sunoco Pipeline L.P. (“SPLP”) received a letter from the Department 
regarding earth features along the bore path in Wetland B71 and Stream S-B81 (Briar Rd.) located 
in West Whiteland Township, Chester County (the “Wetland Bore”).  The Department previously 
issued Notices of Violations (“NOVs”) dated August 17, September 1, and September 10, 2021 
related to the Wetland Bore.  SPLP responded to the NOVs by letter on September 24, 2021 (the 
“Response”).  Among other things, the NOVs requested that SPLP “[c]onduct a geological 
investigation and provide an assessment that explains why the August 27 and September 3 
subsidence events occurred in the stream when no boring activity was taking place.”   

 
The Department’s January 7, 2022 letter asserts that the Response was inadequate 

regarding SPLP’s assessment of the underlying cause for the August 27, 20211 earth feature that 
developed in the stream.  The Department asserts that “Sunoco’s attempt to imply that the 
subsidences were naturally occurring earth features as opposed to being the result of Sunoco’s 
pipeline activities lacks any credibility.”  The Department then acknowledged that SPLP has been 
conducting further geophysical testing at the Wetland Bore as requested by the Pennsylvania 
Public Utility Commission, and requested that SPLP “provide all findings and reports detailing the 
results of all geophysical testing that has been done subsequent at this since since August 17, 2021 

 
1 The Department’s January 7, 2022 letter focuses only on the August 27, 2021 earth feature event, although the 
original NOV and the RETTEW Memorandum addressed earth features that occurred both August 27 and 
September 3, 2021.  
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on or before January 21, 2022, for DEP review and consideration.”  (emphasis original).   SPLP 
provides the following response to the Department’s January 7, 2022 letter.  

 
Geological Analysis of August 27, 2021 Subsidence Event 
 
SPLP’s Response provided as Attachment B a Memorandum (dated September 22, 2021) 

from SPLP’s professional geologist consultant, RETTEW, signed and sealed by a Pennsylvania 
Licensed Geologist, which provided a professional assessment and explanation as to why the 
August 27, 2021 earth feature (and September 3, 2021) occurred.  The RETTEW Memorandum 
assessed the geology underlying the Wetland Bore and provided a timeline for the drilling activity 
and dates of corresponding development of earth features.  Specifically for the August 27, 2021 
earth feature in the stream, the RETTEW Memorandum explained that the flume previously put in 
place to divert the stream to facilitate construction activities was removed on August 27, 2021,  
which was the most likely cause of the earth feature that day: 
 

“On August 27, 2021, the flume which had been diverting the stream 
flow through the Library Bore site had just been removed. The 
returning stream flow and re-saturation of the stream bed material 
most likely caused this feature to present at the surface.” 

The RETTEW Memorandum therefore did not conclude – as the Department asserts in its 
January 7, 2021 letter – that SPLP determined that the August 27, 2021 earth feature was unrelated 
to pipeline construction activities.  In fact, the RETTEW Memorandum says the opposite – that 
the flume put in place for pipeline construction purposes was the most likely cause of the earth 
feature developing on August 27, 2021. The RETTEW Memorandum does not conclude that the 
August 27, 2021 earth feature “was naturally occurring” as the Department suggests. RETTEW’s 
professional assessment of the underlying geology being prone to subsidence and the re-saturation 
of the streambed following removal of the flume is not a conclusion that the August 27, 2021 earth 
feature was “naturally occurring” as the Department suggests in the January 7, 2021 letter.   

 
Nevertheless, SPLP is providing as Attachment “1” an updated version of the RETTEW 

Memorandum (revised January 20, 2022) that provides additional clarification of the assessment 
of the earth features at the Wetland Bore. 

 
Moreover, in its January 7, 2022 letter, the Department did not present any details regarding 

any professional geological assessment performed by the Department that presents information or 
evidence or contrary to the conclusion provided in RETTEW’s assessment.  If the Department has 
contrary scientific information regarding the underlying cause of the August 27, 2021 earth feature, 
SPLP requests that the Department provide that information to SPLP.   
 

Additional Geophysical Testing, Completed Restoration and Continued Monitoring 
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As the Department acknowledges, SPLP has been performing active geophysical analysis 
of the Wetland Bore area since the construction activities and restoration of the site were completed 
on November 11, 2021.  As SPLP previously described in its Response (see Response, No. 3), 
SPLP completed the bore construction by implementing a variety of techniques to prevent and 
mitigate earth features from developing in the area, including: advancing the bore using a 
pneumatic ramming tool, using a casing pipe, an engineered trench box, sheet piling, and timber 
lagging in the area adjacent to Stream S-B81.  Those prevention and mitigation methods allowed 
the Wetland Bore construction to be successfully completed, with the boring complete on August 
1, 2021, and with both the 20” and 16” pipelines fully installed as of October 25, 2021.  In addition, 
as the Department is aware, a series of grouting efforts were performed in the area, both in response 
to earth features and also in response to the presence of anomalies identified by geophysical 
surveys.     

Since the conclusion of construction at the Wetland Bore, SPLP’s professional geologists, 
RETTEW, have performed several rounds of geophysical analyses of the area of the area, and a 
copy of the final geophysical survey report (dated December 14, 2021) is provided as Attachment 
“2.” 

Moreover, as the Department is aware, in response to the NOVs and permit approval 
conditions, SPLP prepared an overarching W-B71 and S-B81 Environmental Assessment, 
Restoration and Monitoring Plan  (the “Monitoring Plan”) that was provided as Attachment A to 
SPLP’s Response.  SPLP has already completed restoration of Wetland W-B71 and Stream S-
B81 and is currently implementing the Monitoring Plan and will continue to monitor Wetland W-
B71 and Stream S-B81 for the next five years. To the extent any future remediation or restoration 
becomes necessary, SPLP will implement such requirements in accordance with the Plan.  

******* 

Please note that nothing in this response should be construed either as an admission of any 
of the legal conclusions set forth by the Department in the NOV or as a waiver of any legal defenses 
SPLP may possess. 

If you have any questions or need additional information regarding this supplemental 
response and the enclosed documents, please contact me at (570) 505-3740 or via email at 
Nick.Bryan@EnergyTransfer.com. 

Thank you, 

__________________________ 
Nicholas J. Bryan, P.L.S 
Sr. Director – E&C Environmental 
Energy Transfer 
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Attachments 

 Attachment 1 – RETTEW Memorandum (Revised January 20, 2022)
 Attachment 2 – Geophysical Survey Report (December 14, 2021)



Attachment 1 



We answer to you. 
3020 Columbia Avenue, Lancaster, PA 17603 Phone: (800) 738-8395 
E-mail: rettew@rettew.com ● Web site: rettew.com

M E M O R A N D U M 

TO: Monica Styles, REP, Energy Transfer 

FROM: David M. Anderson, PG and Timothy D. Bechtel, PhD, PG, RETTEW Associates, Inc. 

DATE: September 22, 2021, Revised January 20, 2022 

PROJECT NAME: Energy Transfer Mariner East 2 PROJECT NO.: 096303002 

SUBJECT: W-B71 (Library Bore) Response to PA DEP NOVs Item 2

The Pennsylvania Department of Environmental Protection (PA DEP) issued Notices of Violation (NOV) on 
September 1 and 9, 2021 regarding subsidence events which occurred within Stream S-B81 (Valley Creek). The 
events referenced in the NOVs occurred on August 27, 2021 and September 3, 2021. In response to PA DEP letter 
of January 7, 2022, this memo has been updated and figures added to provided additional details regarding the 
subsidence events.  

Item 2 in both NOVs was the following request: 
Conduct a geologic investigation and provide an assessment that explains why the August 27/ 
September 3 subsidence occurred in the stream bed when no boring activity was taking place. 

The W-B71 (Library Bore) site is underlain by the Ledger Formation (CI), which is composed of light-gray, locally 
mottled, massive, pure, coarsely crystalline dolomite, siliceous in the middle part. The Ledger Formation is 
carbonate and is well known for karstification and subsidence1. In this setting, subsidence could occur at any time. 
A subsidence feature may have been developing in the subsurface for a long period of time before any visible 
surface feature occurs.  

There have been fourteen subsidence features develop at the Library Bore site since February 2021 (see Figure 1 
and Table 1). A review of these events indicates ongoing boring activity itself is not an accurate predictor or 
indicator of a potential subsidence event. The following is a summary of the site activity at the time a subsidence 
event occurred: 

• No drilling activity 10 events 

Occurred at night/Sunday 5 events 

Drilling crew on standby 2 events 

After boring was completed 3 events 

• Active drilling operations 4 events 

Augering 3 events 

Tripping auger bit into casing 1 event 

The events appear to have two characteristics in common. The subsidence occurred behind the leading end of the 
casing (see red bars on Figure 2 – note that negative distances indicate that the feature is behind the leading end 
of the casing). In addition, many of the events, particularly the last two in the creek, were associated with heavy 
precipitation (dark blue bars on Figure 2) and enhanced flow in the stream (light blue hydrograph on Figure 2). 

This bore was started as a cased auger bore in which the casing was advanced behind a cutting head that was 
several inches in diameter larger than the casing. This would leave a small annulus which could accept soil 
mobilized by infiltrating water. In July 2021, the method was changed to a pneumatic ramming tool to further 
minimize and/or eliminate the potential for subsidence. During the pipe ramming process soils, boulders, and/or 
rocks are “swallowed up” as the casing progresses forward thereby eliminating the potential for excess material 
from being displaced in front of the casing. The leading end of the casing is reinforced with a drive shoe which has 
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a slightly larger diameter. In addition, during drilling, dewatering of the entry/exit pits could remove mobilized 
soils even when active drilling and precipitation were not occurring. 
 
Regarding the two features in the stream, on August 27, 2021, the flume which had been diverting the stream 
flow through the Library Bore site had just been removed. The returning stream flow and re-saturation of the 
stream bed material most likely caused this feature to rise to the surface. On September 1 and 2, 2021, the 
remnants of Hurricane Ida passed through eastern Pennsylvania. A total of 9.8 inches of rainfall occurred at the 
site over these two days. Valley Creek overflowed its banks and flooded the area. In karst terrain it is not an 
unusual occurrence for subsidence features to surface after an extremely heavy precipitation event.  
 
The bore was completed on July 31, 2021. It is our interpretation the three events in the following month, on 
August 27th and September 1st or 2nd, were the result of excessive infiltration mobilizing soils that then filled the 
small annulus outside the casing. Previous events may have been due to filling of the annulus or flushing of soils 
into the entry/exit pits during dewatering. The last occurrence was September 3, 2021. The lack of subsequent 
subsidence activity suggests that the annular space is now filled, and with dewatering having ceased months ago, 
the site has reached equilibrium. 
 
Following completion of the W-B71 bore, RETTEW completed a multi-technique geophysical survey at the site. 
The purpose of the survey was to detect changes in the shallow subsurface that could precede development of 
potential earth features at the site. The fieldwork was completed in November 2021 and the final report is dated 
December 14, 2021. The survey area extended from the north/upstream entry to the south/downstream entry 
and included the area of the late August/early September subsidence events. The flow in the Valley Creek tributary 
was low enough that measurements ran across the streambed. The geophysics survey did not detect or identify 
any significant issues in the streambed. The results of the microgravity survey are shown on the Figure 1 Earth 
Features map.  
 
The earth features were all remediated by excavating and filling with flowable fill following the guidance in the 
“Void Mitigation Plan for Karst Terrain”. In addition, a series of boring were completed in and around anomalies 
identified by a geophysical survey. Grout was injected into the boring to remediate these potential areas where 
subsidence might occur. The locations of these boring are show on the Figure 1 map.   
 
Our conclusion, based on the geology, geophysics, and augering method/equipment is that the earth features 
were the result of water flushing soils into the casing due to bore pit dewatering. Since the dewatering has ceased, 
no additional earth features resulting from pipeline activity are anticipated. No new earth features have been 
observed at the site since the September 3, 2021 Hurricane Ida related event. There will always be a potential for 
naturally occurring subsidence to develop in this area due to the underlying karst formation. 
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Certification 
This assessment was prepared by a professional geologist (PG) with the assistance of the horizontal directional 
drilling team, relying on information gathered and prepared by others. By affixing my seal to this document, I am 
certifying that the hydrogeologic and geologic information contained herein is true and correct, to my knowledge 
and belief. I further certify that I am licensed to practice in the Commonwealth of Pennsylvania. 

David M. Anderson, PG 
License No. PG001435G 

Timothy D. Bechtel, PhD, PG 
License No. PG000605G 

Enclosures 

Z:\Shared\Projects\09630\096303002 - SL - Spread 6 HDDs Geophysics\GP\Wetland W-B71 Auger Bore\Earth Features PADEP 
Response\REPORT PIECES\FINAL REPORT PIECES 01-14-22\Memo NOV Response 2021-09-22_Revised 2022-01-20.docx 

1 Geyer, A. R., and Wilshusen, J. P., 1982, Engineering characteristics of the rocks of Pennsylvania (2nd ed.): Pennsylvania 
Geological Survey, 4th ser., Environmental Geology Report 1, 300 p. 
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3020 Columbia Avenue, Lancaster, PA  17603
Phone 1-800-738-8395

DRAWN BY:
REVISION DATE:
SCALE:
FIGURE NO.

REVIEWED BY:
RETTEW No.:
SURVEY DATE:

CHESTER COUNTY, PAWEST WHITELAND TOWNSHIP

Figure 1: Earth Feature Locations and Numbers
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 Notes:

 Basemap from Nearmap, September 2021.
 Pipelines and feature locations from TetraTech.
 Gravity from RETTEW November 2021 survey.
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CHESTER COUNTY, PAWEST WHITELAND TOWNSHIP

Figure 2: Precipitation, Stream Discharge, and 
Earth Features
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 Notes:

 Precipitation and discharge from USGS gaging station 01463169 (Valley Creek at PA Turnpike).
 Feature position relative to end of casing from drilling logs and PG reports.
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Date Feature No.
End of Casing 

(ft)

Center of 

Feature (ft)

Distance from 

End of Casing 

(ft)

New Footage 

during day shift
Notes

02/27/21 1 78 70 -8 4 Hand tunneling, Drilling on standby

03/01/21 2 78 62 -16 0 Subsidence observed prior to start of boring

03/07/21 3 84 56 -28 0 Sunday 

03/18/21 4 84 38 -46 0
Boring on standby while crew addressed 

excess water entering the bore pit

06/04/21 5 122 109 -13 0 Subsidence occurred during the night

06/18/21 6 136 131 -5 11 Subsidence occurred during the night

06/21/21 6B 138 131 -7 2 Activated during auguring operation

07/07/21 7 184 166 -18 0 Tripping-in auger

07/12/21 8 206 191 -15 10 Active auguring operation

07/14/21 9 244 220 -24 18 Active auguring operation

07/31/21 10 354 267 -87 1 Subsidence occurred during the night

08/05/21 11 387 344 -43 0 Bore completed 8/1/21

08/27/21 12 387 352 -35 0 Diverted stream just restored to channel

09/03/21 13 387 352 -35 0 Just after Hurricane Ida

Table 1

Precipitation, Stream Gaging, and Earth Features
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 We answer to you. 
3020 Columbia Avenue, Lancaster, PA 17603 ● Phone: (800) 738-8395 
E-mail: rettew@rettew.com ● Website: rettew.com  

 
December 14, 2021 
 
 
Mr. Robert Burke 
Energy Transfer 
1300 Main Street 
Houston, TX 77002 
  
   RE: Geophysical Survey, Routine Monitoring, November 2021 

Sunoco Pipeline, LP Pipeline Project 
    Wetland WB-71 Cased Auger Bore 
    West Whiteland Township, Chester County, Pennsylvania 
    RETTEW Project No. 096303002 
 
Dear Mr. Burke: 
 
Following completion of the Wetland WB-71 Cased Auger Bore, RETTEW Associates, Inc. performed a 
multi-technique geophysical survey at the site. The purpose of the survey was to detect changes in the 
shallow subsurface that could precede development of potential earth features at the site. The following 
report, figures, and attachments describe the methods and results of the investigation. 

EXECUTIVE SUMMARY 

A multi-technique geophysical survey was completed between November 15 and November 23, 2021. 
Three different geophysical techniques were utilized to detect and delineate subsurface voids or  
low-density zones and provide a bedrock profile. These methods and their general results are as follows: 

• Microgravity delineated alternating high- and low-density zones along the alignment in the same 
general pattern of previous microgravity surveys performed at the site. The alternating density 
zones may indicate alternating shallow and deep rock – possibly resulting from deeper weathering 
along karstified lineaments. Comparison with the previous survey results, with the wooden mats 
present, showed a similar high-low pattern, with only minor changes in the relative magnitude of 
the residual values.  

• Seismic refraction and MASW suggest deeper low-velocity material roughly coincident with low 
gravity bands, indicating that gravity reflects mostly rock depth variations, and not developing 
earth features. 

• Electrical resistivity imaging (ERI) identified a relatively thin resistive surface layer over a variably 
conductive base, with the discontinuities possibly supporting the presence of possibly karstified 
fracture or dipping beds. Nearly continuous low resistivity at depths greater than about 10 feet is 
interpreted as saturated soil and/or rock. 

 
Given the completion of the bore and pipeline installation and consistency of this survey with previous 
results, and the number of previous geotechnical and grout borings at the site, RETTEW does not 
recommend further geotechnical drilling at this time, but rather continuing surficial inspection.  

  

Engineers 

Environmental 
Consultants 

Surveyors 

Landscape 
Architects 

Safety 
Consultants 
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SITE DESCRIPTION 

The Wetland WB-71 Cased Auger Bore site is north of Route 30 and the Chester Valley Trail and lies 
between Valley Creek and one of its tributaries in West Whiteland Township, Chester County, 
Pennsylvania. The site bedrock geology is mapped as the Cambrian-age Ledger Formation (Cl), consisting 
primarily of dolomite as stated in previous RETTEW reports (Figure 1). This formation is commonly 
karstified, with a pinnacled bedrock surface and locally abundant solution channelsi. The survey area 
comprises mainly woods and wooded wetlands with some areas of open grass covered with wood mats. 
Valley Creek runs east to west at the northern end of the bore. 

MICROGRAVITY SURVEY 

On November 23, 2021, RETTEW completed a microgravity survey covering accessible portions of the 
wetland bore. Readings were collected using a Scintrex CG-5 meter on ten-foot centers as depicted on 
Figure 2. 
 
Microgravity meters measure very small local variations in gravity. Several factors can locally affect the 
acceleration of gravity. One factor is the local density or mass distribution of the bedrock or soils beneath 
the meter. Gravity highs (mass excesses) commonly represent locally shallow bedrock pinnacles, float 
blocks in the soil profile, or zones of particularly massive bedrock. Gravity lows (mass deficiencies) may 
represent locally deep bedrock cutters or clay seams where soil displaces bedrock; air-, water- or 
mud-filled voids within bedrock; stoping voids in the soil above bedrock; or zones where soils have been 
made less dense by removal of fines. 
 
The residual microgravity data contours for the survey are shown on Figure 3. The values depict the 
general plan-view shallow mass distribution beneath the survey area. Relatively lower values (red) 
represent local mass deficiencies (air- or clay-filled voids or locally deeper, disturbed, or  
poorly-compacted soils). Higher values (blue) represent local mass excesses (shallow bedrock or erosional 
remnant float blocks). Specific survey parameters are listed in Appendix A. Figure 3 also overlays the 
locations and extents of previous earth features that have developed during advancement of the bore. 
The upper right insert on Figure 3 shows the gravity from the last survey in August 2021. 

SEISMIC MASW AND REFRACTION SURVEY 

RETTEW completed seismic refraction and MASW surveys along five profiles centered on the proposed 
alignment (see Figure 2). Seismic MASW and refraction methods utilize the speed of seismic waves 
through various geologic layers and features to characterize the subsurface geologic conditions. The 
methods enable determination of the general material types and the approximate depth to bedrock or 
rock profile. MASW can detect low velocities below the top of rock that might be associated with solution 
channels or fracture zones. 
 
Color-contour velocity models of the seismic profiles for the seismic refraction and MASW are presented 
on Figures 4 and 5, respectively. The vertical scale represents relative elevation in feet and the horizontal 
axis represents an along-profile distance in feet. The color contours represent average seismic velocity 
variations (compressional or P-wave velocities for refraction, and shear or S-wave velocities for MASW). 
The location of the road bore (roughly perpendicular to the profiles) is shown on each. Specific survey 
parameters are listed in Appendix A. 

https://en.wikipedia.org/wiki/Bedrock
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ERI SURVEY 

Electrical resistivity measurements involve driving an electrical current into the ground using current 
electrodes at the ground surface. The apparent resistivity of the subsurface is determined by measuring 
the potential difference, or voltage, between two potential electrodes with a known separation and 
position/orientation relative to the current electrodes. The depth and volume of the subsurface zone 
represented by the measured apparent resistivity is a function of the geometry of the current and 
potential electrodes. Apparent resistivities are converted to model or true resistivities by performing a 
joint inversion of all the measured apparent resistivities along a profile (or profiles, in the case of  
3D resistivity). 
 
Five 2D resistivity surveys were completed centered over the proposed center line of the bore (see orange 
dots, Figure 2). The apparent resistivity data were mathematically inverted using EarthImager 2D by AGI 
to provide a resistivity model of the subsurface. The electrical resistivity profiles were limited due to 
wooden mats. Figure 6 shows the color-contour resistivity models of the data collected. Specific ERI survey 
parameters are listed in Appendix A. 

RESULTS 

The microgravity data are depicted on Figure 3 as plan-view color contours representing the relative 
density of the subsurface, with blue for high-density, green for “site normal,” and red for locally  
low-density areas. The microgravity data display a pattern of alternating high- and low-gravity anomalies 
in bands parallel to geologic strike and are very similar to the previous geophysical surveys, with the 
exception of the area where the wood mats were removed. The area of the former mats shows a relative 
gravity high which is most likely due to ground compaction from the presence of the wooden mats and 
heavy traffic over the mats.  Due to the changes, a direct comparison of the surveys prior to the removal 
would not be valid based on the density and possible voids (bridged topographic lows) beneath the former 
wooden mats, as well as shifting and compression of the mats over time.  
 
The seismic refraction data are presented as cross-sectional profiles on Figure 4. The data indicate a 
general three-layer stratigraphy consisting of a residual or sedimentary soil mantle, a weathered rock 
zone, and competent bedrock. The uppermost layer has average P-wave velocities generally less than 
5,000 feet per second (fps) with a thickness of approximately 10 feet to 20 feet. This is consistent with a 
relatively compact and/or water-saturated soil mantle (shaded blue to yellow). The deepest layers have 
velocities over 10,000 fps (shaded orange to brown), consistent with competent bedrockii. The seismic 
refraction results show multiple low-velocity zones that may be indicative of fractures or more deeply 
weathered, steeply dipping beds. The suspected fracture zones or weathered beds are highlighted in 
magenta on the seismic profiles. 
 
The MASW seismic cross sections are presented on Figure 5. The MASW velocity models show lateral 
velocity changes within the bedrock layer across the profiles and are relatively consistent with the seismic 
refraction models. Low-velocity zones below the bedrock surface could indicate fractures but are not 
interpreted as indicative of open voids in the soil mantle.  
 
The electrical resistivity results are shown in Figure 6. The electrical profiles show a general two-layer 
model with a relatively resistive and thin surface layer over variably but generally highly conductive base. 
The upper layer is probably compacted and locally drier soil, while the conductive base is saturated soils 
and bedrock. Once again, direct comparison of these results with previous surveys is not valid due to the 
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placement and movement of wooden mats over the survey area which have been removed for this 
November survey. 

CONCLUSIONS 

Although the site overlies karstified bedrock, the occurrence of previous earth features near the head of 
the advancing casing suggested that these earth features were the result of water flushing soils into the 
casing due to bore pit dewatering. Since the casing and pipeline are now fully installed, and dewatering 
has ceased, no additional earth features resulting from pipeline activity are anticipated, and none have 
been observed. Given the number of previous geotechnical and grouting borings (see Figure 7), and the 
cessation of pipeline installation activities, no further geotechnical investigation is recommended at this 
time. However, surficial inspections are recommended through the end of pipeline construction activity 
in the area.   

LIMITATIONS 

The survey described above was completed using standard and/or routinely accepted practices of the 
geophysical industry, and the equipment employed represents, in RETTEW’s professional opinion, the 
best available technology. RETTEW does not accept responsibility for survey limitations due to inherent 
technological limitations or unforeseen site-specific conditions. We will notify you of such limitations or 
conditions, when they are identifiable. 
 
We have enjoyed and appreciated the opportunity to have worked with you. If you have any questions, 
please do not hesitate to contact the undersigned. 
 
 
Charles H. Rhine, MSc, PG 
Senior Project Manager 
 
 
Timothy D. Bechtel, PhD, PG 
Senior Project Manager 
 
 
Felicia Kegel Bechtel, MSc, PG 
Director of Geophysics 
 
Enclosures 
Figure 1: Topographic and Geologic Basemap  
Figure 2: Data Coverage Map 
Figure 3: Residual Microgravity 
Figure 4: Seismic Refraction Survey Results 
Figure 5: Seismic MASW Survey Results 
Figure 6: ERI Survey Results 
Figure 7: Geophysical Survey Results Summary 
Appendix A: Geophysical Survey Parameters 
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Spacing
1

Shot Interval
2

Offset
3

Spread Length
4

Array Type
5

Effective Depth
6

Lateral Resolution
6

Vertical Resolution
6

System

(feet) (feet) (feet) (feet) (feet) (feet) (percent)

Seismic Refraction 10 40 10 to 15 590 50 10 15 Geometrics Geode

Seismic MASW 10 10 10 to 15 590 75 10 25 Geometrics Geode

ERI 10 10 to 15 560 dipole-dipole 35 30 variable AGI Sting R-8

MicroGravity 10 10 size-depth trade-off depends on depth depends on depth Scintrex CG-5

1 geophone, electrode, or station 2 Seis (27-lb slidehammer source) 3 distance between parallel profiles 4 ERI or Seis

5
ERI

Geophysical Survey Parameters -- Wetland Bore W-B71

6 rule-of-thumb only (most depend on site-specific soil properties, sampling interval, depth, and target dimensions)
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3020 Columbia Avenue, Lancaster, PA 17603 ● Phone: (800) 738-8395 
E-mail: rettew@rettew.com ● Website: rettew.com  

INTRODUCTION TO SEISMIC REFRACTION 

BY TIMOTHY D. BECHTEL, PHD, PG 

ENERGY  

Mechanical elastic (seismic) waves generated by a hammer blow, weight drop, or explosion. 

SENSITIVITY 

Sensitive to elastic properties or moduli – generally strongly correlated with density. 

BASIC EQUIPMENT 

Recording Seismograph (generally 24 or more channels); Geophones (one for each channel); Geophone 
cable; Hammer or weight plus strike plate or explosives; Trigger switch. 

COMMON APPLICATIONS 

Determination of the depth and dip of soil horizons and bedrock surfaces. Recent processing advances 
allow some detection and delineation of discrete targets. 

PRINCIPLES 

In a uniform isotropic earth, the shock wave from a blow or explosion at the surface travels outward and 
downward in a hemispherical wave front like a three-dimensional ripple from a pebble in a still pond. At 
any point on the wave front, a straight line from the shock source to the wave front depicts the path of 
the seismic wave and is called a ray path (see Figure SR-1). In reality, there are several independent shock 
waves; the fast-moving primary, compressional or P wave front; the slower moving secondary, shear or S 
wave (both of which form hemispherical wavefronts); and several disk-like wave fronts that travel only 
along the surface of the earth (called surface waves or ground roll). For the purposes of most seismic 
refraction surveys, only the fastest moving wave front — the P wave — is considered. S-wave refraction 
is used in selected circumstances where complete determination of elastic moduli is desired – particularly 
when it may be desirable to eliminate the effects of water saturation. 
 
In a layered earth, the hemispherical P shock wave defined by the radially distributed P ray paths are 
deflected according to the laws of optics (Snell’s Law) at interfaces between materials with differing 
seismic velocities (i.e. densities or elastic properties). Figure SR-2 depicts the deflection of ray paths due 
to an increase in P velocity at a bedding plane. The type of deflection that a ray path will undergo is 
dependent upon the angle at which it strikes the interface, and falls into one of four categories: 
 
Some direct rays (green in Figures SR-2 and SR-3) travel parallel to the ground surface at the seismic 
velocity of the upper layer, do not strike the underlying interface, and consequently are not deflected. 
 
Reflected rays (purple in Figures SR-2 and SR-3) arise where direct rays strike the interface, and a portion 
of the energy is reflected symmetrically back towards the surface. 
 

felicia.bechtel
Rectangle
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The portion of the energy of the incident direct wave that is not reflected upward is refracted or bent as 
it crosses the interface – making refracted waves in the lower layer (red in Figures SR-2 and SR-3). 
 
At a precise angle called the critical angle, the incident ray is refracted directly along the interface, and 
travels at the higher seismic velocity of the lower layer (see Critically Refracted Wave in Figure SR-3). As 
this critically refracted or head wave races along beneath the interface, it generates a secondary elastic 
disturbance that travels back to the surface along ray paths that define a wave front analogous to the bow 
wake of a ship. These returning rays again travel at the slower velocity of the upper layer. 
 
To perform a refraction survey, a linear array of ground motion sensors or geophones is spaced out from 
the seismic source or shot point, forming a geophone spread. Each geophone is connected to a separate 
channel in a seismograph which records a wiggle trace representing the ground motion resulting from the 
passage of the various seismic rays. 
 
As depicted in the time-distance (T-X) curve in Figure SR-4, the layered earth structure can be determined 
by analyzing the seismographic wiggle traces. At distances close to the seismic source, the first wiggle or 
ground motion (the first arrival after the shot) is due to passage of the direct wave travelling at the velocity 
of the upper layer. Reflected waves arrive later since they have by definition traveled a greater distance 
at the same velocity (additional later wiggles are caused by passage of the more slowly travelling S and 
surface waves). Beyond a distance dictated by the critical angle, the first arrival of seismic energy 
represents the head wave of the critically refracted ray. These refracted rays also by definition travel a 
greater distance than the direct wave. However, along part of their path, they have traveled at the higher 
velocity of the underlying more consolidated layer. At greater distances from the shot point, where the 
path length in the higher velocity layer becomes significant, the head wave arrivals actually race past the 
direct wave and become the first arrival (see labeled crossover in Figure SR-4). By extension, it can be 
shown that if a third layer with even greater velocity lies at greater depth, the head wave from this layer 
will become the first arrival at a sufficient distance from the shot point. 
 
In conventional seismic refraction, only the first P wave arrivals can be reliably selected on a wiggle trace 
record. The later reflected P wave arrivals are generally obscured by the slower-travelling S and surface 
waves, and the very slow air blast or sound wave from the shot. To interpret a seismic refraction record, 
the first arrival travel times are measured for each wiggle trace and plotted at the appropriate point on a 
time-distance (T-X) curve (see Figure SR-4). In a plane-layered earth, these first arrivals define a series of 
line segments, each representing a discrete layer. The seismic velocity of each layer is simply the reciprocal 
of the slope of the associated line segment. The thickness of each layer can be calculated from the 
distances where the line segments intersect. The mathematics for these calculations are easily derived, 
and can be found in any introductory geophysics text. 
 
True geologic strata are rarely perfectly horizontal. The effect of a dipping interface on a travel time curve 
cannot be recognized using a single shot point. Calculations based on a T-X curve from a single shot point 
should always be considered as producing apparent depths to interfaces and apparent seismic velocities 
for all but the uppermost layer. To determine the true depths and dips of interfaces and the true seismic 
velocities, it is necessary to reverse the seismic line; that is, move the shot point to a location at or beyond 
the farthest geophone in the spread, and repeat the shot. The calculation of true depths, dips and 
velocities from reversed seismic lines is also readily performed.  
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CAPABILITIES 

Conventional seismic refraction can yield accurate measurements of depths and attitudes of soil horizons, 
groundwater tables, and other relatively distinct and planar strata. Modern computer analysis of multi-
fold seismic refraction data (i.e. with many and overlapping shot points) can provide delineation of 
undulating or even irregular (as opposed to simply planar) interfaces. The latest generation of computer 
processing techniques require very high-fold data, but in favorable conditions, are capable of resolving 
even discrete targets such as foundation elements, tunnels or cavities, and can resolve gradational 
boundaries as well as distinct interfaces. The seismic P-wave velocities of materials are generally an 
indication of relative density or compaction. S-wave refraction data (collected using specialized 
geophones, shock sources and field procedures) can provide S-wave velocities that bear a well-
constrained empirical relationship to standard penetration test (SPT) N values and therefore bearing 
capacity. For surveys where matching P- and S-wave velocities are determined, the dynamic elastic moduli 
of subsurface materials can be calculated (including Poisson’s Ration, Young’s or Bulk Modulus, and Shear 
Modulus or Rigidity). 

LIMITATIONS 

Seismic data is collected at spaced geophones, and therefore does not provide continuous profile data. If 
geophones are spaced too widely, thin layers can be missed entirely. 
 
Conventional refraction interpretations are only accurate where the velocity of strata increase with depth. 
Velocity inversions not only alter the data, but are particularly insidious since the presence of a low 
velocity zone at depth is not apparent in first arrival data. The latest generation of computer processing 
techniques do allow detection and delineation of laterally restricted low velocity zones (e.g. tunnels, 
cavities, gravel lenses, etc.).  
 
Sharp or dramatic interface relief such as limestone pinnacles cannot always be resolved even with very 
tight geophone spacing. Therefore, refraction profiles of expectedly irregular interfaces should be 
assumed to represent somewhat smoothed versions of actual relief (see e.g. Figure SR-5). 
 
Seismic records can contain noise due to heavy machinery vibrations, vehicular traffic, and sometimes 
even wind or distant earthquakes. Care must be taken to identify potential sources of seismic noise prior 
to beginning a survey. 
 
The effective survey depth is limited to approximately 1/5 of the greatest shotpoint to geophone distance. 
Therefore, very deep surveys may require impractically long lines (requiring consideration of other 
geophysical techniques such as seismic reflection). 
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