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EXECUTIVE SUMMARY 

This Borehole Hydrophysics and Geophysics Report (BHG Report) was prepared by  

Weston Solutions, Inc. (WESTON®) to document field activities and interpretations for the 

former LO-58 Nike Battery Launch Site (LO-58 Site) in Caribou, Maine, which is one of several 

Formerly Used Defense Sites in northern Aroostook County, Maine. This BHG Report has been 

prepared for the United States (U.S.) Army Corps of Engineers, New England District  

(CENAE) in accordance with the Statement of Work (SOW) issued by CENAE to WESTON on 

28 March 2007 (CENAE, 2007). In accordance with the SOW, the investigation included on-site 

geological observations, borehole geophysical and hydrogeophysical logging, well rehabilitation 

and maintenance, temporary water services, well repair, groundwater sampling and sample 

management. WESTON’s geologic, geophysical, and hydrophysical investigations at the LO-58 

Site were conducted in May 2008. The purpose of the investigation was to gather site-specific 

geologic information using geologic, geophysical, and hydrophysical methods to update and 

expand the bedrock groundwater dataset. The geophysical investigations were performed on five 

bedrock monitoring wells (MW-01 through MW-05) and two drinking water wells; DW-1, the 

Adult Multiple Alternative Center Well, and DW-2, the Veterans of Foreign Wars Well at the 

LO-58 Site, and hydrophysical investigations were performed on two drinking water wells;  

DW-1 and DW-2. 

The following conclusions can be made from the geological, geophysical, and hydrophysical 

data collected and interpreted by WESTON during the latest investigation at the LO-58 Site. 

Bedrock Geology 

 The LO-58 Site is located on the northwest face of a rock-cored drumlin, which was 
subject to glacial action approximately 12,000 years ago. Vertical seismic profiling 
did not identify acoustically-incompetent bedrock at the LO-58 Site. Thus, no 
significant areas of weathered bedrock were identified.  

 Despite conflicting references, bedrock beneath the LO-58 Site is the Silurian 
Spragueville Formation which comprises interbedded pelite and limestone and/or 
dolostone rocks of Silurian age. The nearest contact with another geologic unit, the 
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Silurio-Ordivician Carys Mills Formation, is located approximately 900 feet (ft) 
northwest of the LO-58 Site. 

 The Chapman Synclinorium was formed during the first deformational or 
compressional phase of the Acadian Orogeny which occurred during the lower to 
middle Devonian Period, and resulted in a major, single, and steeply dipping  
north-south cleavage in the bedrock. 

 The bedrock bedding at the LO-58 Site strikes North 70º East and dips 12º East, as 
well as a foliation striking North 5º West and dipping 78º West, but varies 
significantly locally due to folding in two directions: the major folds are broad to tight 
with axes oriented North 30º East, parallel to the axis of the Chapman Synclinorium; 
the fold axes are also folded broadly on North 20º West axes.  

 Three joint sets are present in the local bedrock: a near vertical set striking North 45º 
East and dipping 80º West which is associated with the Acadian Orogeny; another 
steeply-dipping set striking North 45º East and dipping 85º East, which is roughly 
perpendicular to the first; and a shallowly-dipping set of sheeting joints that is 
roughly parallel to the ground surface and bedding and decreases in frequency with 
depth. The near-vertical sets of joints, particularly the North 45º East and dipping  
85º East set, are often filled with calcite. The upper 60 ft of bedrock have similar 
fracturing characteristics at drinking water well locations DW-1 and DW-2. However, 
the deeper bedrock (below approximately 70 ft) surrounding well DW-2 contains 
very few sheeting fractures and the aperture and water-bearing potential of the steeper 
fractures are not as significant, resulting in different fracturing characteristics which, 
by nature of its depth, do not appear in the bedrock surrounding well DW-1. 

 Neither the available geologic literature nor the lack of local and regional 
observations of karst topography indicate that the limestone of the Spragueville 
Formation is subject to solution cavities. 

Bedrock Hydrogeology 

 The orientation, length, width, and interconnectedness of joints in the bedrock 
beneath the LO-58 Site exert significant control over both groundwater flow direction 
and contaminant distribution within groundwater. 

 Bedrock groundwater elevations range from approximately 569 to 537 ft above mean 
sea level (amsl) on 30 April and 564 to 531 ft amsl on 21 May 2008.  

 The hydrophysical logs for well DW-1 indicate that ambient horizontal flow occurs 
within the borehole. The volumetric flow rate observed in the DW-1 wellbore for the 
depth intervals 27.3 to 31.7, 34.6 to 35.0, 40.4 to 48.6, 49.0 to 50.2, and 52.7 to  
53.6 ft below ground surface (bgs) are 0.085, 0.011, 0.14, 0.018, and 0.058 gallons 
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per minute (gpm), respectively. These flow rates equate to Darcy velocities or 
specific discharges of groundwater in the aquifer of 2.84, 3.91, 2.53, 2.28, and  
9.56 ft per day, respectively. 

 During production testing, seven inflow zones were identified from the well DW-1 
hydrophysical logs at 27.3 to 31.7, 34.6 to 35.0, 37.4 to 38.4, 40.4 to 48.6, 49.0 to 
50.2, 52.7 to 53.6, and 54.4 to 58.1 ft bgs with flow rates ranging of 0.207, 0.195, 
0.745, 2.00, 0.416, 1.65, and 0.838 gpm, respectively. The logs indicate the interval 
40.4 to 48.6 and 52.7 to 53.6 ft bgs dominated flow during pumping, producing  
3.65 gpm or 60 percent of the total flow. The transmissivity calculations for well  
DW-1 indicate that the intervals 40.4 to 48.6 and 52.7 to 53.6 ft bgs exhibited the 
highest transmissivities of approximately 129 and 111 square feet per day (ft2/day), 
respectively. 

 The hydrophysical logs for well DW-2 indicate ambient vertical flow occurring 
within the borehole. Formation water migrates downward within the fluid column 
beginning near the base of casing and at 31 ft.  

 Four inflow zones were identified from the well DW-2 hydrophysical logs at 19.5 to 
19.6, 30.4 to 31.6, 38.2 to 41.8, and 44.9 to 51.4 ft bgs at rates of 0.026, 0.297, 0.016, 
and 0.074 gpm, respectively. The combined inflow of 0.413 gpm of these four 
intervals is observed to migrate vertically downward through the borehole based on 
the migration of the center of mass of the area under the curve. Groundwater exits the 
borehole at depths of 96.4 to 97.0 and 189.5 to 191.0 ft bgs at rates of 0.370 and 
0.185 gpm, respectively.  

 In well DW-2, a fluid electrical conductivity anomaly was observed at the base of the 
borehole at 280 ft. This early increase in mass is not the result of ambient flow, as 
over the course of the ambient flow characterization, no additional groundwater 
entered the borehole at this depth. As such, this water-bearing interval is not 
considered to produce groundwater to the borehole under ambient conditions. 

 During production testing, 11 inflow zones were identified from the DW-2 
hydropysical logs, ranging in flow from 0.005 to 5.69 gpm, with the dominant inflow 
zone at 30.4 to 31.6 ft, producing 5.69 gpm or 90 percent of the total formation 
production rate. The transmissivity calculations for well DW-2 indicate that the 
interval 30.4 to 31.6 ft bgs exhibited the highest transmissivity of approximately  
216 ft2/day. 

 Based on the observations from the synoptic potentiometric head measurements, 
WESTON concludes that the dominant north-south fracturing present in bedrock 
creates strong north-south anisotropy in the groundwater flow. Further, at well DW-1, 
the shallower fractures do not appear to have any interconnectivity with fractures in 
other wells, while the deeper fracture intervals are interconnected with fractures that 
reach as far as monitoring wells MW-01, MW-03, and MW-05. Synoptic 
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potentiometric head measurements did not identify bedrock fracture interconnections 
beyond well DW-2. 

 The fracture characteristics of the shallow bedrock surrounding the borehole at well 
DW-1, and the number of those water-bearing fractures that are high-angle fractures, 
results in an interconnected network of fractures around the well that have pressure-
equilibrated outside the influence of the borehole. The weak differential 
potentiometric head that exists between the fractures results in primarily horizontal 
groundwater flow within the well. 

 In well DW-2, the fracture characteristics of the shallow bedrock are similar to those 
surrounding the borehole at well DW-1. However, although there are high-angle 
fractures identified in the deeper bedrock surrounding well DW-2, their aperture and 
water-bearing potential are not as significant as those in the shallow bedrock, and the 
upper and lower portions of the well have substantially different potentiometric 
heads. The relatively strong differential potentiometric head that exists between the 
upper and middle fractures results in vertical groundwater flow from the middle 
fractures to the upper fractures within the well. 

 In drinking water well DW-1, the peak toluene and gasoline-range organics (GRO) 
concentrations were in shallow bedrock fractures, the peak chlorinated solvent 
concentrations were in the middle bedrock fractures, and the peak diesel-range 
organics (DRO) concentrations were in the deepest bedrock fractures; this pattern of 
contamination indicates that the well may be impacted with hazardous substances 
from three separate sources at the LO-58 Site. Further, the gradual increase or 
decrease in contaminant concentrations at successive depth intervals demonstrates 
that the uppermost and deepest fractures may be interconnected, and that 
concentration gradients exist between them. However, the slight variations in 
contaminant concentrations and the relatively small number of measurement points 
were found to be inadequate to make statistically significant conclusions. 

 The ratio of cis-1,2-dichloroethylene (cis-1,2-DCE) to trichloroethylene (TCE) was 
compared between shallower and deeper intervals of well DW-1 in order to assess 
possible greater TCE degradation and distance from the TCE source. The slight 
increase in cis-1,2-DCE to TCE ratios with depth were found to be statistically 
insignificant.  

 A trace concentration of cis-1,2-DCE was detected in well DW-2. Based on the lack 
of concentration gradients between adjacent fractures, these results demonstrate the 
lack of interconnection between adjacent fractures in this well. Further, the trace 
detection of cis-1,2-DCE in the second deepest (187.9 to 192.2 ft bgs) depth interval, 
with no detectable TCE, supports two hypotheses:  
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1. There is a small, but nonetheless significant deep bedrock connection between 
wells DW-1 and DW-2, or a connection to a common source that is not 
detectable in the synoptic potentiometric head measurements. 

2. The detection of cis-1,2-DCE but no TCE at substantial depth and distance 
from the presumed source area suggests that TCE degradation appears nearly 
complete. 

 The overall bedrock groundwater horizontal potentiometric gradients at the LO-58 
Site are north-northwesterly beneath the eastern portion of the Site, northerly beneath 
the northern portion of the Site, and northwesterly beneath the western portion of the 
Site, generally consistent with topography.  

Bedrock Groundwater Quality 

 The analytical results for drinking water well DW-1 were consistent with previous 
analytical results for this well. Laboratory analytical results from the wire-line 
straddle packer (WSP) sampling of drinking water well DW-1 indicate the presence 
of chloroform, cis-1,2-DCE, TCE, toluene, GRO, and DRO in one or more samples 
collected from DW-1, and generally have increasing or decreasing concentration 
trends with depth. None of the volatile organic compounds (VOC) were detected 
above their Maine Maximum Exposure Guidelines (Maine MEG) or the  
U.S. Environmental Protection Agency (EPA) Maximum Concentration Limits 
(MCL) for drinking water. However, GRO or DRO concentrations in five samples 
exceeded their 50 micrograms per liter (µg/L) Maine MEG. 

 In well DW-1, the peak toluene and GRO concentrations are in shallow bedrock 
fractures, the peak chlorinated solvent concentrations are in the middle bedrock 
fractures, and the peak DRO concentrations are in deep bedrock fractures; this pattern 
of contamination indicates that the well may be impacted with hazardous substances 
from three separate and increasingly distant sources at the LO-58 Site. 

 The analytical results for drinking water well DW-2 were generally consistent with 
previous analytical results, with one anomaly. Laboratory analytical results from the 
WSP sampling of drinking water well DW-2 indicate the presence of cis-1,2-DCE, 
toluene, and DRO in one or more samples collected. None of the VOCs were detected 
above their Maine MEGs or EPA MCLs for drinking water. However, GRO or DRO 
concentrations in five samples exceeded their applicable 50 µg/L Maine MEG. The 
one anomaly in the well DW-2 analytical results is the detection of a trace 
concentration of cis-1,2-DCE in the sample collected from the second deepest  
(187.9 to 192.2 ft bgs) depth interval. Chlorinated solvents have not previously been 
detected in samples collected from this well. However, the detection of cis-1,2-DCE 
is likely due to the focused nature of the sampling at the single fracture zone; 
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consistent with previous analytical results, subsequent sampling of the well did not 
detect cis-1,2-DCE, likely due to dilution by water from other fractures within the 
well borehole. Finally, the cis-1,2-DCE detection at the second deepest interval 
provides evidence of the extent of chlorinated solvent impacts to bedrock 
groundwater. 

The geological, geophysical, and hydrophysical data collected as part of the LO-58 Site 

investigation has eliminated many of the data gaps regarding groundwater flow and the nature 

and extent of groundwater impacts from the LO-58 Site. As part of the next task required under 

the SOW, WESTON will update the Conceptual Site Model for the LO-58 Site. 



 

 

SECTION 1 
 

INTRODUCTION 
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1. INTRODUCTION 

1.1 SCOPE OF WORK AND PURPOSE  

This Borehole Hydrophysics and Geophysics Report (BHG Report) was prepared by  

Weston Solutions, Inc. (WESTON®) to document field activities and interpretations for the 

former LO-58 Nike Battery Launch Site (LO-58 Site) in Caribou, Maine, which is one of several 

Formerly Used Defense Sites (FUDS) in northern Aroostook County, Maine (Figure 1-1). This 

BHG Report has been prepared for the United States (U.S.) Army Corps of Engineers,  

New England District (CENAE) in accordance with the Statement of Work (SOW) issued by 

CENAE to WESTON on 28 March 2007 (CENAE, 2007). In accordance with the SOW, 

WESTON provided field logistical support to the borehole hydrogeophysics team, including 

providing all well rehabilitation and maintenance services, temporary water services, well repair, 

field sampling and sample management, and water to support hydrophysical logging (HPL). 

WESTON also procured a laboratory with a successful track record for providing staged 

electronic data deliverables required by the U.S. Army Corps of Engineers FUDS guidance 

(CENAE, 2007). Finally, as called for in the SOW, electronic files containing raw and processed 

data collected during the geologic, geophysical, and hydrophysical investigation are included on 

a compact disk in Appendix A. This compact disk also includes an electronic copy of the  

BHG Report. 

1.2 LIMITING CONDITIONS AND METHODOLOGY USED 

This BHG Report was prepared according to the specifications provided in the SOW. As such; 

the BHG Report is a description of the activities and findings of the 2008 investigation at the 

LO-58 Site, to be used to assist the project delivery team (PDT) in planning, interpreting data, 

and communicating. The BHG Report provides additional geological, hydrogeological, and 

geophysical data that will be used to update the Conceptual Site Model (CSM) for the LO-58 

Site. The target audience is the PDT (CENAE, 2007).  
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The information within the BHG Report was gathered primarily during the May 2008 field 

activities, supplemented as necessary by available documents at the Maine Geologic Survey 

(MGS) offices, and interviews and previous investigations conducted at the LO-58 Site. The 

information included in the BHG Report is limited by the quality of the previous investigations 

and the material which was available for review. In addition, current site conditions are based on 

the date of site investigation, the date of file reviews performed, and the information which was 

available for review. Site conditions noted in this report cannot be guaranteed to cover future 

activities or uses of the LO-58 Site. 

1.3 REPORT ORGANIZATION 

This BHG Report describes the activities and findings of the 2008 investigation at the  

LO-58 Site. Section 2 of the BHG Report summarizes the activities and results of the geological, 

geophysical, and hydrophysical investigations conducted by WESTON in 2008 to fulfill the 

requirements of the SOW. Section 3 of the BHG Report presents the conclusions of the 

WESTON 2008 LO-58 Site investigation. Section 4 of the BHG Report presents 

recommendations for further work to address hydrogeological data gaps that remain for the  

LO-58 Site following the 2008 WESTON investigation. Section 5 of the BHG Report includes 

the references cited to support the BHG Report for the LO-58 Site.  



 

 

SECTION 2 
 

LO-58 SITE GEOLOGIC, GEOPHYSICAL,  
AND HYDROPHYSICAL INVESTIGATIONS AND RESULTS 
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2. LO-58 SITE GEOLOGIC, GEOPHYSICAL,  
AND HYDROPHYSICAL INVESTIGATIONS AND RESULTS 

WESTON’s geologic, geophysical, and hydrophysical investigations at the LO-58 Site were 

conducted in May 2008. The purpose of the investigation was to gather site-specific geologic 

information using geologic, geophysical, and hydrophysical methods to update and expand the 

bedrock groundwater dataset. The investigations were directed by Mr. Joseph Schmidl, a State  

of Maine Certified Geologist (C.G.) (Certificate Number GE436). The investigations relied 

heavily on the work of WESTON’s subcontractor COLOG, a division of Layne Christensen 

Company (COLOG), which summarized the results of the geophysical and hydrophysical 

investigations in the HydroPhysicsTM and Geophysical Logging Results, which is included in 

Appendix B (COLOG, 2009). 

2.1 LO-58 SITE GEOLOGIC, GEOPHYSICAL,  
AND HYDROPHYSICAL INVESTIGATIONS 

2.1.1 Site Description 

The LO-58 Site is a 17-acre parcel of land located at 253 Van Buren Road (Route 1) in  

Caribou, Aroostook County, Maine (Figure 2-1). The LO-58 Site is owned by the  

Lister-Knowlton Post #9389 Veterans of Foreign Wars (VFW) and is identified by the City of 

Caribou Assessor’s Office as Map 14, Lot 50 (WESTON, 2007a). The entrance to the LO-58 

Site from Van Buren Road is located at latitude 46º 52′ 55″ North and longitude 68º 0′ 38″ West 

(U.S. Fish and Wildlife Service, 2008). The magnetic declination at Caribou, Maine is 18º 12′ 

West; however, for the purposes of this report, geophysical data based on compass readings were 

adjusted by 20º West (National Geophysical Data Center, 2009). 

The property was acquired from the Town of Caribou in 1955 by the U.S. Government for the 

construction of a Nike missile launching facility. The LO-58 Site was deactivated by the 

Department of Defense in 1966 and following its decommissioning as a military facility in 1969, 

the LO-58 Site was conveyed to the City of Caribou and used for storage of municipal property. 

In 1970, the property was purchased by the current owner, the Lister-Knowlton VFW  

Post #9389 (WESTON 2007a). Several components of the former launch site have since been 
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deconstructed, including the subsurface portion of the Former Launcher Area, which was closed 

by filling with soil in 1994, and the aboveground portion of the Former Warhead Building was 

demolished in spring 2007, leaving only the concrete building pad in place. 

The LO-58 Site is provided drinking water from two separate bedrock water supply wells. The 

VFW Building, which is the former barracks building, is provided potable drinking water from a 

6-inch-diameter, 284-foot (ft) deep bedrock well, in which the pump is set at 62.5 ft below 

ground surface (bgs). The well is designated DW-2 and is located approximately 100 ft west of 

the building in the parking area. The well is situated in a 4-ft by 4-ft concrete vault beneath the 

parking area and access to the wellhead is acquired through a manhole (WESTON, 2007a). A 

chlorine-based water-softening and bacterial treatment system has been installed on the water 

supply to address hardness and elevated bacteria levels which have been reported in the water 

supply; no other treatment system has been part of this system. The treatment system is located 

in a utility room located in the eastern corner of the building (WESTON, 2009). 

The Adult Multiple Alternative Center (AMAC) facility, which is located in the former 

Generator Building, is provided potable drinking water from a 6-inch-diameter, 58-ft deep 

bedrock water supply well designated DW-1, in which the pump is set at 50 ft bgs. Well DW-1 

was installed in 1994 and is located approximately 25 ft east of the building. Prior to that date, 

potable water for the building came from well DW-2. The well was installed following a break in 

the water line which could not be repaired between the VFW and AMAC buildings. A  

point-of-entry activated carbon water filtration system was installed and is monitored by the 

Maine Department of Environmental Protection (MDEP) to remove any contaminants which are 

present in the well DW-1 water supply. Historically, concentrations of trichloroethylene (TCE) 

in drinking water from the well have exceeded the applicable MDEP action level of  

2.5 micrograms per liter (µg/L) [Bureau of Health (BOH), 2000; WESTON, 2007a]. 

WESTON installed five bedrock groundwater monitoring wells (MW-01 through MW-05) in 

October 2000. The bedrock monitoring well installations were performed using air-hammer 

drilling techniques. The wells were installed at the site to evaluate the nature and extent of 

groundwater contamination at the site, as well as to determine the direction of groundwater flow 

in the local bedrock water-bearing zone (WESTON, 2007b). Table 2-1 summarizes the 



Final Borehole Hydrophysics and Geophysics Report 
Former LO-58 Nike Battery Launch Site 
Formerly Used Defense Site (FUDS) 
Caribou, Aroostook County, Maine   

 

G:\PROJECTS\03886184\001\REPORTS\LO-58 SITE\FINALGEOPHYS\FINALGEOPHYS.DOC  17 JUNE 2010 
  

2-3

construction details for the two drinking water wells and the five bedrock monitoring wells at the 

LO-58 Site. 

2.1.2 Geologic Investigation 

The geologic investigation included background research among available geologic references, 

observation, and characterization of exposed bedrock at the LO-58 Site; measurement of bedrock 

features, including bedding planes, fold axes, and fractures; and the measurement of water levels 

in five bedrock monitoring wells and two bedrock drinking water wells during geophysical and 

hydrophysical investigations. The geologic investigation was conducted by Mr. Joseph Schmidl, 

C.G. The results of the geological investigation are presented in Subsection 2.2 of this  

BHG Report. 

2.1.3 Geophysical and Hydrophysical Investigations 

The geophysical and hydrophysical investigations were performed on the five bedrock 

monitoring wells (MW-01 through MW-05) and the two drinking water wells (DW-1 the AMAC 

Well, and DW-2 the VFW Well) at the LO-58 Site. Table 2-1 summarizes the construction 

details for these wells. In advance of the geophysical and hydrophysical investigations, pressure 

transducers were installed in each of the seven on-site bedrock wells. The synoptic 

potentiometric head measurement data from the pressure transducers were used to identify 

potential hydraulic interconnections between wells. The results of this investigation are 

summarized in Subsection 2.2.4.3. In addition, WESTON measured synoptic water levels in the 

seven bedrock wells at the beginning and end of the geophysical and hydrophysical 

investigations. Table 2-2 summarizes the bedrock groundwater potentiometric elevation data 

obtained, which is further discussed in Subsection 2.2.4.1. 
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2.1.3.1 Geophysical Investigation 

The geophysical investigation included downhole geophysical logging of five bedrock 

monitoring wells and two bedrock drinking water wells at the LO-58 Site. The geophysical 

logging included the ten techniques listed in Table 1 of the SOW (CENAE, 2007): 

 Natural Gamma Logs. 

 Three-Arm Caliper Logs. 

 Fluid Electrical Conductivity (FEC) Logs (temperature, dissolved oxygen (DO), 
specific conductance, SHE-corrected oxidation-reduction potential (ORP), hydrogen 
ion concentration). 

 8-, 16-, 32-, and 64-inch Normal Resistivity Logs. 

 Single Point Resistance/Spontaneous Potential/Current Logs. 

 Induction Logs. 

 Vertical Seismic Profiling (VSP). 

 Acoustic Televiewer Logs. 

 Optical Televiewer (OTV) Logs. 

 Full Wave Form Sonic Logs.  

The geophysical investigation was conducted by Mr. Greg Bauer of COLOG, with the assistance 

of COLOG’s subcontractor Mr. Mark Blackey of Geophysical Applications, Inc., who performed 

the VSP task. The results of the geophysical investigation were presented in the HydroPhysicsTM 

and Geophysical Logging Results (COLOG, 2009), which is included in Appendix B. The 

pertinent results have been incorporated into Subsection 2.2 of this BHG Report. 

2.1.3.2 Hydrophysical Investigation 

The hydrophysical investigation included HPL of two bedrock drinking water wells at the  

LO-58 Site. The HPL included ambient flow characterization, pumping flow characterization, 

and wire-line straddle packer (WSP) testing techniques listed in Table 1 of the SOW. The 

hydrophysical investigation was conducted by Mr. Greg Bauer of COLOG (COLOG, 2009). The 

results of the hydrophysical investigation were presented in the HydroPhysicsTM and 
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Geophysical Logging Results (COLOG, 2009), which is included in Appendix B. The pertinent 

results have been incorporated into Subsection 2.2 of this BHG Report. 

In order to conduct the geophysical and hydrophysical investigations in drinking water wells 

DW-1 and DW-2, the pumps and associated piping were removed from the wells, and the 

AMAC and VFW Buildings were supplied with temporary potable water supplies. WESTON 

collected drinking water samples before (8 May), during (15 May), and following (21 May) the 

use of each temporary water supply to ensure that the temporary supply for each building  

met MDEP drinking water standards. The water samples were submitted to TestAmerica 

Laboratories, Inc. (TestAmerica) and Analytics Analytical Laboratories, LLC (Analytics) for 

analysis for volatile organic compounds (VOC) by the U.S. Environmental Protection Agency 

(EPA) Method 524.2 (Analytics, 2008a; 2008b; TestAmerica, 2008a). Table 2-3 summarizes the 

results of these analyses, and shows that the trace VOCs detected in the temporary potable water 

supplies were within Maine Maximum Exposure Guidelines (Maine MEG) and EPA Maximum 

Contaminant Limit (MCL) standards (BOH, 2000; EPA, 2003).  

However, as noted in an 11 June 2008 letter from CENAE to the VFW, samples collected on  

8 May from the supplied water before it went through the VFW system contained 

bromodichloromethane, bromoform, dibromochloromethane, compounds which are formed as 

by-products of drinking water chlorination. The Caribou Utilities District treats its water with 

sodium hypochlorite for disinfection. The sample of supplied water collected after going through 

the VFW system contained TCE and dibromochloromethane. The difference in concentration of 

the compound dibromochloroemethane from 1.3 μg/L to 3.1 μg/L in the samples from the 

supplied water before and after the VFW system, respectively, indicated that the chlorination 

byproduct concentration was increasing.  

Since the VFW system includes a chlorination system and the alternate water supply provided is 

also chlorinated, the result was over-chlorination of the drinking water. As a result of the above, 

the VFW chlorination system was taken off-line and the system flushed to reduce concentrations 

of compounds resulting from the over chlorination. The chlorination system remained off-line 

while the alternate water supply was being used. Samples were collected again on 15 May after 

the system was flushed and indicated the presence of the following chlorination byproduct 
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compounds: dibromochloromethane, bromodichloromethane, and bromoform. The 

concentrations were all below the more conservative of the MCL and Maine MEGs. 

Tetrachloroethene was not detected in the sample collected on 15 May.    

A final sample was collected on 22 May once the VFW was taken off the alternate water supply 

and reconnected to its own well and before restarting the chlorination system. Toluene was the 

only compound detected at a concentration of 1.0 μg/L, below the EPA MCL of 1,000 μg/L. 

Toluene has not been detected in the well previously and may be a laboratory contaminant. The 

VOC concentrations will continue to be monitored as part of the existing drinking water 

monitoring program (CENAE, 2008).  

In addition, the HPL of drinking water wells DW-1 and DW-2 required the well boreholes to be 

flushed with deionized water generated on-site from the potable water source; this water was 

similarly tested before its use to ensure that no contamination was introduced to the  

drinking water wells. The water samples were submitted to TestAmerica and Analytics for  

VOC analysis by EPA Method 524.2; the initial sample, collected on 5 May 2008, was  

also analyzed for 1,2-ethylene dibromide (EDB), 1,2-dibromo-3-chloropropane (DBCP), and  

1,2,3-trichloropronane (TCP) by EPA Method 504.1; further analysis by EPA Method 504.1 was 

not performed because of the favorable initial results (Analytics, 2008a; 2008c; 2008d; 2008e; 

2008f). During initial testing of the deionized water and before the water was introduced to either 

drinking water well, it was discovered that the deionization process was introducing 

tetrahydrofuran at concentrations greater than the Maine MEG of 70 µg/L (There is no EPA 

MCL for tetrahydrofuran.) (BOH, 2000; EPA, 2003). Through iterative sampling, the source of 

the contamination was traced to a newly-recharged deionized water filtration unit, and the 

problem was eliminated with the replacement of the filtration unit. The replacement filtration 

unit initially contained chloroform above the Maine MEG but below the EPA MCL, but this 

condition quickly passed following continued flushing, and did not recur, as documented by 

subsequent samples (BOH, 2000; EPA, 2003). Table 2-4 summarizes the water analytical results 

for the deionized water and associated samples of influent water, and shows that the trace VOCs 

detected in the deionized water were below Maine MEGs and EPA MCLs (BOH, 2000;  

EPA, 2003). 
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2.1.3.3 Wire-Line Straddle Packer Testing/Groundwater Sampling 

WESTON performed WSP sampling at both of the drinking water wells in May 2008 as part of 

the geophysics program designed to expand site characterization. WESTON retained the services 

of COLOG to perform WSP sampling on the two drinking water wells DW-1 and DW-2. Based 

on the results of the HPL investigation described in Subsection 2.1.3.2, the highest-producing 

zones in each well were targeted for WSP testing, with the objective of distributing sampling 

points along the entire length of the borehole to the extent possible. The zones targeted for WSP 

testing were first isolated and sampled utilizing low-flow methodology for VOCs, gasoline-range 

organics (GRO), and diesel-range organics (DRO). The groundwater parameters measured to 

confirm equilibrium conditions were achieved during low-flow sampling are summarized in 

Table 2-5, and the Groundwater Sampling Logs and equipment calibration records for these 

sampling activities are included in Appendix C. After collecting the samples, each zone was 

tested for transmissivity and hydraulic conductivity. 

The same WSP (including the integral pump) was used to sample drinking water well DW-2 and 

well DW-1. Drinking water well DW-2 was sampled first, from the shallowest to the deepest 

interval, as it was expected to be the least contaminated, having historically lower groundwater 

contaminant concentrations and being farther from the known sources of contamination. The 

WSP was not decontaminated between sample intervals, as the WSP was lowered through the 

shallower intervals to reach the deeper intervals, and thus, could not be protected from  

cross-contamination between intervals. Following sampling the six depth intervals of well  

DW-2, the WSP (including the integral pump) was decontaminated before use in drinking water 

well DW-1. Equipment rinsate blank sample RB-051808-01 was collected from the WSP 

following its decontamination. The detection of DRO in the equipment rinsate sample indicates 

that the equipment decontamination was not entirely successful. Following decontamination of 

the WSP, drinking water well DW-1 was sampled, this time from the deepest to the shallowest 

interval. The detection of DRO in the first depth interval of well DW-1 sampled at a 

concentration three times that detected in the equipment rinsate blank suggests that, although the 

decontamination of the WSP was not entire successful, it was not likely to result in false positive 

results of this concentration level in the samples collected from well DW-1. 
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The groundwater samples were submitted to TestAmerica and Analytics for analysis for VOCs 

by EPA Method 524.2, EDB, DBCP, and TCP by EPA Method 504.1, GRO by the Maine Health 

and Environmental Testing Laboratory (Maine HETL) Method 4.1.17 and DRO by Maine HETL 

Method 4.1.25 (Analytics, 2008g; TestAmerica, 2008b). The analytical results were validated 

according to EPA Region 1 functional guidelines and were found to be useable, as qualified. 

Table 2-6 lists the zones targeted in each well and the laboratory analytical results from the WSP 

sampling, and the data validation records are included in Appendix D.  

The analytical results for drinking water well DW-1 were consistent with previous analytical 

results for this well, when the difference between previous point-of-entry sampling and 2008 

WSP sampling methodologies are accounted for. Laboratory analytical results from the WSP 

sampling of drinking water well DW-1 indicate the presence of chloroform, cis-1,2-

dichloroethylene (cis-1,2-DCE), TCE, toluene, GRO, and DRO in one or more samples collected 

from well DW-1, as shown in Table 2-6 and discussed further in subsequent sections. None of 

the VOCs were detected above their applicable or EPA MCLs for drinking water (BOH, 2000; 

EPA, 2003). However, GRO or DRO concentrations in three samples exceeded their 50 µg/L 

Maine MEG. The groundwater quality implications of these data are further discussed in 

Subsection 2.2.5. 

The analytical results for drinking water well DW-2 were generally consistent with previous 

analytical results, when the difference between previous point-of-entry sampling and 2008 WSP 

sampling methodologies are accounted for. Laboratory analytical results from the WSP sampling 

of drinking water well DW-2 indicate the presence of cis-1,2-DCE, toluene, and DRO in one or 

more samples collected from DW-2; chlorinated solvents had not previously been detected in 

samples collected from this well. None of the VOCs were detected above their applicable  

Maine MEGs or EPA MCLs for drinking water (BOH, 2000; EPA, 2003). However, DRO 

concentrations in two samples, the shallowest and deepest intervals, exceeded their applicable  

50 µg/L Maine MEG (There is no EPA MCL for DRO.) (BOH, 2000; EPA, 2003). The 

groundwater quality implications of these data are further discussed in Subsection 2.2.5. 
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2.1.3.4 Data Quality Objectives 

The data quality objectives (DQO) for the investigation were described in Sections 3 and 5 of the 

June 2007 Final Management Work Plan, Borehole Hydrogeophysics and Conceptual Site 

Model Development at the Former Nike Battery LO-58 and Well Investigation at the Former 

Loring Air Force Base Communications Annex, Formerly Used Defense Sites Caribou and 

Perham, Maine (WESTON, 2007a). The DQOs for laboratory reporting limits (RL) were 

included in Table 5-1 of the Final Management Work Plan. In general, the laboratory RLs met 

the DQOs, with the notable exception of the vinyl chloride RLs for samples analyzed by EPA 

Method 524.2 in Report Numbers 61245 (RL equals 10 µg/L), 61287 (RL equals 2 µg/L), 61307 

(RL equals 2 µg/L), 61408 (RL equals 0.5 µg/L), 125508 (RL equals 0.5 µg/L), and 125630  

(RL equals 0.5 µg/L) (Analytics, 2008b; 2008c; 2008e; TestAmerica, 2008a, 2008b). 

The analytical results were validated according to EPA Region 1 Data Validation Functional 

Guidelines and were found to be useable, as qualified (EPA, 1996). The validated analytical 

results, including the Data Review Checklist for each data report, are included on Appendix D. 

The data validator identified a relatively small number of issues among the analytical results, 

which led to the following data qualifications: 

 The concentrations and detection limits for methylene chloride in samples analyzed 
by EPA Method 524.2 from Report Number 61245 were estimated, because 
calibration quality control criteria were not met. 

 The result for tetrahydrofuran in sample COLOGDI-050808 analyzed by EPA 
Method 524.2 from Report Number 61276 was estimated, as the result was above the 
calibration range. 

 The positive results below the action level for DRO in samples analyzed by Maine 
HETL Method 4.1.25 from Report Number 61399 were estimated, because of 
detection of DRO in rinsate blank sample RB-051808-01. Professional judgment was 
used in not qualifying the results as not detected. 

 The result for toluene in samples LS58DW1-0508-051, LS58DW2-0508-189, and 
LS58DW2-0508-265 analyzed by EPA Method 524.2 from Report Number 125630 
was qualified as not detected, because of the detection of toluene in rinsate blank 
sample RB-051808-01. 
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Of the identified issues, only the possible DRO and toluene cross-contamination potentially 

impact the interpretation of the groundwater analytical results. For the purposes of this  

BHG Report, WESTON has considered the qualified results as usable and has interpreted the 

results accordingly. 

2.1.3.5 Well Repair Activities 

During the reinstallation of the pumps in the drinking water wells following the geophysical and 

hydrophysical investigations, repairs were made to the pumps and ancillary equipment. For 

drinking water well DW-1, the repairs were limited to the replacement of a centralizer which was 

found to be broken when removed from the well. For drinking water well DW-2, the repairs 

included the replacement of a plastic fitting which was worn by use, the installation of a 

pitless adapter, and the extension of the well casing by approximately 4 ft in order to meet 

current installation standards. The repairs were performed by WESTON’s subcontractor  

St. Pierre and Sons, a Maine-licensed plumber. 

2.1.3.6 Investigation-Derived Waste 

Investigation-derived waste generated during the geophysical and hydrophysical investigations 

included purge water from the two drinking water wells, detergent-water solutions and rinse 

water used for equipment decontamination, and non-hazardous solid waste, such as used 

personal protective equipment, plastic tubing, and cardboard boxes. In accordance with industry 

standards, purge water was discharged to the ground surface in the vicinity of the well from 

which it was purged (since its infiltration does not adversely impact the formation from which it 

came), decontamination fluids were discharged to the ground surface, and non-hazardous solid 

waste was double-bagged and disposed of with municipal solid waste. 

2.2 LO-58 SITE GEOLOGIC, GEOPHYSICAL, AND HYDROPHYSICAL RESULTS 

2.2.1 Topography 

Consistent with the typical location of Nike missile batteries, the LO-58 Site is located on a 

topographic high, east of Van Buren Road (see Figures 1-1 and 2-1). The LO-58 Site is located 
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on the northwest face of a rock-cored drumlin. Elevations at the LO-58 Site vary by 

approximately 60 ft, from approximately 540 ft above mean sea level (amsl) at the former 

Barracks Building which is located at the bottom of the hill near Van Buren Road, to 

approximately 600 ft amsl at the former Launcher Area which is situated at the topographic high 

for the property (WESTON, 2007a).  

2.2.2 Soil and Overburden Geology 

2.2.2.1 Soil Description 

Based on the Aroostook County Soil Survey, Northeastern Part [U.S. Department of Agriculture 

(USDA), 2008a], soils at the LO-58 Site are primarily mapped as Caribou gravelly loam, with 

slopes varying from 0 to 15 percent. Caribou soils are well drained soils formed on loamy till 

plains and ridges and have moderate permeability (USDA, 2008b). 

2.2.2.2 Overburden Geology 

Based on the Surficial Geologic Map of Maine (MGS, 1985a), overburden underlying the 

property is primarily glacial till consisting of a heterogeneous mix of sand, silt, clay, and stones, 

with local occurrences of boulders and was deposited directly by glacial ice. The till is generally 

massive, but may contain beds and lenses of variably washed and stratified sediments. 

Subsurface investigations performed at the LO-58 Site have generally confirmed these mapped 

subsurface conditions, although no inclusions of washed or stratified sediments have been noted. 

Site-specific observations document that overburden thickness at the LO-58 Site varies 

depending on location and ranges from 0 ft bgs at the former Launcher Area to approximately  

16 ft bgs near the former Test Building. Bedrock outcrops are present along the southern edge of 

the former Launcher Area (WESTON, 2007a). Figure 2-2 presents an isopach map of 

overburden thickness at the LO-58 Site.  

Based on the results of previous environmental investigations, the contaminants of potential 

concern (COPC) attributable to releases from the LO-58 Site are VOCs associated with fuel and 

chlorinated solvents associated with missile maintenance (WESTON, 2000). The VOCs 

associated with fuel include benzene, toluene, ethylbenzene, xylene, naphthalene, and 
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trimethylbenzenes. Based on historical information, the primary chlorinated solvent associated 

with missile maintenance is TCE, which has also been detected in on-site soils, although the 

concentrations of TCE detected were sufficiently low that a clear soil source of TCE has not 

been identified (WESTON, 2001). Tetrachloroethylene, commonly present in trace 

concentrations in solvent-grade TCE, as well as cis-1,2-DCE and chloromethane, breakdown 

products of TCE, are also COPCs for the LO-58 Site, due to their detection in on-site soils 

(WESTON, 2000). 

The COPCs associated with fuel have been detected in soil and soil vapor samples associated 

with former underground storage tanks located near the Former Missile Assembly and  

Test Building, as well as soils in the vicinity of the Former Launcher Area and Former Fueling 

Platforms, and south-southeast of the AMAC Building at the LO-58 Site (WESTON, 2000). The 

COPCs associated with missile maintenance (specifically, TCE) have been detected at soil 

sample locations SB-13 which is northwest and downslope of the Former Launcher Area, and 

SB-34 which is immediately southwest of the AMAC Building. In addition, TCE was detected in 

soil vapor samples associated with soils in the vicinity of the Former Launcher Area and south-

southeast of the AMAC Building at the LO-58 Site (WESTON, 2000). 

The COPCs attributable to releases from the LO-58 Site are both volatile and susceptible to both 

aerobic and anaerobic degradation with the degradation rates of the chlorinated solvents 

substantially lower than those of the fuel-related VOCs. Further, the solubility of the COPCs in 

water is relatively low. Due to these characteristics, mobility of the COPCs is moderate, and the 

attenuation factors for the COPCs at the LO-58 Site are moderate to high. In the context of the 

BHG Report, the presence of dissolved VOCs in groundwater at the LO-58 Site comprises 

evidence of a release to the environment from the previously mentioned soil source(s), and the 

groundwater analytical data serve to quantify the extent of the release.  

2.2.2.3 Overburden Hydrogeology 

Subsurface investigations into overburden groundwater at the LO-58 Site have indicated that 

there is little or no saturated thickness in the overburden (WESTON, 2007b). WESTON 

concludes that surface water that infiltrates the overburden percolates downward until coming in 

contact with the bedrock surface. At the bedrock surface, groundwater flows along the surface of 
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the bedrock beneath the LO-58 Site until reaching a point of infiltration, such as a fracture or a 

weathered bedrock zone (WESTON, 2007b).  

2.2.3 Bedrock Geology 

As noted above, the depth to bedrock at the LO-58 Site varies depending on location ranging 

from 0 ft bgs at the former Launcher Area to approximately 16 ft bgs near the former  

Test Building (WESTON, 2007b). Figure 2-3 presents a contour map of bedrock elevations at 

the LO-58 Site. Observation of the bedrock surface can be made in the vicinity of the former 

Launcher Area, and previous soil boring records indicate that there is little or no weathered 

bedrock at the overburden-bedrock interface. This is consistent with the geologic history of the 

LO-58 Site which indicates that any weathered bedrock at the site would have been eroded 

during the final Wisconsin glacial advance, and that there has been insufficient time for 

appreciable bedrock weathering during the subsequent 12,000 years. This condition is to be 

expected on the northwest face of a rock-cored drumlin which was subject to glacial action 

approximately 12,000 years ago. Vertical seismic profiling did not identify acoustically-

incompetent bedrock at the LO-58 Site (COLOG, 2009). No rock quality designation data are 

available for any of the bedrock wells at the LO-58 Site. Finally, a notable linear depression in 

the bedrock surface is present between locations SB-22 and SB-43 which may be indicative of a 

fracture zone. 

2.2.3.1 Lithology 

Based on the 1:500,000-scale Bedrock Geologic Map of Maine, bedrock underlying the property 

is mapped as the Siluro-Ordivician Carys Mills Formation, and the datalayer used to generate 

Figure 1 of the SOW used this reference (MGS, 1985b). However, based on the 1:62,500-scale 

Geologic Map of the Caribou and Northern Presque Isle Quadrangles, Maine, bedrock beneath 

the LO-58 Site is mapped as the Silurian Spragueville Formation (MGS, 1985c). To reconcile the 

conflicting references, WESTON relies on the smaller-scale map which not only provides greater 

control but used more recent data from outcrops at the LO-58 Site to determine the contact 

boundary between the Spragueville and Carys Mill Formations; thus, WESTON concludes the 

bedrock beneath the LO-58 Site is part of the Spragueville Formation, as depicted in Figure 2-4. 
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The Spragueville Formation comprises interbedded pelite and limestone and/or dolostone rocks 

of Silurian age (MGS, 1985b). This formation is weakly metamorphosed and contains local 

occurrences of prehnite and pumpellyite. The Spragueville Formation contains distinctive, 

rounded nodules resulting from bioturbation (Lopez, 2003). The Spragueville Formation is 

interpreted as submarine fan sediments that are closely related to the older Carys Mills 

Formation (Lopez, 2003). 

Observations of bedrock in outcrops at the LO-58 Site confirm that the local bedrock is gray, 

“nubbly”, interbedded, weakly metamorphosed mudstone and limestone. The bedding surfaces 

are clearly visible in the rock, both in outcrops and in OTV logs of boreholes, and contain the 

“nubbly” bioturbation features associated with the Spragueville Formation (Lopez, 2003). 

Consistent with the available information regarding the thickness and extent of the Spragueville 

Formation, no geologic contacts were encountered on or beneath the LO-58 Site. The nearest 

contact with another geologic unit, the Silurio-Ordivician Carys Mills Formation, is located 

approximately 900 ft northwest of the LO-58 Site (MGS, 1985c). 

2.2.3.2 Bedrock Fabric 

Based on the Geologic Map of the Caribou and Northern Presque Isle Quadrangles, Maine and 

other geologic references (MGS, 1985b; 1985c; Lopez, 2003), bedrock underlying the property 

is located on the east limb of the Chapman Synclinorium. The axis of the synclinorium trends 

north-northeast and dips to north. The Chapman Synclinorium was formed during the first 

deformational or compressional phase of the Acadian Orogeny, which occurred during the lower 

to middle Devonian Period, and resulted in a major, single, and steeply dipping north-south 

cleavage in the bedrock (Lopez, 2003). 

The Geologic Map of the Caribou and Northern Presque Isle Quadrangles, Maine identifies the 

bedrock bedding at the LO-58 Site as striking North 70º East and dipping 12º East as well as a 

foliation striking North 5º West and dipping 78º West (MGS, 1985c). Site-specific observations, 

from both bedrock outcrops and OTV logs, indicate that the local bedrock is folded in two 

directions: the major folds are broad to tight with axes oriented North 30º East, parallel to the 

axis of the Chapman Synclinorium; the fold axes are also folded broadly on North 20º West axes. 

Three joint sets are present in the local bedrock: a near vertical set striking North 45º East and 
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dipping 80º West, which is associated with the Acadian Orogeny; another steeply-dipping set 

striking North 45º East and dipping 85º East, which is roughly perpendicular to the first; and a 

shallowly-dipping set of sheeting joints that is roughly parallel to the ground surface and bedding 

and decreases in frequency with depth (Billings, 1972; COLOG, 2009). The near-vertical sets of 

joints, particularly the North 45º East and dipping 85º East set, are often filled with calcite. 

The planar features in bedrock that are intercepted by drinking water wells DW-1 and DW-2 

were measured by COLOG and plotted as tadpoles on the geophysical logs as well as plotted 

onto Schmidt stereonets. Figure 2-5 presents a stereonet plot of bedding planes and measured 

joints. The stereonet plots for well DW-1 show two clusters of data; one for the low-angle 

features (near-horizontal joints and bedding) which has about 90º of variability from North 45º 

West to North 45º East, dipping West, and a second pair of steeply dipping features  

(near-vertical joints) which are further grouped in two clusters, one at North 25º West and a 

smaller cluster at North 65º West, both dipping East. The feature ranks (ranked from 0 for 

fractures with minimum flow capacity to 5 for fractures with maximum flow capacity) indicate 

that both the low angle and steeply-dipping features contain members where significant flow is 

present (COLOG, 2009). The stereonet plots for well DW-2 are appropriately more complicated, 

inasmuch as they represent a greater length of bedrock borehole data. The primary data cluster 

for well DW-2 is centered on steeply-dipping features (near-vertical joints) oriented North 45º 

East and dipping East which has approximately 45º of lateral spread. The feature rank plot 

reveals that there are a small number of features which do not appear on the contour plot due to 

low frequency. Within these data are a set of steeply-dipping features (North 45º West to  

North 45º East, with a slight concentration around North 45º East, dipping West); there are 

relatively few low-angle features in this dataset (COLOG, 2009). 

The upper 60 ft of bedrock have similar fracturing characteristics at drinking water well locations 

DW-1 and DW-2. However, the deeper bedrock (below approximately 70 ft) surrounding well 

DW-2 contains very few sheeting fractures and the aperture and water-bearing potential of the 

steeper fractures are not as significant, resulting in different fracturing characteristics which, by 

nature of its depth, do not appear in the bedrock surrounding well DW-1. 
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Further, as noted in Subsection 2.2.3, Figure 2-3 indicates a linear depression in the bedrock 

surface is present between locations SB-22 and SB-43 which may be indicative of a fracture 

zone. The orientation of the linear depression is approximately North 70º West, which is nearly 

parallel with the North 65º West cluster of joints noted in the geophysical log of well DW-1, 

supports the hypothesis that the feature is a fracture zone. 

2.2.4 Bedrock Hydrogeology 

As noted in Subsection 2.2.3, there are no significant deposits of weathered bedrock at the  

LO-58 Site, and overburden groundwater is assumed to discharge directly from the glacial till 

overburden to competent bedrock. Groundwater flow through bedrock at the LO-58 Site is solely 

via fracture flow; the mudstone and limestone beneath the site are not reported to have any 

primary porosity. In addition, although solution cavities are common in certain limestone 

deposits, neither the available geologic literature nor the lack of local and regional observations 

of karst topography indicate that the limestone of the Spragueville Formation is subject to 

solution cavities (MGS, 1985b). Thus, it may be concluded that the orientation, length, width, 

and interconnectedness of joints in the bedrock beneath the LO-58 Site exert significant control 

over both groundwater flow direction and contaminant distribution within groundwater  

(Freeze & Cherry, 1979). 

2.2.4.1 Depth to Bedrock Groundwater 

Figure 2-6 depicts the bedrock groundwater elevation contours for May 2008. Bedrock 

groundwater depths were measured in each of the five monitoring wells at the LO-58 Site on  

30 April 2008, upon installation of the pressure transducers, and on 21 May 2008, upon the 

retrieval of the same. Bedrock groundwater depths were measured in drinking water wells  

DW-02 and DW-01 at the LO-58 Site on 5 and 6 May 2008, respectively, upon installation of the 

pressure transducers, and on 21 May 2008, upon the retrieval of the same. The first groundwater 

depths for the drinking water wells were measured shortly following their shut down and the 

removal of their pumps and associated piping and are not considered to represent equilibrium 

conditions; thus, only the 21 May 2008 groundwater depth data are considered usable for the 

calculation of groundwater flow directions (see Subsections 2.2.4.4 and 2.2.4.5). Table 2-2 
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summarizes the groundwater depth data and groundwater elevation calculations; note that the 

elevation measurements for the drinking water wells are estimated from available maps and are 

not the result of a precise survey, and the groundwater elevations calculated for those wells are 

considered approximate. Rainfall was very limited between 30 April and 21 May 2008, which is 

reflected in the roughly 10 ft drop in water levels across the LO-58 Site during this period. 

Bedrock groundwater elevations range from approximately 569 to 537 ft amsl on 30 April and 

564 to 531 ft amsl on 21 May 2008. Figure 2-6 depicts the groundwater elevations measured on 

21 May 2008.  

2.2.4.2 Bedrock Groundwater Flow Velocity and Transmissivity 

The hydrophysical logs at ambient conditions for drinking water wells DW-1 and DW-2 provide 

the data required to calculate volumetric flow rates and specific discharge rates for the bedrock 

fractures examined. The hydrophysical logs under production conditions for drinking water wells 

DW-1 and DW-2 provide the data required to calculate interval-specific inflow rates. Finally, an 

estimation of transmissivity of the fractures at each well can be made using an equation after 

Hvorslev, assuming steady-state radial flow in an unconfined aquifer. By applying the HPL 

results under the two pressure conditions (ambient and production conditions), the interval 

specific transmissivity can be calculated for each identified water producing interval. The 

specific calculations, formulae, and references for the methodology are included in the 

HydroPhysicsTM and Geophysical Logging Results, which is included as Appendix B to this 

BHG Report (COLOG, 2009).  

Beyond the measurements and calculations performed within drinking water wells DW-1 and 

DW-2, WESTON has obtained precipitation records from the Caribou Airport for the period that 

the pressure transducers were in place, and notes that precipitation of greater than 0.5-inches 

occurred on 8 and 20 May 2009. WESTON has summarized the precipitation records in a table 

in Appendix E. Comparison of these records to the pressure transducer data summaries also 

included in Appendix E indicate that there appears to have been a fairly rapid (approximately  

6 hours) response in wells DW-1 and DW-2 to the rainfall event on 8 May, where a slight 

increase in potentiometric elevation was noted. However, a similar response was not noted to the 

20 May rainfall event, in part due to interference by pumping activities at well DW-1.  



Final Borehole Hydrophysics and Geophysics Report 
Former LO-58 Nike Battery Launch Site 
Formerly Used Defense Site (FUDS) 
Caribou, Aroostook County, Maine   

 

G:\PROJECTS\03886184\001\REPORTS\LO-58 SITE\FINALGEOPHYS\FINALGEOPHYS.DOC  17 JUNE 2010 
  

2-18

The relatively rapid response is consistent with the relatively thin overburden deposits at the  

LO-58 Site. 

AMAC Well (DW-1) 

The hydrophysical logs for well DW-1 illustrate significant change at several intervals 

throughout the length of the borehole. These dramatic changes in the FEC profiles with respect 

to time are associated with ambient horizontal flow occurring within the borehole. Numerical 

modeling of the reported field data suggests the volumetric flow rate observed in the wellbore for 

the depth intervals 27.3 to 31.7, 34.6 to 35.0, 40.4 to 48.6, 49.0 to 50.2, and 52.7 to 53.6 ft bgs 

are 0.085, 0.011, 0.14, 0.018, and 0.058 gallons per minute (gpm), respectively. Correcting for 

convergence of flow at the wellbore and factoring the length of the interval, these flow rates 

equate to Darcy velocities or specific discharges of groundwater in the aquifer of 2.84, 3.91, 

2.53, 2.28, and 9.56 feet per day (ft/day), respectively (COLOG, 2009). 

During production testing, seven inflow zones were identified from the well DW-1 

hydrophysical logs, at 27.3 to 31.7, 34.6 to 35.0, 37.4 to 38.4, 40.4 to 48.6, 49.0 to 50.2, 52.7  

to 53.6, and 54.4 to 58.1 ft bgs with flow rates ranging of 0.207, 0.195, 0.745, 2.00, 0.416, 1.65, 

and 0.838 gpm, respectively. The logs indicate the interval 40.4 to 48.6 and 52.7 to 53.6 ft bgs 

dominated flow during pumping, producing 3.65 gpm or 60 percent of the total flow. The 

transmissivity calculations for well DW-1 indicate that the intervals 40.4 to 48.6 and 52.7 to  

53.6 ft bgs exhibited the highest transmissivities of approximately 129 and 111 square feet per 

day (ft2/day), respectively (COLOG, 2009). 

VFW Well (DW-2) 

The hydrophysical logs for well DW-2 also illustrate significant change at several intervals 

throughout the length of the borehole. These dramatic changes in the FEC profiles with respect 

to time are associated with ambient vertical flow occurring within the borehole. Formation water 

migration as a result of downward vertical flow within the fluid column is indicated by the 

increase in FEC over time, beginning near the base of casing and at 31 ft. Numeric modeling of 

the reported field data suggests groundwater enters the wellbore at 19.5 to 19.6, 30.4 to 31.6, 
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38.2 to 41.8, and 44.9 to 51.4 ft bgs at rates of 0.026, 0.297, 0.016, and 0.074 gpm, respectively. 

The combined inflow of 0.413 gpm of these four intervals is observed to migrate vertically 

downward through the borehole based on the migration of the center of mass of the area under 

the curve. The modeling suggests groundwater exits the borehole at depths of 96.4 to 97.0 and 

189.5 to 191.0 ft bgs, at rates of 0.370 and 0.185 gpm, respectively. Evidence for these outflow 

zones is observed in the logs for well DW-2, where the velocity of the water slows within the 

borehole (“downstream” of an outflow zone), and a change in slope, or truncation, of the FEC 

log is observed. The flow rates are based on the rate of increase of mass at their respective 

intervals. Of particular note is the FEC anomaly observed at the base of the borehole at 280 ft. 

This early increase in mass is not the result of ambient flow. Notice the mass at this depth, or 

area under the curve, does not increase with time but instead disperses. During removal of the 

plumbing at the conclusion of the emplacement, groundwater was momentarily allowed to enter 

the borehole at this depth near the bottom of the borehole. Over the course of the ambient flow 

characterization however, no additional groundwater entered the borehole at this depth. As such, 

this water-bearing interval is not considered to produce groundwater to the borehole under 

ambient conditions (COLOG, 2009). 

During production testing, 11 inflow zones were identified from the DW-2 hydropysical logs, 

ranging in flow from 0.005 to 5.69 gpm, with the dominant inflow zone at 30.4 to 31.6 ft, 

producing 5.69 gpm, or 90 percent of the total formation production rate. The transmissivity 

calculations for well DW-2 indicate that the interval 30.4 to 31.6 ft bgs exhibited the highest 

transmissivity of approximately 216 ft2/day (COLOG, 2009). 

2.2.4.3 Bedrock Fracture Interconnectivity 

Three sources of data collected during May 2008 provide information regarding the 

interconnectivity of bedrock fractures: synoptic potentiometric head measurements from the five 

bedrock monitoring wells and two drinking water wells, the results of ambient and pumping HPL 

flow characterization, and the results of WSP groundwater sampling.  
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Synoptic Potentiometric Head Observations 

Potentiometric head measurements were collected via data water level transducers installed in 

the monitoring and drinking water wells and programmed to record measurements at 1-minute 

intervals. The transducers were installed prior to commencing any work activities at the  

LO-58 Site and remained in each well location until after the completion of work. WESTON 

recorded the times of the beginning and ends of significant events, such as pump removal and 

well purging, and compared these times to observed changes in potentiometric head elevation in 

nearby wells. Charts illustrating the water table elevations at the LO-58 Site during the  

May 2008 field program are included in Appendix E. WESTON also created a log which 

documents the major field activity start and stop times for each location which is also included in 

Appendix E, which was used as an interpretation aide by cross-referencing site activities with 

potentiometric head fluctuations. 

The most notable change in water table elevation, not including the start/stop and removal of the 

transducers themselves, occurred on 14 May 2008, during the production testing of DW-1. Data 

measurements collected from MW-01, MW-03, and MW-05 indicate that when production 

testing began in DW-1, potentiometric head elevations decreased almost immediately in each of 

the three wells. As expected, after the completion of production testing in DW-1, the 

potentiometric head elevations rebounded to the static level. The same relationship was observed 

in these wells during the transmissivity and hydraulic conductivity testing performed in DW-1 

with the WSP on 19 and 20 May 2008. The strongest relationship during the transmissivity and 

hydraulic conductivity evaluation was observed when the 41.2- to 51.9-ft and the 51-ft to 58.1-ft 

intervals were isolated with the WSP system. A slightly weaker correlation between the three 

monitoring wells and DW-1 was observed during the isolation of the 33.75- to 38.5-ft interval. 

However, the 33.75- to 38.5-ft interval also produced less than half the yield of the two deeper 

intervals. No other significant bedrock fracture interconnectivity was noted within the synoptic 

potentiometric head measurements. 

As noted in Subsections 2.2.3 and 2.2.3.2, Figure 2-3 indicates a linear depression in the bedrock 

surface is present between locations SB-22 and SB-43 which has been interpreted as the 

expression of a fracture zone. The orientation of the linear depression is approximately North 70º 
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West, and includes wells DW-1 and MW-01. Based on the observations from the synoptic 

potentiometric head measurements, WESTON concludes that the North 65 to 70º West fracturing 

present in bedrock creates strong anisotropy in the groundwater flow in the vicinity of well  

DW-1. Further, at well DW-1, the shallower fractures do not appear to have any 

interconnectivity with fractures in other wells, while the deeper fracture intervals are 

interconnected with fractures that reach as far as monitoring wells MW-01, MW-03, and  

MW-05. 

Flow Characterization Observations 

Ambient HPL testing identified primarily horizontal flow across well DW-1 and downward 

vertical flow within the fluid column in well DW-2. The direction of groundwater flow across a 

well is an indicator of the interconnectedness of the individual fractures within the well.  

A quantitative analysis of the fracture densities and relative apertures (ranks) was conducted 

which is documented in Tables A-1 and A-2 included in Appendix A. The overall fracture (ranks 

1 to 5) density in well DW-1 is 0.67 fractures per foot (fractures/ft), and the overall fracture 

density in well DW-2 is 0.57 fractures/ft. These calculations indicate that the overall fracture 

density in well DW-1 is only 15 percent greater than the overall fracture density in well DW-2. 

Further, there are a total of six rank 3 and 4 fractures in well DW-2 (only two of which are 

located in the uppermost 58 ft) compared to a total of six rank 3 (but no rank 4) fractures in well 

DW-1, which also supports a conclusion that the bedrock at wells DW-1 and DW-2 are similarly 

fractured. Considering fractures with dips greater than or equal to 60º to be “high-angle”, and 

only considering open fractures (ranks 1 to 5), the high-angle fracture density in well DW-1 is 

0.26 fractures/ft, and the high-angle fracture density in well DW-2 is 0.43 fractures/ft. These 

calculations demonstrate that the high-angle fracture density in well DW-1 is only 60 percent 

that of well DW-2 which may be due to well DW-2 extending into deeper bedrock than well 

DW-1. When high-angle fracture density in the top 58 ft of both wells is compared, the high-

angle fracture density is identical, but the well DW-1 fractures tend to be larger. 

The fractured bedrock surrounding the borehole in DW-1, and the number of those water-bearing 

fractures that are high-angle fractures, results in an interconnected network of fractures around 
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the well that have pressure-equilibrated outside the influence of the borehole. The weak 

differential potentiometric head that exists between the fractures results in primarily horizontal 

groundwater flow within the well. In well DW-2, the fracture characteristics of the shallow 

bedrock are similar to those surrounding the borehole at well DW-1. However, although there are 

some high-angle fractures identified in the deeper bedrock surrounding well DW-2, their 

aperture and water-bearing potential are not as significant, and the upper and lower portions of 

the well have substantially different potentiometric heads. The relatively strong differential 

potentiometric head that exists in well DW-2 between the upper and middle fractures results in 

vertical groundwater flow from the upper fractures to the middle fractures within the well 

(COLOG, 2009). 

Wire-Line Straddle Packer Sampling Observations 

The migration of groundwater is often much more complicated in fractured bedrock than in 

porous media, and the inconsistencies in trends observed in the discussion of the following 

groundwater analytical results may well be due to such complications. As described in 

Subsection 2.2.5.1, summarized in Table 2-6, and depicted in Figure 2-7, toluene and GRO were 

detected in drinking water well DW-1 in four of the five depth intervals tested, with 

concentrations decreasing with depth from the shallowest to deeper intervals, not detected in the 

second deepest interval, but appearing again in the deepest interval. This pattern of 

concentrations suggests that the primary source of these substances is proximal to the shallowest 

bedrock fractures, and that there is very limited communication between the uppermost fractures 

and the deepest fractures tested, but perhaps not in the vicinity of well DW-1. Thus, the shallow 

concentrations, in combination with the pressure transducer data, suggest that the primary source 

of the toluene and GRO contamination is proximal to the well, and that the deeper source of the 

toluene and GRO contamination may be from a more distant source. 

Conversely, DRO was only detected in the middle interval (41.2 to 51.9 ft bgs) of drinking water 

well DW-1 and the deepest interval (56.6 to 58.0 ft bgs) where it was greatest. The deep 

concentrations suggest that the primary source of the DRO contamination is distal to this well; a 

separate source from the toluene and GRO detected in shallow bedrock. 
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The concentrations of cis-1,2-DCE and TCE detected in drinking water well DW-1 are relatively 

low, ranging from a few times the detection limit to just below the detection limit, which makes 

any conclusions regarding these data tentative. The concentrations of cis-1,2-DCE and TCE in 

drinking water well DW-1 increased from the shallowest interval to the middle interval (41.2 to 

51.9 ft bgs) and decreased in the intervals below the middle interval. Of further interest is the 

ratio of cis-1,2-DCE to TCE between different intervals, as depicted in Figure 2-8. A higher  

cis-1,2-DCE to TCE ratio would indicate a relatively higher concentration of daughter to parent 

compound and imply greater degradation and distance from the TCE source. The slight increases 

in cis-1,2-DCE to TCE ratios with depth shown in Figure 2-8 were found to be statistically 

insignificant. 

In drinking water well DW-1, the peak toluene and GRO concentrations were in shallow bedrock 

fractures, the peak chlorinated solvent concentrations were in the middle bedrock fractures, and 

the peak DRO concentrations were in deep bedrock fractures; this pattern of contamination 

indicates that the well may be impacted with hazardous substances from three separate sources at 

the LO-58 Site. Further, the gradual increase or decrease in contaminant concentrations at 

successive depth intervals demonstrates that the adjacent fractures are interconnected, and that 

concentration gradients exist between adjacent fractures. However, the slight variations in 

contaminant concentrations and the small number of measurement points were found to be 

inadequate to make statistically significant conclusions. 

The laboratory analytical results (also summarized in Table 2-6) from the WSP sampling of 

drinking water well DW-2 indicate the presence of cis-1,2-DCE, toluene, and DRO in one or 

more samples collected. The detection of cis-1,2-DCE was anomalous for well DW-2 as 

chlorinated solvents had not previously been detected in samples collected from this well. Refer 

to Subsection 2.2.5.2 for a discussion of the likely reason for this anomalous result. None of the 

VOCs were detected above their Maine MEGs or EPA MCLs for drinking water (BOH, 2000; 

EPA, 2003). However, DRO concentrations in samples collected from the shallowest (16.0 to 

20.0 ft bgs) and deepest (265.0 to 284.0 ft bgs) depth intervals exceeded the 50 µg/L Maine 

MEG (There is no EPA MCL for DRO.) (BOH, 2000; EPA, 2003). 
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In addition, groundwater parameters collected during sample collection, summarized in  

Table 2-5 and depicted in Figure 2-9, may provide further evidence of the nature of groundwater 

flow at the LO-58 Site. First, there appears to be a inverse relationship between pH and 

temperature. In both drinking water wells DW-1 and DW-2, temperatures were lowest and pHs 

were highest in the deepest intervals, although comparably low pH and the second lowest 

temperatures are noted in the shallowest interval of well DW-1 as well. However, the opposite 

relationship was not as clear in either well. In drinking water well DW-1, the highest 

temperatures are associated with the second lowest pHs (in the 33.8 to 38.5 ft interval), but 

equally low pH is associated with mid-range temperatures in the 51.0 to 58.1 ft interval. In 

drinking water well DW-2, second highest temperature and lowest pH was noted in the third 

deepest interval (37.0 to 41.7 ft bgs), while the highest temperatures occurred in the shallowest 

interval, associated with mid-range pH values. Refer to Subsection 2.2.5.2 for further discussion 

of these results. High temperature and low pH may indicate shallow, short flow paths from 

surface water infiltration, and low temperature and high pH are typically found in deeper, longer-

flow paths from areas of groundwater recharge. The deepest intervals in both wells support the 

longest flow path conclusion, while the shallowest intervals do not, emphasizing the complexity 

of groundwater flow through fractured bedrock. However, the slight variations in groundwater 

parameters shown in Figure 2-9 were found to be statistically insignificant. 

Second, DO and ORP results collected during sample collection were also assessed. In drinking 

water well DW-1, DO and ORP were lowest in the middle interval (41.2 to 51.9 ft bgs), which 

corresponded to the highest concentration of dissolved chlorinated solvents. In drinking water 

well DW-2, DO and ORP were lowest in the second deepest interval (187.5 to 192.2 ft bgs), 

which corresponded to the only detection of dissolved chlorinated solvents in this well. Refer to 

Subsection 2.2.5.2 for further discussion of these results. Typically, DO and ORP values 

decrease as a result of the consumption of oxygen (an electron receptor) during aerobic 

biodegradation of petroleum hydrocarbons, such as DRO and GRO (which are electron donors). 

As aerobic biodegradation processes consume available oxygen, bacteria are forced to shift 

toward reductive chlorination which allows the biodegradation of chlorinated solvents (which are 

less efficient electron receptors) (Wedemeier, et al., 1997). It is suspected that the general lack of 

DO and ORP reduction is due to the relatively low DRO and GRO concentrations detected in 

groundwater which provide insufficient carbon load to reduce the DO and ORP in the 
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groundwater. The lower DO and ORP values noted in the middle depth interval of well DW-1 

and second deepest interval of well DW-2 may be indicative of higher contaminant 

concentrations in an upgradient area where substantial biodegradation has occurred. However, 

the slight variations in groundwater parameters shown in Figure 2-9 were found to be statistically 

insignificant. Refer to Subsection 2.2.5.2 for further discussion of these results. 

2.2.4.4 Bedrock Groundwater Horizontal Gradients 

In porous media aquifers, the vertical and horizontal vectors comprising the gradient, as 

determined by water table elevations, is fairly constant near and between wells. For this reason, 

overburden groundwater horizontal gradients can often be clearly defined and depicted 

graphically. However, in fractured bedrock aquifers, water-bearing fractures penetrated by wells 

can have similar to nearly opposite local flow vectors or directions depending on fracture 

orientation, recharge zone locations, ambient or pumping conditions, and fracture 

interconnectivity. Because of the complex, anisotropic flow systems in bedrock aquifers, it is 

difficult to make specific statements regarding groundwater horizontal gradients without 

comprehensive, site-specific data such as that collected using HPL methods.  

Figure 2-6 depicts the overall bedrock groundwater horizontal potentiometric gradients for  

May 2008. The overall bedrock groundwater horizontal potentiometric gradients at the  

LO-58 Site are north-northwesterly beneath the eastern portion of the site, northerly beneath the 

northern portion of the site, and northwesterly beneath the western portion of the site, generally 

consistent with topography. Seasonal variations in groundwater elevations have not been noted at 

the LO-58 Site (WESTON, 2007a).  

The complexity of the bedrock groundwater horizontal potentiometric gradients is illustrated by 

the results of synoptic potentiometric head measurements performed by WESTON in May 2008. 

The location of drinking water well near the center of the LO-58 Site monitoring network is 

nearly ideal for the characterization of bedrock groundwater horizontal potentiometric gradients 

and flow directions, as it is uniquely surrounded by other bedrock groundwater monitoring 

points. As described in Subsection 2.2.4.3, synoptic potentiometric head measurements during 

pumping of drinking water well DW-1 and three bedrock monitoring wells, MW-01, MW-03, 

and MW-05 showed strong responses indicating that these four locations are along the same 
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groundwater flow path. In contrast, during the same synoptic potentiometric head measurement 

period, there was no observable response at drinking water well DW-2, which is located to the 

west, and either hydraulically-downgradient or cross-gradient of well DW-1. Although the  

May 2008 overall bedrock groundwater horizontal potentiometric gradient suggest a potential 

connection between wells DW-1 and DW-2, the contemporaneous synoptic potentiometric head 

measurements (which represent actual, rather than theoretical conditions, and thus bear much 

greater weight) indicate the contrary. 

As noted previously, ambient HPL testing identified primarily horizontal flow across well DW-1 

at least in the proximity of the well. The moderately-fractured rock surrounding the borehole in 

DW-1, and the number of those water-bearing fractures that are high-angle fractures, results in 

an interconnected network of fractures around the well that have pressure-equilibrated outside 

the influence of the borehole. The weak differential potentiometric head that exists between the 

fractures results in primarily horizontal groundwater flow within the well (COLOG, 2009).  

2.2.4.5 Bedrock Groundwater Vertical Gradients 

Hydrophysical, pressure transducer, and groundwater parameter data collected from drinking 

water wells DW-1 and DW-2 provides information regarding the variations in hydraulic head 

between individual fracture zones at the LO-58 Site which can be used to document bedrock 

groundwater vertical potentiometric gradient.  

Drinking Water Well DW-1 Results 

The fractured rock surrounding the borehole in DW-1, and the number of those water-bearing 

fractures that are high-angle fractures, results in an interconnected network of fractures around 

the well that have pressure-equilibrated outside the influence of the borehole. This has resulted in 

weak differential potentiometric head between the fractures which results in primarily horizontal 

groundwater flow within the well (COLOG, 2009). The exception to this general statement is the 

shallowest depth interval of well DW-1 which has temperature/pH and pressure transducer data 

which indicate that it appears to be isolated from the fractures immediately below it. 
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Additional vertical groundwater flow information can be obtained from groundwater quality 

data. The concentrations of cis-1,2-DCE and TCE increased from the shallowest interval to the 

middle interval (41.2 to 51.9 ft bgs) and decreased in the intervals below the middle interval. 

However, the slight variations in contaminant concentrations were found to be inadequate to 

make statistically significant conclusions. These data indicate downward migration through 

bedrock.  

Drinking Water Well DW-2 Results 

In well DW-2, the fracture characteristics of the shallow bedrock are similar to those surrounding 

the borehole at well DW-1. However, although there are high-angle fractures identified in the 

deeper bedrock surrounding well DW-2, their aperture and water-bearing potential are not as 

significant as those in shallow bedrock, and the upper and lower portions of the well have 

substantially different potentiometric heads. Table DW-2:4 in the HydroPhysicsTM and 

Geophysical Logging Results indicates that the differential head, the difference between ambient 

and production pressure (converted to ft), gradually increases with depth, with the deepest 

fracture interval (265.0 to 284.0 ft bgs) having a pressure head of approximately 130 ft. The 

relatively strong differential potentiometric head that exists between the upper and middle 

fractures results in vertical groundwater flow from the middle fractures to the upper fractures 

within the well (COLOG, 2009). 

2.2.5 Bedrock Groundwater Quality 

As described in Subsection 2.1.3.3 and summarized in Tables 2-5 and 2-6, WESTON performed 

WSP sampling at drinking water wells DW-1 and DW-2 in May 2008 in order to obtain detailed, 

and fracture zone-specific, data regarding groundwater quality and contaminant distribution. The 

following discussion of the vertically-segregated bedrock groundwater analytical results 

integrates bedrock hydrogeology conclusions from Subsection 2.2.4 to make additional 

conclusions regarding bedrock groundwater quality and its implications regarding the fate and 

transport of groundwater contaminants beneath the LO-58 Site. As noted in Subsection 2.2.4.3, 

typically DO and ORP values decrease as a result of the consumption of oxygen (an electron 

receptor) during aerobic biodegradation of petroleum hydrocarbons, such as DRO and GRO 
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(which are electron donors). As aerobic biodegradation processes consume available oxygen, 

bacteria are forced to shift toward reductive chlorination which allows the biodegradation of 

chlorinated solvents (which are less efficient electron receptors) (Wedemeier, et al., 1997). 

2.2.5.1 Drinking Water Well DW-1 Results 

Trace concentrations of chloroform (near the RL and two orders of magnitude below its  

Maine MEG) were detected in three of the five intervals tested and do not appear to result from 

the known releases of hazardous materials at the LO-58 Site (BOH, 2000). Toluene and GRO 

were detected in a pattern of concentrations that indicates that the primary sources of these 

substances are the shallowest bedrock fractures, and that there is some communication between 

these fractures and the second and third uppermost fractures tested. Thus, the shallow 

concentrations, in combination with the pressure transducer data, indicate that the primary source 

of the toluene and GRO contamination is proximal to the well, and that the source of the toluene 

and GRO contamination detected in the deepest testing interval may be from a more distant 

source. Conversely, the pattern of DRO concentrations indicate that the primary source of the 

DRO contamination is distal to the well; a separate source from the toluene and GRO detected in 

shallow bedrock. 

The concentrations of cis-1,2-DCE and TCE detected in drinking water well DW-1 are relatively 

low, ranging from a few times the detection limit to just below the detection limit, making 

statistically significant conclusions impossible. However, the apparent pattern of concentrations 

of cis-1,2-DCE and TCE suggests that the source of chlorinated solvents in this well may be in 

the middle fracture zone, and that the dissolved chlorinated solvents may be degrading as they 

migrate downward through bedrock fractures.  

The peak toluene and GRO concentrations are in shallow bedrock fractures, the peak chlorinated 

solvent concentrations are in the middle bedrock fractures, and the peak DRO concentrations are 

in deep bedrock fractures; this pattern of contamination suggests that the well is impacted with 

hazardous substances from three separate and increasingly distant sources at the LO-58 Site.  

It is suspected that the general lack of DO and ORP reduction in groundwater at the LO-58 Site 

(see Table 2-5) is due to the relatively low DRO and GRO concentrations detected in 



Final Borehole Hydrophysics and Geophysics Report 
Former LO-58 Nike Battery Launch Site 
Formerly Used Defense Site (FUDS) 
Caribou, Aroostook County, Maine   

 

G:\PROJECTS\03886184\001\REPORTS\LO-58 SITE\FINALGEOPHYS\FINALGEOPHYS.DOC  17 JUNE 2010 
  

2-29

groundwater, which provide insufficient carbon load to reduce the DO and ORP in the 

groundwater. The lowest DO and ORP values noted in well DW-1 may be indicative of higher 

contaminant concentrations in an upgradient source area where substantial biodegradation has 

occurred.  

Because the DO and ORP results do not appear to be reduced by aerobic DRO/GRO degradation, 

another source of organic material must be found to account for the reduced DO and ORP 

results. One potential source which is both proximal to drinking water well DW-1 and associated 

with chlorinated solvents is the septic system for the AMAC Building. WESTON hypothesizes 

that the organic loading (non-hazardous) in the septic system may be the source of the anaerobic 

conditions which could facilitate TCE biodegradation. However, the slight variations in 

contaminant concentrations were found to be inadequate to make statistically significant 

conclusions. 

2.2.5.2 Drinking Water Well DW-2 Results 

The concentration of DRO detected in the sample collected from the shallowest depth interval of 

well DW-2 was particularly high (1,050 µg/L) and is interpreted to represent a release from a 

proximal source; drinking water well DW-2 is located in a parking area, which could be the 

source of the DRO.  

The one anomaly in the well DW-2 analytical results is the detection of a trace concentration of 

cis-1,2-DCE in the sample collected from the second deepest (187.9 to 192.2 ft bgs) depth 

interval. Chlorinated solvents have not previously been detected in samples collected from this 

well. However, the detection of cis-1,2-DCE is likely due to the focused nature of the sampling 

at the single fracture zone; consistent with previous analytical results, subsequent sampling of the 

well did not detect cis-1,2-DCE, likely due to dilution by water from other fractures within the 

well borehole. Finally, the cis-1,2-DCE detection at the second deepest interval provides 

evidence of the extent of chlorinated solvent impacts to bedrock groundwater. 

As noted above, it is suspected that the general lack of DO and ORP reduction in groundwater at 

the LO-58 Site (see Table 2-5) is due to the relatively low DRO and GRO concentrations 

detected in groundwater which provide insufficient carbon load to reduce the DO and ORP in the 
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groundwater. In drinking water well DW-2, the relatively low DO and ORP results in the second 

deepest (187.9 to 192.2 ft bgs) depth interval correlate well with the 1,2-DCE detection in this 

depth interval (as shown in Tables 2-5 and 2-6, the depth interval with the highest ratio of  

cis-1,2-DCE/TCE shows the greatest degree of biodegradation and also has the lowest DO/ORP), 

and support the conclusion that biodegradation of TCE is occurring. Further, the relatively low 

DO and ORP results in this depth interval correlate well with the chlorinated solvent 

concentrations detected in this depth interval and provide a mechanism for the biodegradation of 

TCE to 1,2-DCE. Based on the apparent isolation of the shallow and deepest sampling intervals 

of drinking water well DW-2 by the second deepest interval, it appears that the DRO detected in 

the deepest interval of well DW-2 is from an even more distal source. However, the slight 

variations in contaminant concentrations were found to be inadequate to make statistically 

significant conclusions; therefore, WESTON hypothesizes that source of 1,2-DCE in well DW-2 

may be the same as the source for well DW-1, possibly, the septic system for the AMAC 

Building. 

 



 

 

SECTION 3 
 

LO-58 SITE CONCLUSIONS 
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3. LO-58 SITE CONCLUSIONS 

As discussed in greater detail in Section 2, the following conclusions can be made from the 

geological, geophysical, and hydrophysical data collected and interpreted by WESTON during 

the latest investigation at the LO-58 Site. 

3.1 BEDROCK GEOLOGY 

 The LO-58 Site is located on the northwest face of a rock-cored drumlin which was 
subject to glacial action approximately 12,000 years ago. Vertical seismic profiling 
did not identify acoustically-incompetent bedrock at the LO-58 Site. Thus, no 
significant areas of weathered bedrock were identified.  

 Despite conflicting references, bedrock beneath the LO-58 Site is the Silurian 
Spragueville Formation which comprises interbedded pelite and limestone and/or 
dolostone rocks of Silurian age. The nearest contact with another geologic unit, the 
Silurio-Ordivician Carys Mills Formation, is located approximately 900 ft northwest 
of the LO-58 Site. 

 The Chapman Synclinorium was formed during the first deformational or 
compressional phase of the Acadian Orogeny, which occurred during the lower to 
middle Devonian Period, and resulted in a major, single, and steeply dipping  
north-south cleavage in the bedrock. 

 The bedrock bedding at the LO-58 Site strikes North 70º East and dips 12º East, as 
well as a foliation striking North 5º West and dipping 78º West, but varies 
significantly locally due to folding in two directions: the major folds are broad to tight 
with axes oriented North 30º East, parallel to the axis of the Chapman Synclinorium; 
the fold axes are also folded broadly on North 20º West axes.  

Three joint sets are present in the local bedrock: a near vertical set striking  
North 45º East and dipping 80º West which is associated with the Acadian Orogeny; 
another steeply-dipping set striking North 45º East and dipping 85º East which is 
roughly perpendicular to the first; and a shallowly-dipping set of sheeting joints that 
is roughly parallel to the ground surface and bedding and decreases in frequency with 
depth. The near-vertical sets of joints, particularly the North 45º East and dipping  
85º East set, are often filled with calcite. The upper 60 ft of bedrock have similar 
fracturing characteristics at drinking water well locations DW-1 and DW-2. However, 
the deeper bedrock (below approximately 70 ft) surrounding well DW-2 contains 
very few sheeting fractures and the aperture and water-bearing potential of the steeper 
fractures are not as significant, resulting in different fracturing characteristics, which, 
by nature of its depth, do not appear in the bedrock surrounding well DW-1. 
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 Neither the available geologic literature nor the lack of local and regional 
observations of karst topography indicate that the limestone of the Spragueville 
Formation is subject to solution cavities. 

3.2 BEDROCK HYDROGEOLOGY 

 The orientation, length, width, and interconnectedness of joints in the bedrock 
beneath the LO-58 Site exert significant control over both groundwater flow direction 
and contaminant distribution within groundwater. 

 Bedrock groundwater elevations range from approximately 569 to 537 ft above mean 
sea level (amsl) on 30 April and 564 to 531 ft amsl on 21 May 2008.  

 The hydrophysical logs for well DW-1 indicate that ambient horizontal flow occurs 
within the borehole. The volumetric flow rate observed in the DW-1 wellbore for the 
depth intervals 27.3 to 31.7, 34.6 to 35.0, 40.4 to 48.6, 49.0 to 50.2, and 52.7 to  
53.6 ft below ground surface (bgs) are 0.085, 0.011, 0.14, 0.018, and 0.058 gallons 
per minute (gpm), respectively. These flow rates equate to Darcy velocities or 
specific discharges of groundwater in the aquifer of 2.84, 3.91, 2.53, 2.28, and  
9.56 ft per day, respectively. 

 During production testing, seven inflow zones were identified from the well DW-1 
hydrophysical logs at 27.3 to 31.7, 34.6 to 35.0, 37.4 to 38.4, 40.4 to 48.6, 49.0 to 
50.2, 52.7 to 53.6, and 54.4 to 58.1 ft bgs with flow rates ranging of 0.207, 0.195, 
0.745, 2.00, 0.416, 1.65, and 0.838 gpm, respectively. The logs indicate the interval 
40.4 to 48.6 and 52.7 to 53.6 ft bgs dominated flow during pumping, producing  
3.65 gpm or 60 percent of the total flow. The transmissivity calculations for well 
DW-1 indicate that the intervals 40.4 to 48.6 and 52.7 to 53.6 ft bgs exhibited the 
highest transmissivities of approximately 129 and 111 square feet per day (ft2/day), 
respectively. 

 The hydrophysical logs for well DW-2 indicate ambient vertical flow occurring 
within the borehole. Formation water migrates downward within the fluid column 
beginning near the base of casing and at 31 ft.  

 Four inflow zones were identified from the well DW-2 hydrophysical logs at 19.5 to 
19.6, 30.4 to 31.6, 38.2 to 41.8, and 44.9 to 51.4 ft bgs at rates of 0.026, 0.297, 0.016, 
and 0.074 gpm, respectively. The combined inflow of 0.413 gpm of these four 
intervals is observed to migrate vertically downward through the borehole based on 
the migration of the center of mass of the area under the curve. Groundwater exits the 
borehole at depths of 96.4 to 97.0 and 189.5 to 191.0 ft bgs, at rates of 0.370 and 
0.185 gpm, respectively.  

 In well DW-2, a fluid electrical conductivity anomaly was observed at the base of the 
borehole at 280 ft. This early increase in mass is not the result of ambient flow, as 
over the course of the ambient flow characterization, no additional groundwater 
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entered the borehole at this depth. As such, this water-bearing interval is not 
considered to produce groundwater to the borehole under ambient conditions. 

 During production testing, 11 inflow zones were identified from the DW-2 
hydropysical logs, ranging in flow from 0.005 to 5.69 gpm, with the dominant inflow 
zone at 30.4 to 31.6 ft, producing 5.69 gpm or 90 percent of the total formation 
production rate. The transmissivity calculations for well DW-2 indicate that the 
interval 30.4 to 31.6 ft bgs exhibited the highest transmissivity of approximately 
216 ft2/day. 

 Based on the observations from the synoptic potentiometric head measurements, 
WESTON concludes that the dominant north-south fracturing present in bedrock 
creates strong north-south anisotropy in the groundwater flow. Further, at well DW-1, 
the shallower fractures do not appear to have any interconnectivity with fractures in 
other wells, while the deeper fracture intervals are interconnected with fractures  
that reach as far as monitoring wells MW-01, MW-03, and MW-05. Synoptic 
potentiometric head measurements did not identify bedrock fracture interconnections 
beyond well DW-2. 

 The fracture characteristics of the shallow bedrock surrounding the borehole at well 
DW-1, and the number of those water-bearing fractures that are high-angle fractures, 
results in an interconnected network of fractures around the well that have pressure-
equilibrated outside the influence of the borehole. The weak differential 
potentiometric head that exists between the fractures results in primarily horizontal 
groundwater flow within the well. 

 In well DW-2, the fracture characteristics of the shallow bedrock are similar to those 
surrounding the borehole at well DW-1. However, although there are high-angle 
fractures identified in the deeper bedrock surrounding well DW-2, their aperture and 
water-bearing potential are not as significant as those in shallow bedrock, and the 
upper and lower portions of the well have substantially different potentiometric 
heads. The relatively strong differential potentiometric head that exists between the 
upper and middle fractures results in vertical groundwater flow from the middle 
fractures to the upper fractures within the well. 

 In drinking water well DW-1, the peak toluene and GRO concentrations were in 
shallow bedrock fractures, the peak chlorinated solvent concentrations were in the 
middle bedrock fractures, and the peak DRO concentrations were in the deepest 
bedrock fractures; this pattern of contamination indicates that the well may be 
impacted with hazardous substances from three separate sources at the LO-58 Site. 
Further, the gradual increase or decrease in contaminant concentrations at successive 
depth intervals demonstrates that the uppermost and deepest fractures may be 
interconnected, and that concentration gradients exist between them. However, the 
slight variations in contaminant concentrations and the relatively small number of 
measurement points were found to be inadequate to make statistically significant 
conclusions. 
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 The ratio of cis-1,2-DCE to TCE was compared between shallower and deeper 
intervals of well DW-1 in order to assess possible greater TCE degradation and 
distance from the TCE source. The slight increase in cis-1,2-DCE to TCE ratios  with 
depth were found to be statistically insignificant.  

 A trace concentration of cis-1,2-DCE was detected in well DW-2. Based on the lack 
of concentration gradients between adjacent fractures, these results demonstrate the 
lack of interconnection between adjacent fractures in this well. Further, the trace 
detection of cis-1,2-DCE in the second deepest (187.9 to 192.2 ft bgs) depth interval, 
with no detectable TCE, supports two hypotheses:  

1. There is a small, but nonetheless significant deep bedrock connection between 
wells DW-1 and DW-2, or a connection to a common source, that is not 
detectable in the synoptic potentiometric head measurements. 

2. The detection of cis-1,2-DCE but no TCE at substantial depth and distance from 
the presumed source area suggests that TCE degradation appears nearly complete. 

 The overall bedrock groundwater horizontal potentiometric gradients at the LO-58 
Site are north-northwesterly beneath the eastern portion of the Site, northerly beneath 
the northern portion of the Site, and northwesterly beneath the western portion of the 
Site, generally consistent with topography.  

3.3 BEDROCK GROUNDWATER QUALITY 

 The analytical results for drinking water well DW-1 were consistent with previous 
analytical results for this well. Laboratory analytical results from the WSP sampling 
of drinking water well DW-1 indicate the presence of chloroform, cis-1,2-DCE, TCE, 
toluene, GRO, and DRO in one or more samples collected from DW-1,. None of the 
VOC were detected above their Maine MEG or the EPA MCL for drinking water. 
However, GRO or DRO concentrations in five samples exceeded their 50 µg/L Maine 
MEG. 

 In well DW-1, the peak toluene and GRO concentrations are in shallow bedrock 
fractures, the peak chlorinated solvent concentrations are in the middle bedrock 
fractures, and the peak DRO concentrations are in deep bedrock fractures; this pattern 
of contamination indicates that the well may be impacted with hazardous substances 
from three separate and increasingly distant sources at the LO-58 Site. 

The analytical results for drinking water well DW-2 were generally consistent with previous 

analytical results with one anomaly. Laboratory analytical results from the WSP sampling of 

drinking water well DW-2 indicate the presence of cis-1,2-DCE, toluene, and DRO in one or 

more samples collected. None of the VOCs were detected above their Maine MEGs or EPA 
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MCLs for drinking water. However, GRO or DRO concentrations in five samples exceeded their 

applicable 50 µg/L Maine MEG. The one anomaly in the well DW-2 analytical results is the 

detection of a trace concentration of cis-1,2-DCE in the sample collected from the second 

deepest (187.9 to 192.2 ft bgs) depth interval. Chlorinated solvents have not previously been 

detected in samples collected from this well. However, the detection of cis-1,2-DCE is likely due 

to the focused nature of the sampling at the single fracture zone; consistent with previous 

analytical results, subsequent sampling of the well did not detect cis-1,2-DCE, likely due to 

dilution by water from other fractures within the well borehole. Finally, the cis-1,2-DCE 

detection at the second deepest interval provides evidence of the extent of chlorinated solvent 

impacts to bedrock groundwater. 

 



 

 

SECTION 4 
 

LO-58 SITE RECOMMENDATIONS 
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4. LO-58 SITE RECOMMENDATIONS 

The geological, geophysical, and hydrophysical data collected as part of the LO-58 Site 

investigation has eliminated many of the data gaps regarding groundwater flow and the nature 

and extent of groundwater impacts from the LO-58 Site. Based on the availability of data 

regarding groundwater flow and the nature and extent of groundwater impacts at most likely 

groundwater targets at the LO-58 Site, bedrock drinking water wells DW-1 and DW-2, CENAE 

recommends no additional environmental investigations to address the minor outstanding data 

gaps. 

As part of the next task required under the SOW (CENAE, 2007), WESTON will update the 

CSM for the LO-58 Site. As the LO-58 Site CSM will assess all potential migration pathways, it 

may identify data gaps not strictly related to the hydrogeology of the site which may result in 

additional recommendations for further investigative activities. 
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Ground 
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(ft amsl)

Approximate 
Bedrock 
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SB-01 8 579 571 SB-30 5 575 570
SB-02 7 579 572 SB-31 9.5 590 580.5
SB-03 8.5 577 568.5 SB-32 6 598.5 592.5
SB-04 7 579 572 SB-33 4 600 596
SB-05 5 578 573 SB-34 15 570 555
SB-06 4.5 579 574.5 SB-35 2.5 570.5 568
SB-07 6 579 573 SB-36 3 586 583
SB-08 9 583 574 SB-37 4 597.5 593.5
SB-09 9 584 575 SB-38 4 603 599
SB-10 4 585.5 581.5 SB-39 8 571 563
SB-11 8 585.5 577.5 SB-40 8 594 586
SB-12 4 587

583
SB-41 

(MW-01)
8 579 571

SB-13 11.5 583
571.5

SB-42 
(MW-02)

10.5 584.5 574

SB-14 2 571 569 SB-43 3.5 572 568.5
SB-15 12 583.5 571.5 SB-44 6 587.5 581.5
SB-16 4 585

581
SB-45 

(MW-05)
16 572 556

SB-17 3 585.5 582.5 SB-46 5.5 571.5 566
SB-18 3 586 583 SB-47 14 570 556
SB-19 3 586 583 SB-48 7 574 567
SB-20 2 586 584 SB-49 5.5 570.5 565
SB-21 19 570 551 SB-50 8 558.5 550.5
SB-22 4 572 568 SB-51 7 566 559
SB-23 1 584

583
SB-52 

(MW-03)
9.5 563 553.5

SB-24 2 586 584 SB-53 4 588 584
SB-25 2 586 584 SB-54 2.5 587 584.5
SB-26 2 587 585 SB-55 3 586 583
SB-27 2 588

586
SB-56 

(MW-04)
4 587.5 583.5

SB-28 3.5 571 567.5 DW-1 10 572 567
SB-29 4.5 572 567.5 DW-2 12 539.5 534.5





     Figure 2-5             
LO-58 Site Stereonets of Bedding and Joints/Faults 
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Drinking Water Well DW-1 
      Schmidt Projection with Contours       Schmidt Projection with Feature Ranks 
 

     
Drinking Water Well DW-2 

      Schmidt Projection with Contours      Schmidt Projection with Feature Ranks 
 

      
 
 
From HydroPhysicsTM and Geophysical Logging Results, 2009. 





Figure 2-7

Concentration Trends in  Analytical Results for Well DW-1
Maine Formerly Used Defense Site LO-58 
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Figure 2-8

Degradation Rate for Chlorinated Solvents for Well DW-1
Maine Formerly Used Defense Site LO-58 
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Figure 2-9

Groundwater Parameter Trends for Wells DW-1 and DW-2
Maine Formerly Used Defense Site LO-58 
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TABLES 



Table 2-1

Well Construction Summary
Maine Formerly Used Defense Site LO-58 

Borehole Hydrophysics and Geophysics Report

Well ID MW-01 MW-02 MW-03 MW-04 MW-05 DW-1 DW-2

Ground Elevation (ft amsl) 577.3 587.6 567.5 603.4 575.9 571 546.5

Protective/Steel Casing Elevation (ft amsl) 578.96 590.13 571.07 605.84 575.88 573 539.5

Top of Inner Casing Elevation (ft amsl) 578.79 589.36 570.63 605.45 575.72 na na

Casing Stickup, construction log (ft) 1.66 2.53 3.57 2.44 -0.02 na na

Casing Stickup, measured (ft) 1.66 2.53 3.57 2.44 -0.02 2.4 -6*

Well Total Depth, construction log (ft bmp) 142 62 47 82 82 na na

Well Total Depth, measured (ft bmp) 143.1 61.6 47.85 82.7 77.8 58.1 284

Casing Diameter (inches) 2 2 2 2 2 6 6

Screened Interval Elevation (ft amsl)
435.69 to 
445.69

527.76 to 
537.76

521.78 to 
531.78

522.75 to 
532.75

497.92 to 
507.92

514.9 to 
563

524.5 to 
255.5

Casing Bottom Elevation (ft amsl) 435.69 527.76 521.78 522.75 497.92 514.9 255.5

Depth to Water (ft bmp) 28.27 34.32 20.10 40.82 25.32 25.92 8.86

Groundwater Elevation (ft amsl) 550.52 555.04 550.53 564.63 550.4 547.08 530.64

Notes:
na = not available
Elevations for well DW-1 and DW-2 are approximate and not the result of a precise survey.
ft bmp = feet below measuring point
ft amsl = feet above mean sea level
Groundwater depth measurements were made on 21 May 2008.
* = Following fieldwork, well casing was raised 4 ft to meet current construction guidelines; current stickup is -2 ft.
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Table 2-2

Summary of Bedrock Groundwater Elevations, April through May 2008
Maine Formerly Used Defense Site LO-58 

Borehole Hydrophysics and Geophysics Report

30-Apr-2008 21-May-2008 30-Apr-2008 21-May-2008

MW-01 577.3 578.79 16.95 28.27 561.84 550.52
MW-02 587.6 589.36 19.83 34.32 569.53 555.04
MW-03 567.5 570.63 9.95 20.10 560.68 550.53
MW-04 603.4 605.45 25.36 40.82 580.09 564.63
MW-05 575.9 575.72 14.93 25.32 560.79 550.40
DW-1 571 573 18.87 25.92 554.1 547.1
DW-2 546.5 539.5 2.54 8.86 537.0 530.7

Notes:
Elevations for well DW-01 and DW-02 are approximate, and not the result of a precise survey.
Groundwater depth for well DW-01 reported for 30 April 2008 was measured on 6 May 2008.
Groundwater depth for well DW-02 reported for 30 April 2008 was measured on 5 May 2008.
ft bmp = feet below measuring point.
ft amsl = feet above mean sea level.

Groundwater Elevation    
(ft amsl)

Well ID

Ground 
Elevation 
(ft amsl)

Measuring 
Point 

Elevation 
(ft amsl)

Depth to Water           
(ft bmp)

G:\PROJECTS\03886184\001\Reports\LO-58 Site\FinalGeophys\Tables\Tables2-1to2-6.xlsx 1 of 1 6/17/2010



Table 2-3

Summary of Drinking Water Analytical Results
Maine Formerly Used Defense Site LO-58 

Borehole Hydrophysics and Geophysics Report

Station Name

Field Sample ID

Sample Date

Volatile Organic Compounds by EPA Method 524.2  (µg/L)
Bromodichloromethane 6 NE 3 0.4 J 2.2 0.5 U 1.1 0.5 U 0.5 U
Bromoform 44 NE 22 2.4 3.6 0.5 U 6 0.5 U 0.5 U
Chloroform 70 80 35 0.5 U 4.9 0.5 U 0.69 0.5 U 0.5 U
Dibromochloromethane 4 NE 2 1.3 3.1 0.5 U 3.5 0.5 U 0.5 U
Toluene 1,400 1,000 500 0.5 U 0.5 U 0.5 U 0.5 U 1.0 0.5 U
Trichloroethene 5** 5 2.5 0.4 J 3.4 0.5 U 0.26 J 0.5 U 0.5 U

Notes:
NE = Standard not established.
Bold = Substance Detected
EPA = United States Environmental Protection Agency
VFW = Veterans of Foreign Wars
AMAC = Adult Multiple Alternative Center
* =The action level used by the State of Maine is one-half the Maine Maximum Exposure Guideline or EPA Maximum Contaminant Level, whichever is lower.
** = the 1992 Maine Maximum Exposure Guideline of 5 µg/L remains the "relevant and appropriate ", and supercedes the 2008 Maine Maximum Exposure Guideline of 32 µg/L.
Pink Highlight = Result exceeds the State of Maine action level.
µg/L = Micrograms per liter (parts per billion)
J = Quantitation approximate.
U = Not detected.

EPA 
Maximum 

Contaminant 
Limit        
(µg/L) 5/8/2008

VFW Spigot

VFW-SPIGOT

5/8/2008

AMAC TapAMAC TAP
052108

5/21/2008

Maine 
Maximum 
Exposure 
Guideline 

(µg/L)

Maine 
Action 
Level* 
(µg/L)

VFW-TAP-051508

5/15/2008

VFW TapVFW Tap AMAC Tap VFW Tap

VFW-TAP-052108

5/21/2008

VFW-TAP AMAC-TAP

5/8/2008
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Table 2-4

Summary of Deionized Water Analytical Results
Maine Formerly Used Defense Site LO-58 
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Station Name

Field Sample ID

Sample Date

Volatile Organic Compounds by EPA Method 524.2  (µg/L)
Acetone 6,300 NE 3,150 5 U 5 U 5 U 26 105 2 U
Bromodichloromethane 6 NE 3 0.5 U 0.4 J 0.5 U 2 U 2 U 2 U
Bromoform 44 NE 22 0.5 U 2.4 0.5 U 2 U 2 U 2 U
Chlorobenzene 47** 100 23.5 0.5 0.5 U 0.6 2 U 2 U 2 U
Chloroform 70 80 35 0.3 J 0.5 U 0.5 U 86 2 U 2 U
Dibromochloromethane 4 NE 2 0.5 U 1.3 0.5 U -- -- --
Methyl ethyl ketone (MEK) 170** NE 85 5 U 5 U 14 14 10 U 10 U
n-Propylbenzene NE NE NE 0.5 U 0.5 U 0.5 U 2 U 2 U 2 U
Tetrahydrofuran 70 NE 35 85 D 2.5 U 96 J 40 5 U 5 U
Trichloroethene 5** 5 2.5 0.5 U 0.4 J 0.5 U 2 U 2 U 2 U

1,2-Ethylene Dibromide, 1,2-Dibromo-3-Chloropropane, and 1,2,3-Trichloropronane by EPA Method 504.1  (µg/L)
No analytes detected NE NE NE -- -- -- -- --

Notes:
EPA = United States Environmental Protection Agency

NE = Standard not established.
J = Quantitation approximate.
U = Not detected.
VFW = Veterans of Foreign Wars
* =The action level used by the State of Maine is one-half the Maine Maximum Exposure Guideline or EPA Maximum Contaminant Level, whichever is lower.
** = the 1992 Maine Maximum Exposure Guideline for this substance remains the "relevant and appropriate ", and supercedes the higher 2008 Maine Maximum Exposure Guideline.
µg/L = Micrograms per liter (parts per billion)

Bold = Substance detected.

Blue Highlight = Exceeds Maine Maximum Exposure Guideline.
D = Result from dilution analysis.
-- = Not analyzed

Maine 
Maximum 
Exposure 
Guideline 

(µg/L)

VFW - Colog DI

CologDI-050508

5/5/2008

Maine 
Action 
Level* 
(µg/L)

EPA 
Maximum 

Contaminant 
Limit        
(µg/L)

VFW - Spigot

5/8/2008

CFD - Colog DI

CologDI-050508VFW-SPIGOT

5/8/2008 5/12/2008 5/12/2008

Colog DI - Culligan 
Tank w/ Carbon Filter Colog DI - Culligan Tank 

COLOGDI-051108 01 DI & C 011360T DI only

Colog DI - Old Tank

5/11/2008
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Table 2-5

Summary of Groundwater Parameters Measured During Wire-Line Straddle Packer Low-Flow Sampling
Maine Formerly Used Defense Site LO-58 
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Well
Depth Interval (feet below ground surface)

Time 15:53 15:58 16:03 11:45 11:50 11:55 18:00 18:05 18:10 9:15 9:20 9:25 18:57 19:02 19:07
Purge Rate (Milliliters/minute) 100 100 100 120 120 120 720 720 720 1,000 1,000 1,000 90 90 90
Temperature (Degrees Centigrade) [3%] 13.16 13.06 13.04 16.44 16.44 16.44 15.42 15.37 15.58 14.26 14.26 14.33 11.87 11.85 11.84
Specific Conductivity (Microsiemens/ centimeter) [3%] 438 439 440 454 463 466 433 434 433 458 458 461 422 424 426
pH (standard units) [+/-0.1] 7.34 7.33 7.33 7.17 7.17 7.17 7.35 7.34 7.32 7.16 7.17 7.18 7.36 7.36 7.36
Oxidation/Reduction Potential/Eh2 (millivolts) [+/-10] 70.1 72.9 75.0 15.9 15.3 14.5 1.8 -4.8 -2.1 106.2 106.1 104.2 215.0 214.8 214.6
Dissolved Oxygen (Milligrams/ Liter) [10%] 8.50 8.46 8.48 8.65 8.49 8.48 5.29 5.43 5.34 7.30 7.26 7.32 10.00 9.93 9.90
Turbidity (Nephelometric Turbidity Units) [10%] 10.27 9.79 9.86 3.80 3.50 3.90 6.48 6.37 6.31 12.00 11.00 10.00 16.00 14.00 15.00

Well
Depth Interval (feet below ground surface)

Time 15:21 15:26 15:31 18:15 18:20 18:25 12:04 12:09 12:14 15:19 15:24 15:29 18:43 18:48 18:53 21:39 21:44 21:49
Purge Rate (Milliliters/minute) 44 45 44 5,909 5,909 5,909 800 800 800 750 750 750 700 700 700 600 600 600
Temperature (Degrees Centigrade) [3%] 18.48 19.11 18.87 8.78 8.72 8.76 17.29 17.08 17.09 12.66 12.42 12.58 9.16 9.15 9.14 7.84 7.79 7.77
Specific Conductivity (Microsiemens/ centimeter) [3%] 429 425 430 448 450 450 444 446 451 435 435 436 428 428 429 227 225 224
pH (standard units) [+/-0.1 unit] 7.68 7.68 7.67 7.62 7.61 7.61 7.39 7.39 7.39 7.43 7.42 7.42 7.71 7.70 7.70 8.26 8.28 8.30
Oxidation/Reduction Potential/Eh2 (millivolts) [+/-10 units] 162.9 162.1 162.1 126.7 123.4 122.3 178.0 178.7 178.7 195.6 195.1 192.6 141.2 141.0 140.5 119.4 117.6 116.4
Dissolved Oxygen (Milligrams/ Liter) [10%] 9.45 9.28 9.33 11.60 11.59 11.58 9.15 9.17 9.16 9.82 9.84 9.72 3.37 3.16 2.97 7.16 7.03 6.95
Turbidity (Nephelometric Turbidity Units) [10%] 50.00 51.00 52.00 <1 <1 <1 5.50 5.80 5.30 79.00 66.50 47.20 47.00 45.00 44.00 103.60 102.40 101.30
Notes:
AMAC = Adult Multiple Alternative Center
VFW = Veterans of Foreign Wars

94.5 to 98.5 187.9 to 192.216.0 to 20.0 265.0 to 284.028.5 to 32.5 37.0 to 41.7

DW - 1 (AMAC Well)

DW - 2 (VFW Well)

24.98 to 33.15 33.75 to 38.5 41.2  to 51.9 51 to 58.1 56.6 to 58.1
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Table 2-6

Summary of Drinking Water Well Wire-Line Straddle Packer Sampling Analytical Results
Maine Formerly Used Defense Site LO-58 

Borehole Hydrophysics and Geophysics Report

Well
Field Sample ID

Sample Date
Depth Interval (ft bgs)

Benzene 6 5 2.5 0.5 U 0.5 U 0.5 U 0.5 U 0.5 U 0.5 U
Chloroform 70 80 35 0.52 0.5 U 0.5 U 0.24 J 0.5 U 0.34 J
cis-1,2-Dichloroethylene 70 70 35 0.5 U 0.44 J 0.45 J 1.2 0.96 0.52
Toluene 1,400 1,000 500 120 D 25 22 12 0.5 U 22
Trichloroethylene 5** 5 2.5 1.8 2.5 2.5 3.4 3.1 2

No analytes detected

Gasoline Range Organics 50 NE NE 156 24 23 14 10 U 27

Diesel Range Organics 50 NE NE 50 U 50 U 50 U 51 J1
50 U 350 J1

Well
Field Sample ID

Sample Date
Depth Interval (ft bgs)

Benzene 6 5 2.5 0.5 U 0.5 U 0.5 U 0.5 U 0.5 U 0.5 U
Chloroform 70 80 35 0.5 U 0.5 U 0.5 U 0.5 U 0.5 U 0.5 U U
cis-1,2-Dichloroethylene 70 70 35 0.5 U 0.5 U 0.5 U 0.5 U 0.23 J 0.5 U
Toluene 1,400 1,000 500 2.4 0.5 U 0.5 U 5.5 2.3 U1 0.79 U1

Trichloroethylene 5** 5 2.5 0.5 U 0.5 U 0.5 U 0.5 U 0.5 U 0.5 U

No analytes detected

Gasoline Range Organics 50 NE 25 10 U 10 U 10 U 10 U 10 U 10 U

Diesel Range Organics 50 NE 25 1,050 50 U 50 U 50 U 50 U 80 J1

Notes:
NE = standard not established D = Result from dilution analysis
µg/L = micrograms per liter (parts per billion) J = Quantitation approximate

ft bgs = feet below ground surface J1 = Diesel range organics quantitation approximate due to detection in rinsate blank
Bold = substance detected U = substance not detected at the listed detection limit

Blue Highlight = Exceeds Maine Maximum Exposure Guideline U1 = Toluene qualifiued as not detected due to detection in rinsate blank
EPA = United States Environmental Protection Agency
* =The action level used by the State of Maine is one-half the Maine Maximum Exposure Guideline or EPA Maximum Contaminant Level, whichever is lower.
** = the 1992 Maine Maximum Exposure Guideline of 5 µg/L remains the "relevant and appropriate ", and supercedes the 2008 Maine Maximum Exposure Guideline of 32 µg/L.
Pink Highlight = Result exceeds the State of Maine action level.

(water) 24.98 to 33.15

LS58DW1-0508-34
5/20/2008

DW-2

41.2  to 51.9

LS58DW1-0508-51
5/19/2008

51.0 to 58.1 (bottom)

LS58DW1-0508-41
5/19/2008

LS58DW1-0508-29 LS58DW1-0508-34E
5/20/2008

16.0 to 20.0

LS58DW2-0508-28.5
5/16/2008

28.5 to 32.5

LS58DW2-0508-16
5/16/2008

Volatile Organic Compounds by EPA Method 524.2  (µg/L)

Diesel Range Organics by the Maine Health and Environmental Testing Laboratory Method 4.1.25  (µg/L)

Gasoline Range Organics by the Maine Health and Environmental Testing Laboratory Method 4.1.17  (µg/L)

DW-1

33.75 to 38.5

1,2-Ethylene Dibromide, 1,2-Dibromo-3-Chloropropane, and 1,2,3-Trichloropronane by EPA Method 504.1  (µg/L)

1,2-Ethylene Dibromide, 1,2-Dibromo-3-Chloropropane, and 1,2,3-Trichloropronane by EPA Method 504.1  (µg/L)

187.9 to 192.2

LS58DW2-0508-265
5/17/2008

Maine 
Maximum 
Exposure 
Guideline 

(µg/L)

Maine 
Action 
Level* 
(µg/L)

Maine 
Maximum 
Exposure 
Guideline 

(µg/L)

Maine 
Action 
Level* 
(µg/L)

Volatile Organic Compounds by EPA Method 524.2  (µg/L)

Gasoline Range Organics by the Maine Health and Environmental Testing Laboratory Method 4.1.17  (µg/L)

EPA 
Maximum 

Contaminant 
Limit        
(µg/L)

Diesel Range Organics by the Maine Health and Environmental Testing Laboratory Method 4.1.25  (µg/L)

LS58DW1-0508-56
5/18/2008

56.6 to 58.1 (bottom)

EPA 
Maximum 

Contaminant 
Limit        
(µg/L)

265 to 284.0 (bottom)37.0 to 41.7

LS58DW2-0508-94.5
5/17/2008

94.5 to 98.5

LS58DW2-0508-37
5/17/2008

LS58DW2-0508-189
5/17/2008

5/20/2008
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HydroPhysical� and Geophysical Logging Results 
Former LO-58 Nike Battery Launch Site,

Maine Formerly Used Defense Sites (FUDS) 
Caribou, ME 

 
 
 
I.  Executive Summary 
 
The results of the HydroPhysical� and geophysical logging performed in two open boreholes and five 2-
inch PVC wells at the Former LO-58 Nike Battery Launch Site, Maine Formerly Used Defense Sites 
(FUDS) in Caribou, Maine identified water-bearing fractures ranging in flow rates from 0.005 to 5.69 
gpm.  High-angle fractures with aperture were identified in each of the two open boreholes and wireline 
straddle packer testing indicated the high-angle fractures are likely providing a vertical conduit for 
hydraulic communication outside the influence of the borehole.  Fracture-specific transmissivities 
calculated using the hydrophysical data in the two open boreholes range from 0.20 to 220 feet2/day.  
Fracture-specific FEC did not vary significantly between the boreholes, with FEC ranging from 321 to 
597 μS/cm.     
 
Ambient testing identified horizontal flow in DW-1 and downward vertical flow within the fluid column 
in DW-2.  The difference is likely due to the highly fractured borehole in DW-1 with some of those 
water-bearing fractures high-angle, resulting in an interconnected network of fractures that have pressure-
equilibrated outside the influence of the borehole.  In DW-2, a significantly deeper borehole, though there 
are still high-angle fractures identified, their aperture and water-bearing potential are not as significant 
and likely lack the vertical hydraulic potential in the middle portion of DW-2.   
 
Please refer to Table Summary:1 for a complete summary of the HydroPhysical� logging results.  All 
depths reported herein are referenced to the top of steel or PVC casings. 
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Table Summary 1:  Summary of Hydrophysical Logging Results; Weston Solutions; LO-58; Caribou, 
ME.

Well
ID

Water
Bearing

Interval #

 Interval of Flow
(feet)

Interval
Specific Flow 
Rate During 

Ambient
Testing
(gpm)

Interval
Specific Flow 
Rate During 

Pumping
(gpm)

Transmissivity
(ft2/day)

Interval-Specific Fluid 
Electrical Conductivity

(uS/cm)

1 27.3 - 31.7 0.085 0.207 8.51E+00 376
2 34.6 - 35.0 0.011 0.195 1.28E+01 376
3 37.4 - 38.4 0.000 0.745 5.18E+01 428
4 40.4 - 48.6 0.140 2.00 1.29E+02 357
5 49.0 - 50.2 0.018 0.416 2.76E+01 375
6 52.7 - 53.6 0.058 1.65 1.11E+02 375
7 54.4 - 58.1 0.000 0.838 5.82E+01 375

1 19.5 - 19.6 0.026 0.01 2.95E+00 321
2 30.4 - 31.6 0.297 5.69 2.20E+02 378
3 38.2 - 41.8 0.016 0.374 1.43E+01 528
4 44.9 - 51.4 0.074 0.081 2.82E-01 512
5 96.4 - 97.0 -0.370 0.000 1.48E+01 432
6 143.3 - 144.3 0.000 0.008 3.20E-01 432
7 179.2 - 183.0 0.000 0.015 6.00E-01 431
8 189.5 - 191.0 -0.185 0.051 9.45E+00 429
9 191.4 - 218.3 0.000 0.008 3.20E-01 429

10 227.4 - 228.2 0.000 0.005 2.00E-01 597
11 243.7 - 279.2 0.000 0.024 9.61E-01 597

DW-2

DW-1

summary.xls
22
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II.  Introduction 
 
In accordance with COLOG’s proposal dated February 23, 2007, COLOG has applied HydroPhysical� 
(HpL�) and geophysical logging methods and wireline straddle packer methods to characterize the 
formation waters and orientation of identified fractures and features intersecting two open boreholes and 
five PVC wells at the Former LO-58 Nike Battery Launch Site, Maine Formerly Used Defense Sites 
(FUDS) in Caribou, Maine.  The objectives of the investigation were to: 
 
1) Evaluate temperature and fluid electrical conductivity under pre-testing conditions. 
2) Identify fractures and features intersecting the borehole and evaluate their orientation. 
3) Characterize and quantify flow in the borehole under both non-stressed (ambient) and stressed 

(pumping) conditions. 
4) Evaluate the vertical distribution of flow and interval-specific permeability for all identified water-

producing fractures or intervals.   
5) Sample and stress test water-bearing intervals using the WSP to acquire depth-specific groundwater 

samples. 
6) Apply surface geophysical methods and downhole methods to estimate subsurface velocities. 
 
The two open boreholes logged with the hydrophysical and geophysical logging methods at the LO-58 
site are: DW-1 (AMAC well) and DW-2 (VFW well).  The five PVC wells tested are: MW-1, MW-2, 
MW-3, MW-4 and MW-5.  The geophysical and hydrophysical logging methods used to achieve the 
objectives were HydroPhysical� logging, optical televiewer, acoustic televiewer, 3-arm caliper, natural 
gamma, water quality (pH, ORP, DO), EM induction conductivity, electric resistivity, VSP, wireline 
straddle packer, downhole video and full waveform sonic.  The two open boreholes were tested under 
both non-stressed, or ambient, conditions and stressed, or pumping, conditions to fully evaluate the water-
bearing horizons intersecting the boreholes.  The PVC wells were not hydrophysically tested.  All depths 
reported herein are referenced to the top of steel casings in the case of the open boreholes and PVC 
casings in the case of the wells.   
 
COLOG’s logging of the three subject wellbores was performed over the period of May 5th through May 
20th, 2008.  
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III.  Methodology 
 
A. HydroPhysical� Logging (HpL�)

The HydroPhysical� logging technique involves pumping the wellbore and then pumping while injecting 
into the Wellbore with deionized water (DI). During this process, profiles of the changes in fluid 
electrical conductivity of the fluid column are recorded.  These changes occur when electrically 
contrasting formation water is drawn back into the borehole by pumping or by native formation pressures 
(for ambient flow characterization).  A downhole wireline HydroPhysical� tool, which simultaneously 
measures fluid electrical conductivity (FEC) and temperature is employed to log the physical/chemical 
changes of the emplaced fluid.   
 
The computer programs FLOWCALC and/or BOREII (Hale and Tsang, 1988 and (Daughtery and Tsang, 
2000) can be utilized to evaluate the inflow quantities of the formation water for each specific inflow 
location.  FLOWCALC is used to estimate the interval-specific flow rates for the production test results 
based on “hand-picked” values of FEC and depth. The values are determined from the “Pumping” and  
“Pumping During DI Injection logs”. Numerical modeling of the reported data is performed using code 
BORE/BOREII.  These methods accurately reflect the flow quantities for the identified water bearing 
intervals.   
 
In addition to conducting HydroPhysical� logging for identification of the hydraulically conductive 
intervals and quantification of the interval specific flow rates, additional logging runs are also typically 
performed.  Prior to emplacement of DI, ambient fluid electrical conductivity and temperature (FEC/T) 
logs are acquired to assess the ambient fluid conditions within the borehole.  During these runs, no 
pumping or DI emplacement is performed, and precautions are taken to preserve the existing ambient 
geohydrological and geochemical regime.  These ambient water quality logs are performed to provide 
baseline values for the undisturbed borehole fluid conditions prior to testing. 
 
For interval-specific permeability estimations, COLOG utilizes Hvorslev’s 1951 porosity equation in 
conjunction with the HpL� results.  Several assumptions are made for estimating the permeability of 
secondary porosity.  First, the type of production test COLOG performs in the field may significantly 
affect the accuracy of the transmissivity estimation.  The permeability equation is relatively sensitive to 
overall observed drawdown.  For a high yield wellbore, drawdown will usually stabilize and an accurate 
observed drawdown can be estimated.  However, for a low yield wellbore, drawdown usually does not 
stabilize but instead, water level continues to drop until it reaches the pump inlet and the test is complete.  
In this case COLOG utilizes the maximum observed drawdown.  The inaccuracy arises in the fact that 
overall observed drawdown does not stabilize and therefore is more an arbitrary value dependent on the 
placement of the pump downhole.  Secondly, in an environment where flow originates from secondary 
porosity the length of the interval is derived from the either the thickness of the fracture down to 0.1 feet 
or the thickness of the fracture network producing water.  This assumption of a fracture network 
producing water versus a porous media is not how the permeability equation was designed to be used.  In 
lieu of a more appropriate equation unknown to COLOG at this time, COLOG utilizes Hvorslev’s 1951 
porosity equation based on its sensitivity to interval-specific flow which can be measured accurately, 
drawdown which can be measured accurately in the case of a high yield wellbore and its insensitivity to 
effective radius.  The insensitivity to effective radius is critical when an observation well is not available 
to measure drawdown at a known distance from the subject wellbore. 

Appendix A includes COLOG's Standard Operating Procedure for Hydrophysical Logging.
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How to Interpret HydroPhysical� Logs

Figure HpL:1 below is an example data set for an ambient flow evaluation.  The data represents HpL� 
logs acquired immediately after deionized (DI) water emplacement for ambient flow evaluation.  For 
ambient flow evaluation the wellbore fluids are first replaced with DI water (termed “emplacement”), 
then a series of fluid electrical conductivity (FEC) logs are acquired over a period of a time to monitor 
ground water entering the wellbore under natural pressures and migrating either vertically or horizontally 
through the wellbore.  The wellbore fluids are replaced with DI water without disturbing the ambient free-
water level by injecting DI water at the bottom of the wellbore and extracting wellbore water at exactly 
the same rate at the free-water surface.  However, at the beginning of the DI water emplacement, a 
slightly depressed free-water level (approximately one tenth of a foot below ambient free water-level) is 
achieved and maintained throughout the test.  This procedure is implemented to ensure that little to no DI 
water is able to enter the surrounding formation during DI water emplacement. By acquiring FEC logs 
during the emplacement of DI water and by continuously measuring water level with a downhole pressure 
transducer the emplacement can be properly monitored and controlled to minimize the disturbance of the 
recorded ambient water.   After the wellbore fluids are replaced with DI water, the injection and 
extraction pumps are turned off and in most cases the downhole plumbing is removed from the wellbore.  
A check valve is installed in the pump standpipe to ensure water in the standpipe does not drain back into 
the wellbore.  While the plumbing is removed from the wellbore DI water is injected from the top of the 
wellbore to maintain ambient water level.  Often a baseline FEC log is acquired during the final stages of 
the emplacement of DI water to provide baseline conditions just before the ceasing of pumping.  Figure 
HpL:1 illustrates ambient flow entering the wellbore at depths of 150.0 to 152.7, 138.8 to 139.0, 132.7 to 
133.4, 122.3 to 123.1 and 118.0 to 118.1 feet.  The location of these intervals is illustrated by the sharp 
increases or “spikes” in FEC.  The increase in FEC over time at these four intervals is characteristic of 
ambient inflow.  The upward vertical trend in this inflow is also apparent from the FEC logs.  For 
example, the dominant inflowing zone at 138.8 to 139.0 feet illustrates a major growth in FEC above the 
inflow “spike”, and little growth below the “spike.”  The zone at 118.0 to 118.1 feet is the termination of 
all inflow into the well.  The sum of the four inflow zones make up the outflow of this zone, and this 
value, along with the value of the four inflow zones is computed using code BOREII. 
 
COLOG uses three types of tests to identify the water-bearing intervals in a wellbore under stressed 
conditions.  In the lowest yield environment (less than 0.5-0.7 gpm) a slug test approach is utilized.  In a 
relatively low-yield wellbore environment a pump after emplacement (PAE) test is conducted, and in a 
relatively medium to high-yield wellbore environment a pump and inject (PNI) test is conducted.  The 
decision on the type of test to perform on a specific wellbore is made in the field based on the ability of 
the wellbore to recover to ambient free-water level when a disturbance in water level is introduced into 
the well, i.e. inserting tools and/or pluming into the well. 
 
In a low-yield wellbore environment a slug or PAE test is utilized to identify the water-bearing intervals 
under stressed conditions.   These tests are similar in protocol and involve first a replacement of wellbore 
fluids with DI water in a manner identical to that of the emplacement during an ambient flow evaluation.  
Often a baseline FEC log is acquired during the final stages of the emplacement of DI water to provide 
baseline conditions just before the ceasing of injection pumping.  Following the cessation of injection 
pumping, the extraction pump is left used to either pull an instantaneous slug (slug test) or is used to 
pump at a relatively steady low rate of flow in the wellbore (approximately 1-2 gpm).  During this time 
numerous FEC logs are acquired over time.  The location of water-bearing intervals is apparent by the 
sharp increases or “spikes” in FEC over time.  The rate at which these intervals inflow is calculated using 
BOREII and is based on the rate of increase of mass (area under the curve using the FEC log as the 
curve).  Flow direction is easily determined by tracking the center of mass of the area under the curve.  In 
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FIGURE HpL:1.  EXAMPLE OF HYDROPHYSICAL LOGS DURING AMBIENT FLOW

CHARACTERIZATION WITH EXAMPLE INTERPRETATION.
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most cases, if pumping is being conducted flow is traveling up the wellbore towards the pump which is 
situated inside casing. 
 
Figure HpL:2 is an example data set from a production test (stress test) from the same wellbore as above.  
The data represents HpLTM logs acquired during a PNI test.  The set of FEC logs on the right of this figure 
(FEC1303, FEC1310, FEC1320, and FEC1329) illustrate the condition of the wellbore during 
development pumping.  In the case of this example, the wellbore was stressed at a rate of approximately 
10 gpm until a relatively steady-state condition was achieved in the wellbore.  A steady-state condition is 
apparent when the FEC logs begin to repeat as they do in figure HpL:2.  Repeatable FEC logs indicate 
that the hydrochemistry of the water inflowing to the wellbore is not changing over time (steady-state) 
and that the flow rates of all inflow zones is also not changing over time.  Additionally, the drawdown is 
monitored continuously to observe a “slowing down” in the rate of increase of drawdown.  When 
drawdown (water level) is stable, the inflow rates of the various inflow zones are assumed to be steady.  
By contrast, if DI water injection is begun in the early stages of pumping when drawdown is still 
increasing, i.e. water level is dropping rapidly, the inflow rates of the various inflow zones would increase 
with time as less wellbore storage is used to maintain a particular pumping rate.  The remaining FEC logs 
(FEC1435, FEC1450, FEC1503, and FEC1516) illustrate the conditions in the wellbore during pumping 
and injection procedures.  Fluid was extracted from the wellbore at a rate of approximately twelve gpm 
while DI water was simultaneously injected at the bottom of the wellbore at a rate of approximately two 
gpm, until a relatively steady-state condition existed in the well.  Water-bearing intervals in the wellbore 
are identified by changes or “steps” in FEC throughout the FEC logs.  The flow rate of these intervals is 
computed using BOREII and/or Flowcalc software.  Every location that the FEC increases in these logs is 
a zone of inflow.  Similarly, where the logs decrease in FEC indicates a zone of inflow with water lower 
in FEC than the water in the wellbore.  A zone exhibiting a decrease in FEC on the injection logs should 
also decrease at the same depth on the development (pre-DI water injection) logs.  Please see Appendix B 
for a detailed discussion of code BOREII used to numerically model the reported field FEC logs. 
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FIGURE HpL:2.  EXAMPLE OF HYDROPHYSICAL LOGS DURING A 10 GPM PRODUCTION TEST

WITH EXAMPLE INTERPRETATION.
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Sensitivity of Transmissivity to Effective Radius

An estimation of transmissivity (T) has be made for all identified water-bearing intervals using an 
equation after Hvorslev (1951) assuming steady-state radial flow in an unconfined aquifer: 
 
 

qi

2��hw
T = KL = ln re

rw( )
 
where K is the hydraulic conductivity, qi is the interval specific inflow rate calculated using HpL� results 
(or “Delta Flow” from the table which equals “Interval-Specific Flow Rate During Pumping Conditions” 
minus “Ambient Flow Rate” if any), rw is the borehole radius, re is the effective pumping radius, �hw is 
the observed maximum drawdown and L is the thickness of the zone through which flow occurs.  The 
thickness, or length of the interval is calculated using a combination of both the HpL� data and other 
geophysical data such as optical televiewer data.  L can usually be estimated with a high degree of 
confidence based on both of those data sets.  Qi, or Delta Flow, can also be estimated accurately using 
code BOREII (see Appendix B) for the HpL� data sets. �hw is estimated with a high degree of confidence 
using Cologs’ downhole pressure transducer and a laptop to record water-level data every second. 
Additionally, the borehole radius is confirmed quite readily from caliper data or core data.  For this 
example, rw equals 0.20 feet, re has been assumed to be approximately 100 feet and the observed 
maximum drawdown was estimated at 9.98 feet (the drawdown plot).  By applying L and qi from the 
HpL� results under the two pressure conditions, the interval specific transmissivity can be calculated for 
each identified water-producing interval.   
 
Colog utilizes Hvorslevs’ 1951 equation when an observation well a known distance away with 
measurable drawdown is not available.  Essentially, Hvorslevs’ 1951 equation is similar to the prevalent 
Theis equation minus the observation well drawdown information.  In replace of the observation well 
drawdown data Hvorslevs’ equation uses an assumed “effective radius” divided by the borehole radius.  
One benefit to using Hvorslevs’ 1951 equation when observation well data is unavailable is the 
insensitivity of the equation to the assumed effective radius as this is the only “unknown” variable in the 
equation.  All other variables are known or calculated with a high degree of confidence.  Only the 
effective radius is unproven, or unsupported, but its value can be estimated with some degree of accuracy.     
 
The following example will illustrate the insensitivity of Hvorslevs’ 1951 equation to the assumed 
effective radius of an aquifer.  The greatest magnitude of change in this example between re of 50 feet and 
re of 300 feet is 2.22 feet2/day transmissivity. 
 

Interval    
(feet)

Length 
of

Interval 
(feet)

Qi - 
Delta
Flow
(gpm)

Borehole
Radius
(feet)

Transmissivity
Using re of

50 Feet

Transmissivity
Using re of
100 Feet

Transmissivity
Using re of
300 Feet

118.0 – 118.1 0.1 3.997 0.20 6.78 x E01 7.63 x E01 8.98 x E01 
122.3 – 123.1 0.8 0.335 0.20 5.68 x E00 6.39 x E00 7.53 x E00 
132.7 – 133.4 0.7 1.217 0.20 2.06 x E01 2.32 x E01 2.73 x E01 
138.8 – 139.0 0.2 3.961 0.20 6.72 x E01 7.56 x E01 8.90 x E01 
150.0 – 152.7 2.7 0.197 0.20 3.34 x E00 3.76 x E00 4.43 x E00 
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B.  Optical Televiewer (OBI) 
 
The optical televiewer provides the highest resolution available for fracture and feature analysis in 
boreholes.  This technology is based on direct optical observation of the borehole wall face.  Precise 
measurements of dip angle and direction of bedding and joint planes, along with other geological 
analyses, are possible in both air and clear fluid filled boreholes. 
 
Theory of Operation 
 
A small light ring illuminates the borehole wall allowing a camera to directly image the borehole wall 
face.  A conical mirror housed in a clear cylindrical window focuses a 360° optical “slice” of the borehole 
wall into the camera’s lens.  As the optical televiewer tool is lowered down the hole, the video signal 
from this camera is transmitted uphole via the wireline to the optical televiewer surface instrumentation. 
 
The signal is digitized in real time by capturing 360 pixels around a 0.5 mm ring from the conical image.  
The rings are stacked and unwrapped to a 2-D image of the borehole wall.  A digital fluxgate 
magnetometer is used to determine the orientation of the digital image.  A secondary mechanical compass 
is imaged along with the analog signal to insure proper orientation of the digital image. 
 
The optical televiewer image is an oriented, 2-D picture of the borehole wall unwrapped from south to 
south or north to north depending on the software used (Figure 1).  Planar features that intersect the 
borehole appear to be sinusoids on the unwrapped image.  To calculate the dip angle of a fracture or 
bedding feature the amplitude of the sinusoid (h) and the borehole diameter (d) are required.  The angle of 
dip is equal to the arc tangent of h/d, and the dip direction is picked at the trough of the sinusoid (Figure 
1). 
 

 
 
Dip Direction = Orientation of Sinusoid Minimum 
Dip Angle = ArcTan h/d 
where: h = height of sinusoid 
 d = borehole diameter 
 

Figure 1:  Geometric representation of a north dipping fracture plane and corresponding log. 

Sinusoidal features were picked throughout wells by visual inspection of the digital optical televiewer 
images using interactive software.  The software performed the orientation calculations and assigned 
depths to the fractures or bedding features at the inflection points (middles) of the sinusoids.  Features 
were subjectively ranked for flow potential using COLOG’s Ranking System for optical televiewer 
features included in this report.  The features picked along with their assigned ranks, orientations and 
depths are presented in tables for each well.  Orientations are based on magnetic north and are corrected 
for declination.  The Stereonet plots and Rose Diagrams provide useful information concerning the 
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statistical distribution and possible patterns or trends that may exist from the optical televiewer feature 
orientations.  

Interpreting Optical Televiewer Data 

Data acquired from the optical televiewer is typically in the form of dip direction/dip angle, i.e. 230/45.  
When plotted in 2-D color, the fractures and features intersecting the borehole appear as sinusoids as 
discussed above. Using the software program WellCAD version 3.2, the user identifies the 
features/fractures and has the software assign and record a dip angle and direction based on the above 
algorithm as described in the “Theory” section. The data can easily be converted into table format for 
display in Excel or any tabular editing program.  From the data table, rose diagrams and/or stereonets can 
be generated if requested. 

Rose Diagrams 

A rose diagram is a polar diagram in which radial length of the petals indicates the relative frequency 
(percentage) of observation of a particular angle or fracture dip direction or range of angles or dip 
directions.  Rose diagrams are used to identify patterns (if any) in the frequency of dip angles or 
directions for a particular data set.  Figures 3 and 4 are example rose diagrams from an optical televiewer 
data set of fractures and features.   

Figure 3: Example rose diagram from an optical televiewer data set illustrating the frequency (%) of dip angles. 

 
Figure 3 above indicates, from an example data set, that approximately 16 percent of the 
fractures/features have a dip angle between 0 and 10 degrees, approximately 27 percent of the 
fractures/features have a dip angle between 11 and 20 degrees, approximately 25.5 percent between 21 
and 30 degrees, approximately 6 percent between 31 and 40 degrees and 22 percent between 41 and 50 
degrees.  A quick glance at Figure 3 identifies a pattern of dip angle where greater than 50 percent of the 
fracture/features identified have a dip angle between 11 and 30 degrees.  Additionally, no high-angle 
(greater than 50 degrees) fractures/features were identified from this data set. 
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Figure 4: Example rose diagram from an optical televiewer data set illustrating the frequency (%) of dip direction. 

 
Figure 4 (example data set) above indicates, with a quick glance, that the majority of the fractures/features 
dip in the direction of northwest.  Specifically, approximately 62 percent of the identified 
fractures/features have a dip direction of 280 degrees (west) to 20 degrees (north).   
 
 
Stereonets
 
For stereonets, COLOG utilizes a Schmidt net, an equal-area plot of longitude and latitude used in 
plotting geologic data such as the direction of structural features.  Here, the angle indicates dip direction 
and the distance from the center indicates the dip magnitude.  The further from the center the shallower 
the dip angle. Figure 5 below is an example stereonet diagram from an acoustic televiewer data set of 
fractures and features. 
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Figure 5: Example stereonet from an optical televiewer data set illustrating the frequency (%) of dip direction and dip angle in 2-
D space. 

Figure 5 above indicates, with a quick glance, that two distinct patterns exist in the example data set.  A 
cluster of fractures/features with similar dip direction of approximately 110 degrees and similar steep dip 
angles is apparent.  A second cluster, slightly less dense, is apparent with similar dip directions of 
approximately 170 degrees (almost due south) and similarly steep dip angles. 
 
Please refer to the following Ranking System for Optical Televiewer Features for an explanation of the 
qualitative ranks assigned each optical televiewer feature identified. 
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Ranking System for Optical Televiewer Features

This ranking system is based on a system developed and applied by Paillet (USGS, WRD, Borehole Research
Project) as a subjective evaluation of permeability potential.  In general, the higher the rank, the greater the

likelihood of fracture interconnection and subsequent increased permeability.  Tadpoles represent individual

features, where the tail points in the direction of dip (clockwise from the top, 0-359).  The head is positioned

vertically according to the median depth of the feature and positioned horizontally according to the feature dip

angle (0-90 from horizontal).

Rank

0

1

2

3

4

5

Color

Code

Gray

Cyan

Blue

Red

Magenta

Green

Observation

Non-flow feature

(bedding, healed

fracture, staining,

foliation, vein, etc.)

Weak feature

(not continuous around

the borehole)

Clean, distinct feature

Distinct feature with

apparent aperture

Very distinct, wide

possible interconnected

fracture

Major fracture zone

with large openings.

Flow Rating

System

Sealed, no flow

Partial open crack

Continuous

Open crack

Wide open crack

Or cracks

Very wide crack

or multiple

interconnected

fractures

Major fracture with

large openings or

breakouts
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C.  Facsimile 40 - Acoustic Televiewer (FAC-40 ATV or ABI-40) 

The FAC-40 ATV, from Advanced Logic Technologies (ALT), provides a detailed, oriented image of 
acoustic reflections from the borehole wall.  A unique focusing system resolves bedding features as small 
as 2 mm and is capable of detecting fractures with apertures as small as 0.1 mm.  The acoustic image is 
precisely oriented using a 3-axis magnetometer with dual accelerometers, which also combine to measure 
deviation (or drift) of the borehole trajectory.

Theory 
 
The FAC-40 transmits ultrasonic pulses from a rotating sensor and records the signals reflected from the 
interface between the borehole fluid and the borehole wall (Figure 1).  The amplitude of these reflections 
is representative of the hardness of the formation surrounding the borehole, while the travel time 
represents the borehole shape and diameter.  As many as 288 reflections may be recorded per revolution 
at up to 12 revolutions per second.  The digital amplitude or travel time data are presented using a variety 
of color schemes that represent the borehole wall. 
 
This ATV image is an oriented, 2-D picture of the borehole wall unwrapped from north to north (Figure 
2).  Planar features that intersect the borehole appear to be sinusoids on the unwrapped image.  To 
calculate the dip angle of a fracture or bedding feature the amplitude of the sinusoid (h) and the borehole 
diameter (d) are required. The angle of dip is equal to the arc tangent of h/d, and the dip direction is 
picked at the trough of the sinusoid (Figure 2).   
 
Sinusoidal features are picked by visual inspection of the amplitude and travel time images using 
interactive software called WellCAD, version 4.1.  The software performs the orientation calculations and 
assigns a depth to the fracture or bedding feature at the inflection point (middle) of the sinusoid.  Features 
may be subjectively ranked for flow potential using the ranking system developed by the USGS presented 
in Table 1. Statistical analysis of the fracture/feature data such as stereonet plots and rose diagrams 
provide useful information concerning the statistical distribution and possible patterns or trends that may 
exist in the set of fracture/feature orientations.  
 
 

ATV Signal

Sync  
Pulse  

Boo t Echo  
Re flection

Multip le

Figure 1: Returned signal.
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Figure 2: Geometric representation of a fracture plane and corresponding ATV log. 

Acoustic Televiewer Caliper Log 
 
An unconventional caliper log may be generated from the travel time data acquired by the Fac-40 acoustic 
televiewer.  Using WellCAD version 3.2, an estimation of the distance from the probe to the borehole 
wall can be made by incorporating the travel time of the acoustic signal with an estimation of the velocity 
of the wellbore fluid.  The time it takes the acoustic signal to travel through a known viscous medium and 
back to the probe is directly related to the distance between the signal generator and the borehole wall 
provided the borehole fluid viscosity remains constant and the probe is properly centralized.  The distance 
from the probe to the borehole wall is then corrected for the radius of the probe producing a borehole 
diameter in inches.   
    
Applications 
 
The high resolution reflection images and the precise travel time measurements make the FAC-40 ATV a 
versatile tool.  Possible applications include: 
 

� Fracture detection and evaluation 
� Detection of thin beds 
� Determination of bedding dip 
� Lithological characterization 
� Casing inspection 
� High resolution caliper measurements 
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Ranking System for Acoustic Televiewer Features

This ranking system is based on a system developed and applied by Paillet (USGS, WRD,  Borehole Research

Project) as a subjective evaluation of permeability potential.  In general, the higher the rank, the greater the

likelihood of fracture interconnection and subsequent increased permeability.

Rank

0

1

2

3

4

5

Color

Code

Gray

Cyan

Blue

Red

Magenta

Green

Observation

Non-flow feature

(bedding, healed

fracture, vein, etc.)

Weak feature

(not continuous around

the borehole)

Clean, distinct feature

Distinct feature with

apparent aperture

(visible on travel-time

image)

Very distinct, wide

possible interconnected

fracture

Major fracture zone,

visible on both the

amplitude and travel

time images

Flow Rating

System

Sealed, no flow

Partial open crack

Continuous

Open crack

Wide open crack

Or cracks

Very wide crack

or multiple

interconnected

fractures

Major fracture with

large openings or

breakouts
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D.  3-Arm Caliper 
 
The caliper log represents the average borehole diameter determined by the extension of 1 or 3 spring-
loaded arms.  The measurement of the borehole diameter is determined by the change in the variable pot 
resistors in the probe, which are internally connected to the caliper arms. 
 
Caliper logs may show diameter increases in cavities and, depending on drilling techniques used, in 
weathered zones.  An apparent decrease in borehole diameter may result from mud or drill-cutting 
accumulation along the sides of the borehole (mudcake), a swelled clay horizon or a planned change in 
drill bit size.  The bottom of the boring can also induce a small diameter reading from the caliper due to 
the caliper leaning up against on side of the borehole.  The caliper log is often a useful indicator of 
fracturing.  The log anomalies do not directly represent the true in-situ fracture size or geometry.  Rather, 
they represent areas of borehole wall breakage associated with the mechanical weakening at the borehole-
fracture intersection.  Caliper anomalies may represent fractures, bedding planes, lithologic changes or 
solution openings.  Generally, in solid bedrock caliper log anomalies indicate the intervals where 
fractures intersect boreholes. 
 
COLOG records the caliper log with either a single-arm caliper measurement using the decentralization 
arm of the density probe or a separate stand-alone three-arm caliper.   Calibrations of the probe are done 
routinely on the bench and in the field directly before the tool is placed into the borehole.  Calibration 
standards consist of rings of known diameters that are placed over the extended arms as the tool response 
at these diameters is recorded.  Additionally, as with other geophysical measurements, a repeat section 
may be collected and compared with original logs for consistency and accuracy. 
 
Fundamental assumptions and limitations inherent in these procedures are as follows: 
 
� Excessive borehole diameters (greater than 36 inches) may limit the range of borehole caliper 

measurements.  Holes greater  than 12 inches must be logged with extended arms for hole diameters 
up to 36 inches. 

 
� Since the caliper probe is an electro-mechanical device, a certain amount of error is inherent in the 

measurement.  These errors are due to: 1) averaging hole diameter using three arms, 2) non-linearity 
of the measurement resistor, 3) tolerance in the mechanical movement of the caliper arms 
(mechanical hysteresis).
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E.  Natural Gamma 
 
The natural gamma log (also known as gamma or gamma ray log) provides a measurement recorded in 
counts per second (CPS), that is proportional to the natural radioactivity of the formation.  Actual counts 
depend upon the detector size and efficiency but are often normalized in API units.  200 API units equal 
the detector response in a specially constructed physical model designed to simulate the typical shale.  For 
most of COLOG's gamma probes, 1 API unit is approximately equal to 1.25 CPS.  The depth of 
investigation for the gamma log is typically 10 to 12 inches. Gamma logs provide formation clay and 
shale content and general stratigraphic correlation in sedimentary formations.  In general, the natural 
gamma ray activity of clay-bearing sediments is much higher than that of quartz sands and carbonates.  
Gamma logs are also used in hard rock environments to differentiate between different rock types and in 
mining applications for assessment of radioactive mineralization such as uranium, potash, etc.  
 
Gamma radiation is measured with scintillation NaI detectors. The gamma-emitting radioisotopes that 
naturally occur in geologic materials are Potassium40 and nuclides in the Uranium238 and Thorium232 
decay series.  Potassium40 occurs with all potassium minerals, including potassium feldspars.  
Uranium238 is typically associated with dark shales and uranium mineralization. Thorium232 is typically 
associated with biotite, sphene, zircon and other heavy minerals. 
 
The usual interpretation of the gamma log, for hydrogeology applications, is that measured counts are 
proportional to the quantity of clay minerals present.  This assumes that the natural radioisotopes of 
potassium, uranium, and thorium occur in exchange ions, which are attached to the clay particles.  Thus, 
the correlation is between gamma counts and the cation exchange capacity (CEC). Usually gamma logs 
show an inverse linear correlation between gamma counts and the average grain size (higher counts 
indicate smaller grain size, lower counts indicate larger grain size).  This relation can become invalid if 
there are radioisotopes in the mineral grains themselves (immature sandstones or arkose), and if there are 
differences in the CEC of clay minerals in the different parts of the formation.  Both of these situations 
are possible in many environments.  The former situation would most likely occur in basal conglomerates 
composed of granitic debris, and the latter where clay occurs as a primary sediment in shale and another 
as an authigenic mineral deposited in pore spaces during diagenesis.  
 
The assumption of a linear relationship between clay mineral fraction in measured gamma activity can be 
used to produce a shale fraction calibration for a gamma log in the form:  
 
    Csh = (G-Gss) / (Gsh - Gss) 
 
Where Csh is the shale volume fraction, G is the measured gamma activity; Gss is the gamma activity in 
clean sandstone or limestone; Gsh is the gamma activity measured in shale. 
 
Calibration of the gamma logging tool is usually performed in large physical models such as the API test 
pits in Houston, or the DOE uranium calibration test pits.  In hydrogeology, the gamma measurement is 
usually a relative log and quantitative calibrations are not routinely performed.  However, the stability and 
repeatability of the natural gamma measurement is routinely checked with a sleeve of known 
radioactivity.  It is also common to routinely check the gamma log by repeat logging a section of a well.  
Natural radioactive decay follows a Gaussian distribution; that is, approximately 67% of the radioactive 
response occurs within ± the square root of the count rate.  For instance, if a background radiation of 100 
CPS is being measured, there is approximately ± 10 CPS variability. 
 
Fundamental assumptions and limitations inherent in these procedures are as follows: 
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� The natural gamma ray log, as with all nuclear or radiation logs, have a fundamental advantage over 
most other logs in that they may be recorded in either cased or open holes that are fluid or air filled.  
Borehole fluid and casing may attenuate the gamma values. 
 

� Excessive borehole rugosity, often caused by air drilling, may degrade natural gamma ray log results. 
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F.  Electrical Measurements 
 
All electrical logs require the presence of the borehole fluid to carry the current from the probe to the 
formation, and therefore these devices do not work above fluid level.  Quantitative formation electrical 
resistivity, spontaneous potential and qualitative single point resistance can be measured with a combination 
tool. The operational features of each measurement is discussed under the measurement heading. 
 
16-inch and 64-inch Normal Resistivities 
 
Formation resistivity is dependent on the fluid salinity, permeability, and connected fracture paths within the 
depth of investigation of the measurement.  Measured resistivity is also controlled by particle surface 
conduction in clastic environments.  The resistivity measurement decreases in larger diameter boreholes and 
areas in which the borehole has been broken out, and/or highly fractured.  The above responses allow 
interpretation of lithologic types, correlation of beds, estimation of fluid quality and possible fractured zones. 
 
A constant current is supplied to the downhole current electrode and the resulting voltage drop is measured 
on the return electrodes 16" and 64" away from the current electrode.  The resistivity of the surrounding 
media (which includes the borehole fluid) is derived from Ohm's Law and the geometry of the electrode 
arrangement.  The static electric field which results from the geometric arrangement of electrodes is ideally a 
sphere 16" or 64" in radius (for the short and long normal functions respectively).  The presence of the 
borehole diameter and mudcake affects the measurement sphere by decreasing the lateral extent, and 
increasing the vertical extent.  Borehole corrections based on the borehole fluid resistivity can be made, but 
these corrections do not address the effects of vertical averaging.  Accurate interpretation of the logs 
minimizes this averaging effect.  The influence of the borehole size becomes less with smaller diameter 
boreholes.  Calibration of the 16" and 64" normals is performed in the field with a resistance box which tests 
a range of known resistivities from 0.0 ohm-m to 10,000 ohm-m. 
 
Single Point Resistance (SPR) 
 
The SPR measurement is controlled by rock and fluid parameters in much the same way as resistivity logs.  
SPR is a simple system of two electrodes (the resistivity current electrode) and a surface electrode.  Current 
is passed through the formation and voltage differences are measured between the two electrodes.  The 
measured resistance includes the resistance of the cable, borehole fluid, and the formation around the 
borehole.  The current density is higher near the borehole electrode and surface electrode.  Since the current 
density at the surface electrode is constant,  formation variations close to the probe produce the resistance 
changes visible on the logs.  Since there is a single downhole electrode, not an array, the log effectively 
shows a point measurement.  This gives a very "responsive", high vertical resolution measurement.  Though 
the single point resistance cannot be calibrated quantitatively, its instantaneous response is a good boundary 
indicator, and does show a more well defined response than the 16" or 64" normals.   

Spontaneous Potential (SP) 
 
The SP is a measurement of the naturally occurring potential in the borehole.  This naturally occurring 
potential is most often caused by a concentration gradient between the borehole fluid and formation fluid 
(electro-chemical), and requires the presence of a clay rich/porous media interface to occur.  
Reduction/oxidation (redox) interfaces and streaming potentials (electro-kenetic) caused by the flow of fluid 
in or out of the borehole are also causes for the occurrence of spontaneous potential.  In fresh water 
environments where the drilling fluid is natural or the salinity is near the formation pore fluid salinity the 
electro-chemical potential is minimized.  The absence of sulfide mineralization or fluid movement into or out 
of the formation may minimize the redox and streaming potentials.   
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Fundamental assumptions and limitations inherent in these procedures are as follows: 
 

�     The range within which a given device is accurate is different for the different measurement 
techniques. This range shall be specified for each device, and the appropriate device shall be selected 
for the borehole under investigation. 

�     The properties of the borehole and borehole fluid influence the response of normal resistivity logs in 
what is commonly known as “Borehole Effects”.  As the hole diameter increases, these effects 
become more pronounced. These effects have been quantified, and log data may be corrected based 
on standard techniques.   

�     The geometry of the logging probe such as the positions of the source and measurement electrodes 
of resistivity type probes affects the measurement values. 

�     The ability of a given measurement to accurately measure resistivity across a thin bed is a function 
of the geometry and of the resistivity contrast and bed thickness. 

�     The distance away from the borehole which influences a given measurement is a function of the 
geometry and the radial distribution of electrical properties. 

� The log should be recorded with the tool moving up the borehole, but measurements can be made 
while logging downward also.  In fact, in deep wells, it is suggested that data be recorded while 
running in the well, just in case hole conditions or tool problems prevent getting a good log in the up 
direction.

� The electric resistivity measurement is adversely affected by metalic or ferrous material in the 
vicinity of the probe. 
 

� Electric resistivity measurements can not be performed through PVC, fiberglass or steel casing. 

 

2224



 

    

G.  Fluid Temperature/Resistivity (Conductivity) 

Geothermal gradients in the near surface earth are usually dominated by conduction, and are generally 
linear increasing with depth due to the relative constancy of the thermal conductivity of earth materials.  
Convective heat flow within the borehole fluid is caused by formation fluid entering or leaving the 
borehole at some permeable interval.  Therefore, deviations from the linear thermal gradient can be 
attributed to fluid movement. Both the thermal gradient and fluid resistivity profile of the borehole fluid 
can be obtained with the same probe.  The temperature is measured with a thermistor and the fluid 
resistivity is measured with a closely spaced Wenner electrical array. 
  
Slope changes in both the temperature and fluid resistivity logs may be indicative of fluid flow between 
the formation and the borehole.  Both responses are affected by drilling method, time since circulation, 
mud type or additives and well development procedures.  
 
A differential temperature log is a calculated curve that amplifies slight slope changes in the temperature 
gradient and can assistance in the interpretation of the fluid temperature log.  As the probe is lowered 
downhole, small changes in the slope of the temperature curve are identified by a differential curve that is 
plotted from a center zero line.  The differential temperature is constructed by using a temperature point at 
one depth and subtracting a point at a lower depth throughout the entire logged interval. 
 
 (temperature value Depth 1) - (temperature value Depth 2) = differential value  
 
In real time the differential values are calculated across the acquisition digitizing interval (e.g. 0.1 to 0.5 
ft).   Because of the small digitizing interval the calculated real time differential curve may only identify 
larger temperature gradient deviations.  Another differential temperature can be constructed in post 
processing over a larger sample interval (sometimes up to 2 ft).  This log commonly provides a more 
diagnostic differential curve and is used frequently in the temperature profile interpretation.   
 
The fluid resistivity in the borehole is controlled primarily by the salinity.  Therefore, salinity 
stratification, or the introduction of a fluid of different water quality into the borehole, can be observed by 
changes in the fluid resistivity log.  Often, the exchange of fluid between the formation and the borehole, 
influences both the temperature and the fluid resistivity so that the response is evident in both logs. 
 
Temperature corrected resistivity can be converted to equivalent NaCl salinity in parts per million  
(Bateman and Konen, 1977).  A salinity profile can then be plotted which indicates the general water 
quality trend of the borehole fluid.  If the assumption is made that the borehole fluid is in equilibrium 
with the formation  fluid, then the borehole salinity profile can be interpreted as a formation fluid salinity 
profile.  Differences between these profiles from well to well, may contain information concerning the 
extent of hydraulic connectivity in the area. 
 
 
 
 
Fundamental assumptions and limitations inherent in these procedures are as follows: 
  
� The borehole temperature log is usually the first log run in a borehole and, unlike virtually all other 

logs, is run while the probe is moving down the hole.  The exception to running this probe first, 
however, would be if any optical measurement is to be acquired.  The idea is that the logging of the 
temperature/resistivity probe may stir up the wellbore fluids inhibiting the optical device. 
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� The recorded borehole temperature is only that of the fluid surrounding the probe, which may or 
may not be representative of the temperature in the surrounding rocks. 
 

� In most wells the geothermal gradient is considerably modified by fluid movement in the borehole 
and adjacent rocks. 
 

� Temperature logs are generally recommended for uncased fluid-filled boreholes, but may be used in 
fluid-filled cased wells for some applications. 
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H.  Full Waveform Sonic
 
Full Waveform Sonic Methodology
 
Digital full-waveform sonic (FWS) data is acquired with a Mount Sopris Instruments 2SAF probe, that 
can be configured with two or three receivers at fixed separations from the sonic transmitter.  The 
acquisition software allows the real-time viewing of the waveforms as they are written directly to hard 
disk.  The waveforms can also subsequently be viewed and processed for amplitude, frequency, and 
velocity information.  Functionality and repeatability of the probe is monitored by logging in an 
ungrouted, fluid-filled, steel pipe, and by repeat logging of boreholes at each project.   
 

 
 
Figure: Real-time presentation from the sonic acquisition software, illustrating the output of a 2SAF configured with 

two receivers. 
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Figure: Example of a typical waveform pair with the tube wave annotated. 
 
The FWS log, recorded in the time domain at two or three downhole receivers, consists of interacting 
sonic waves generated by a 30 kHz acoustic energy pulse from the downhole transmitter.  Sonic logs can 
only be obtained in the fluid filled portion of the borehole, and the propagation of these waves is 
controlled by the borehole wall/fluid interface, at which head waves are critically refracted and 
complicated reflections occur.   
 
Sonic transit time is the compression-wave travel time, per foot of rock, and represents the inverse of 
velocity (i.e., greater transit time equals slower velocity).  Often referred to as "delta-T" because it is the 
difference in arrival times between two receivers spaced one foot apart, transit time can be used to 
characterize rock lithology, consolidation, and presence of discontinuities.  These characterizations, 
however, usually require calibration from core data unless regional relationships are available.  Transit 
times are also used to help in the processing of seismic reflection and refraction data. 
 
The tube wave is a guided fluid wave that travels along the borehole wall/fluid boundary at a velocity 
slightly slower than the speed of sound in water.   
 

 
Figure: Probe schematic for the 2SAF sonic probe. 

 
Vertical stacking of the individual waveforms creates the full waveform display, which uses a banded 
presentation to represent the sinusoidal nature of sonic waves.  By convention, black bands represent high 
amplitude waves above the centerline, dark gray is the low amplitude portion of the positive wave, while 
light grey is the low amplitude portion of the negative wave below the centerline, and white is the high 
amplitude portion of the negative wave.  The degree of discontinuity of the rock is reflected by the 
deviation from parallel banding in the FWS VDL display.  The velocities and other information obtained 
from sonic logs are used to determine the lithology, formation porosity, cement bonding, formation 
weathering, rock strength, and to identify fractures. 
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I.  Formation Conductivity (Induction) 
 
The induction measurement is made by using a magnetic field to induce electric currents in the material being 
surveyed.  Because the magnitude of these electric currents is proportional to the conductivity of the media 
being measured, the magnetic field generated by the induced electric current is measured.   
 
The tool is designed to measure formation conductivity in millisiemens per meter (mS/m) which is converted 
to resistivity in software.  This probe also measures the rate of change of the magnetic susceptibility as a 
percent of primary magnetic field, however the tool has been optimized for conductivity readings and the 
magnetic susceptibility measurements are qualitative.  For the purposes of this investigation, the magnetic 
susceptibility measurements provided no additional information and were not plotted. 

Fundamental assumptions and limitations inherent in these procedures are as follows: 
  
� The EM induction measurement is adversely affected by metallic or ferrous material in the vicinity 

of the probe. 
 

� The EM induction measurement can be effected, though not adversely, but the conductivity of the 
wellbore fluid present and the fluid in the formation. 
 

� Because the EM induction measurement is spherical, major borehole washouts may effect the 
measurement of formation conductivity at that depth. 
 

� The EM induction measurement can be performed through PVC casing if need be. 
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MW-1 Geophysical Report

1.0 Geophysical Logging

On May 5th and May 8th, 2008, downhole geophysical investigations were performed in boring 
MW-1.  The geophysical logs performed were: ambient fluid temperature and fluid conductivity, 
natural gamma, EM conductivity and vertical seismic profiling (VSP).  The data for these logs are 
presented in the MW-1 Geophysical Summary Plot at the end of this well report.   

1.1 Ambient Fluid Temperature/Fluid Conductivity 

On May 5th, 2008, an ambient fluid temperature and electrical fluid conductivity (FEC) profile 
was acquired in MW-1 to a depth of 142.5 feet.  The ambient temperature log is relatively 
featureless with the exception of an anomaly at approximately 48.9 feet.  As this anomaly is at a 
depth corresponding to blank PVC casing, this anomaly is likely not the result of flow.  At the 
screened interval of interest of 133.0 to 143.0 feet the ambient fluid temperature and FEC profiles 
are relatively featureless.  The ambient FEC profile registers a nominal 294 to 296 μS/cm at the 
screened interval.  The ambient temperature profile registers a nominal 6.70 degrees C at the top 
of the fluid column and 5.11 degrees C at the interval of interest. 

1.2 Natural Gamma 

On May 5th, 2008, a natural gamma profile was acquired in MW-1 to a depth of 141.7 feet.  The 
natural gamma profile is relatively featureless ranging in gamma counts of 22 to 91 counts per 
second (CPS).

1.3 EM Induction Conductivity 

On May 5th, 2008, an EM conductivity profile was acquired in MW-1 to a depth of 140.5 feet.  
The EM conductivity profile registers an anomaly at 133 feet indicating the top of the screened 
interval and at 21.7 feet indicating water level.  The EM conductivity log registers a nominal 175 
mSeimans/meter above 133 feet and 183.6 mSeimans/meter below 133 feet.   

1.4 Vertical Seismic Profile (VSP) 

On May 8th, 2008, a vertical seismic profile (VSP) investigation was conducted in MW-1 to a 
depth of 140 feet.  Four distinct intervals of specific velocity were observed in MW-1 at 15 to 
47.5, 47.5 to 77.5, 77.5 to 130 and 130 to 140 feet, registering 5,706, 8,200, 12,400 and 3,338 feet 
per second (fps).  The deepest calculated velocity is derived from low P-wave energy data.  As 
such, the calculated value of 3,338 fps is suspect.  The higher velocity value is consistent with 
limestone bedrock.
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Well ID: MW-1

Csg Size/Type: 2" PVC

 C
OM

ME
NT

S All depths here referenced to top PVC casing unless noted otherwise.
Measured casing stick up above ground surface: PVC 1.75 ft, Steel 2.0 ft.
Steel outer casing total depth 15.7 ft, estimated from induced cond. log.
Other well Consturction info taken directly from drilling report.
Measured and drill report PVC stickup differ. 

Log Ref.: Top PVC Casing
LO

GS
 &

 Gamma: Gamma SN# 311, depth err. -0.04 ft, speed 10 ft/min 
Ind. Cond./Res.: 2PIA SN# 2041, depth err. -0.18 ft, speed 10 ft/min
Fluid Temp./Cond.: HpL SN# A, depth err. 0.1 ft, speed 5 ft/min

Depth Driller: 142 ft bgs

TO
OL

S

Project: LO-58

Depth Logger: 143.1 ft
Hole Diameter: 8" nom. to TD

CO
MM

EN
TS

Ground Elevation: 577.3 ft. aMSL.
Natural Gamma log includes K, U, and Th.
Water Quality logs performed under ambient conditions.
Ambient Water Level about 21.4 ft (19.7 ft bgs).
Borehole was not logged while drilling.

Location: Aroostook County, Caribou, ME
Date Logged: 5 May 2008

Witnessed by: A. FullerRecorded by: G. Bauer
Log Ref. Elev.: 578.79 ft above MSL
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MW-2 Geophysical Report

1.0 Geophysical Logging

On May 7th and May 8th, 2008, downhole geophysical investigations were performed in boring 
MW-2.  The geophysical logs performed were: ambient fluid temperature and fluid conductivity, 
natural gamma, EM conductivity, vertical seismic profiling (VSP) and water chemistry (pH, 
ORP, DO).  The data for these logs are presented in the MW-2 Geophysical Summary Plot at the 
end of this well report.   

1.1 Ambient Fluid Temperature/Fluid Conductivity 

On May 7th, 2008, an ambient fluid temperature and electrical fluid conductivity (FEC) profile 
was acquired in MW-2 to a depth of 61.7 feet.  The ambient temperature log indicates an anomaly 
at the top of the screened interval at 52 feet.  Above 52 the temperature log registers a nominal 
6.01 degrees C.  Below 52 feet the temperature log registers a nominal 5.15 degrees C.  The 
temperature profile is featureless within the screened interval.  The ambient FEC profile registers 
a nominal 368 μS/cm at the top of the screened interval at 52 feet and is observed to increase with 
depth to 377 μS/cm at 61.7 feet (TD). 

1.2 Natural Gamma 

On May 7th, 2008, a natural gamma profile was acquired in MW-2 to a depth of 57.6 feet.  The 
natural gamma profile indicates a high-gamma count anomaly at 46 to 50 feet.  The natural 
gamma profile ranges from 16 to 92 CPS.   

1.3 EM Induction Conductivity 

On May 7th, 2008, an EM conductivity profile was acquired in MW-2 to a depth of 59.4 feet.  The 
EM conductivity profile does not register usable data, for unknown reasons, though the anomalies 
have the character of registering metal nearby.  It is possible there is rebar or other metal under 
the asphalt in the immediate vicinity of the well.  Two different EM conductivity probes were 
utilized on MW-2 and both registered the same result, along with repeat logs.   

1.4 Vertical Seismic Profile (VSP) 

On May 8th, 2008, a vertical seismic profile (VSP) investigation was conducted in MW-2 to a 
depth of 57.5 feet.  Three distinct intervals of specific velocity were observed in MW-2 at 5 to 15, 
15 to 30 and 30 to 57.5 feet, registering 5,936, 1,921 and 7,178 fps.   

1.5 Water Chemistry (pH, ORP, DO)

On May 7th, 2008, an ambient pH, oxidation-reduction potential (ORP) and dissolved oxygen 
(DO) profile was acquired in MW-2 to a depth of 61.8 feet.  The pH profile registers a high-pH 
anomaly at water level, which is typical of this type of log.  Below water level the pH 
measurement decreases with depth until the top of screened interval at 52 feet.  Below 52 feet the 
pH registers a nominal 7.45 through the screened interval. The DO measurement registers regular 
low-DO anomalies every 4 feet approximately, perhaps the result of casing joints.  Within the 
screened interval the DO measurement increases with depth, registering 2.36 to 2.47 percent.   

3032



Well ID: MW-2

Csg Size/Type: 2" PVC
Log Ref.: Top PVC Casing

 C
OM

ME
NT

S All depths here referenced to top PVC casing unless noted otherwise.
Measured casing stick up above ground surface: PVC 1.75 ft, Steel 2.54 ft.
Steel outer casing total depth 13.3 ft bgs, estimated from induced cond. log.
Other well consturction info taken directly from drilling report.
Measured and drill report PVC stickup differ. 

Depth Driller: 62 ft bgs

LO
GS

 &
 Gamma: Gamma SN# 311, depth err. 0.10 ft, speed 10 ft/min 

Cond./Res.: 2PIA SN# 2041, depth err. 0.10 ft, speed 10 ft/min
Fluid Temp: HpL SN# A, depth err. 0.08 ft, speed 5 ft/min
Fluid Cond/pH/O2: WQ SN# 3048, depth err. 0.08 ft, speed 4.5 
ft/min

TO
OL

S

Project: LO-58

Depth Logger: 61.6 ft
Hole Diameter: 8" Nom. to TD

CO
MM

EN
TS

Ground Elevation: 587.6 ft aMSL.
Natural Gamma log includes K, U, and Th.
Water Quality logs performed under ambient conditions.
Ambient Water Level about 27.4 ft (25.7 ft bgs).
Suspected metel underground affecting logs. Missile pad area.

Date Logged: 7 May 2008
Location: Aroostook County, Caribou, ME

Recorded by: G. Bauer Witnessed by: A. Fuller
Log Ref. Elev.: 589.36 ft above MSL
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MW-3 Geophysical Report

1.0 Geophysical Logging

On May 6th and May 8th, 2008, downhole geophysical investigations were performed in boring 
MW-3.  The geophysical logs performed were: ambient fluid temperature and fluid conductivity, 
natural gamma, EM conductivity, vertical seismic profiling (VSP) and water chemistry (pH, DO).  
The data for these logs are presented in the MW-3 Geophysical Summary Plot at the end of this 
well report.

1.1 Ambient Fluid Temperature/Fluid Conductivity 

On May 6th, 2008, an ambient fluid temperature and electrical fluid conductivity (FEC) profile 
was acquired in MW-3 to a depth of 48.4 feet.  The ambient temperature log indicates an anomaly 
at the top of the screened interval at 39 feet.  Below 39 feet the temperature log registers a 
nominal 6.38 to 6.63 degrees C.  The temperature profile is featureless within the screened 
interval.  The ambient FEC profile registers approximately 663 μS/cm at the top of the screened 
interval at 39 feet and 643 μS/cm at near TD.  The FEC observed in MW-3 is notably higher than 
other wells on site. 

1.2 Natural Gamma 

On May 6th, 2008, a natural gamma profile was acquired in MW-3 to a depth of 47.5 feet.  The 
natural gamma profile is relatively featureless with gamma counts ranging from 50 to 69 CPS, 
with the exception of the low gamma counts that are likely the result of near-surface effect.   

1.3 EM Induction Conductivity 

On May 6th, 2008, an EM conductivity profile was acquired in MW-3 to a depth of 46.5 feet.  The 
EM conductivity profile is rather erratic below 31.5 feet registering approximately 100 to 150 
mSeimans/meter.  Below 43.1 feet the conductivity log registers -1,400 mSeimans/meter – 
possibly the effect of metal near the well.   

1.4 Vertical Seismic Profile (VSP) 

On May 8th, 2008, a vertical seismic profile (VSP) investigation was conducted in MW-3 to a 
depth of 45 feet.  Three distinct intervals of specific velocity were observed in MW-3 at 5 to 20, 
20 to 30 and 30 to 45 feet, registering 2,031, 3,435 and 11,492 fps.   The deepest interval was 
calculated using a two-point calculation between 30 and 45 feet due to high scatter in the data set.

1.5 Water Chemistry (pH, DO)

On May 6th, 2008, an ambient pH, oxidation-reduction potential (ORP) and dissolved oxygen 
(DO) profile was acquired in MW-3 to a depth of 48.4 feet.  The pH profile registers a low-pH 
anomaly at 39 feet.  Below 39 feet the pH registers a nominal 7.57 with a minor high-pH anomaly 
at 42.3 feet.  The DO measurement registers a low-DO anomaly at 39 feet, the top of the screened 
interval.  Below 39 feet the DO registers 10.67 to 10.8 percent.   
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Well ID: MW-3

Csg Size/Type: 2" PVC
Log Ref.: Top PVC Casing

 C
OM

ME
NT

S All depths here referenced to top PVC casing unless noted otherwise.
Measured casing stick up above ground surface: PVC 3.38 ft, Steel 3.79 ft.
Steel outer casing total depth 16.0 ft bgs, estimated from induced cond. log.
Other well construction info taken directly from drilling report.
Measured and drill report PVC stickup differ. 

Depth Driller: 47 ft bgs

LO
GS

 &
 Gamma: Gamma SN# 311, depth err. 0.10 ft, speed 10 ft/min 

Cond./Res.: 2PIA SN# 2041, depth err. 0.10 ft, speed 10 ft/min
Fluid Cond: HpL SN# A, depth err. 0.10 ft, speed 5 ft/min
Fluid Temp/pH/O2: WQ SN# 3048, depth err. 0.08 ft, speed 4.0 
ft/min

TO
OL

S

Project: LO-58

Depth Logger: 48.85 ft
Hole Diameter: 8" Nom. to TD

CO
MM

EN
TS

Ground Elevation: 567.5 ft aMSL.
Natural Gamma log includes K, U, and Th.
Water Quality logs performed under ambient conditions.
Ambient Water Level about 13.7 ft (10.32 ft bgs).

Date Logged: 6 May 2008
Location: Aroostook County, Caribou, ME

Recorded by: G. Bauer Witnessed by: A. Fuller
Log Ref. Elev.: 570.63 ft above MSL
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MW-4 Geophysical Report

1.0 Geophysical Logging

On May 6th and May 8th, 2008, downhole geophysical investigations were performed in boring 
MW-4.  The geophysical logs performed were: ambient fluid temperature and fluid conductivity, 
natural gamma, EM conductivity and vertical seismic profiling (VSP).  The data for these logs are 
presented in the MW-4 Geophysical Summary Plot at the end of this well report.   

1.1 Ambient Fluid Temperature/Fluid Conductivity 

On May 6th, 2008, an ambient fluid temperature and electrical fluid conductivity (FEC) profile 
was acquired in MW-4 to a depth of 82.3 feet.  The ambient temperature log is relatively 
featureless in the interval of interest, ranging in temperature from 4.16 to 4.13 degrees C.  The 
ambient FEC profile indicates some stratification of wellbore fluids inside the blank casing at 58 
feet.  Below 58 feet the ambient FEC profile registers a nominal 416 to 421 μS/cm within the 
screened interval.  A minor high-FEC anomaly is observed at 79 feet within the screened interval. 

1.2 Natural Gamma 

On May 6th, 2008, a natural gamma profile was acquired in MW-4 to a depth of 81.2 feet.  The 
natural gamma profile is relatively featureless ranging in gamma counts of 29 to 75 counts per 
second (CPS).

1.3 EM Induction Conductivity 

On May 6th, 2008, an EM conductivity profile was acquired in MW-4 to a depth of 80.1 feet.  The 
EM conductivity profile registers an anomaly at 72 feet indicating the top of the screened interval 
and 31.2 feet indicating water level.  The EM conductivity log registers a nominal 176 
mSeimans/meter above 72 feet and 186 mSeimans/meter below 72 feet.   

1.4 Vertical Seismic Profile (VSP) 

On May 8th, 2008, a vertical seismic profile (VSP) investigation was conducted in MW-4 to a 
depth of 80 feet.  Three distinct intervals of specific velocity were observed in MW-3 at 5 to 30, 
30 to 47.5 and 47.5 to 80 feet, registering 4,529, 6,548 and 6,678 fps.   The deepest interval was 
calculated using a two-point calculation between 47.5 and 80 feet due to high scatter in the data 
set.
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Well ID: MW-4

Csg Size/Type: 2" PVC
Log Ref.: Top PVC Casing

 C
OM

ME
NT

S All depths here referenced to top PVC casing unless noted otherwise.
Measured casing stick up above ground surface: PVC 2.0 ft, Steel 2.42 ft.
Steel outer casing total depth 7.0 ft, est from induced conductivity log.
Other well construction data taken directly from drilling report.
Measured and drill report PVC stickup differ.

Depth Driller: 82 ft bgs

LO
GS

 &
 Gamma: Gamma SN# 311, depth err. -0.08 ft, speed 10 ft/min 

Cond./Res.: 2PIA SN# 2041, depth err. 0.16 ft, speed 10 ft/min
Fluid Temp./Cond.: HLP SN# A, depth err. 0.1 ft, speed 5 ft/min

TO
OL

S

Project: LO-58

Depth Logger: 82.7 ft
Hole Diameter: 8" Nom. to TD

CO
MM

EN
TS

Ground Elevation: 603.4 ft. aMSL.
Natural Gamma log includes K, U, and Th.
Water Quality logs performed under ambient conditions.
Ambient Water Level about 31.5 ft (29.5 ft bgs).

Date Logged: 6 May 2008
Location: Aroostook County, Caribou, ME

Recorded by: G. Bauer Witnessed by: A. Fuller
Log Ref. Elev.: 605.45 ft above MSL
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MW-5 Geophysical Report

1.0 Geophysical Logging

On May 8th and May 9th, 2008, downhole geophysical investigations were performed in boring 
MW-5.  The geophysical logs performed were: ambient fluid temperature and fluid conductivity, 
natural gamma, EM conductivity, vertical seismic profiling (VSP) and water chemistry (pH, DO).  
The data for these logs are presented in the MW-5 Geophysical Summary Plot at the end of this 
well report.

1.1 Ambient Fluid Temperature/Fluid Conductivity 

On May 8th, 2008, an ambient fluid temperature and electrical fluid conductivity (FEC) profile 
was acquired in MW-5 to a depth of 77.7 feet.  The ambient temperature log decreases with depth 
below 42 feet.  In the screened interval the temperature log is relatively featureless decreasing 
from 4.6 to 4.55 degrees C.  The ambient FEC profile registers approximately 454 μS/cm at the 
top of the screened interval at 70 feet and 461 μS/cm at TD.   

1.2 Natural Gamma 

On May 8th, 2008, a natural gamma profile was acquired in MW-5 to a depth of 73.8 feet.  The 
natural gamma profile is relatively featureless with the exception of a high-gamma anomaly at 62 
to 67 feet.  The natural gamma profile ranges in gamma counts from 50 to 90 CPS.   

1.3 EM Induction Conductivity 

On May 8th, 2008, an EM conductivity profile was acquired in MW-5 to a depth of 75.7 feet.  The 
EM conductivity profile is somewhat erratic below water level at 20 feet, registering 
approximately 142 mSeimens/meter and increasing with depth.  The conductivity profile registers 
approximately 158 mSeimens/meter near TD with a high-induction conductivity anomaly at 70.6 
feet, within the screened interval.

1.4 Vertical Seismic Profile (VSP) 

On May 9th, 2008, a vertical seismic profile (VSP) investigation was conducted in MW-5 to a 
depth of 75 feet.  Five distinct intervals of specific velocity were observed in MW-5 at 2.5 to 5, 5 
to 17.5, 17.5 to 27.5, 32.5 to 57.5 and 60 to 70 feet, registering 984, 3,385, 5,244, 15,936 and 
20,307 fps.   A low-velocity anomaly is observed at 57.5 to 60 feet with poor P-wave energy 
returned.

1.5 Water Chemistry (pH, DO)

On May 8th, 2008, an ambient pH and dissolved oxygen (DO) profile was acquired in MW-5 to a 
depth of 77.6 feet.  The pH profile registers low-pH anomalies at 61.7, 64.8 and 67.9 feet.  The 
pH profile registers a nominal 7.09 pH above the screened interval and 7.27 near TD.  The DO 
measurement indicates an erratic profile with regular anomalies that may be related to casing 
joints.  The DO registers approximately 0.16 percent within the screened interval.
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Well ID: MW-5

Csg Size/Type: 2" PVC
Log Ref.: Top PVC Casing

 C
OM

ME
NT

S All depths here referenced to top PVC casing unless noted otherwise.
Measured casing stick up above ground surface: PVC 0.0 ft, Steel 0.0 ft.
Steel outer casing total depth is undetermined from data.  Guess is shown. 

Depth Driller: 82 ft bgs

LO
GS

 &
 Gamma: 2PEA SN# 2955, depth err. 0.10 ft, speed 10 ft/min 

Cond./Res.: 2PIA SN# 2041, depth err. 0.10 ft, speed 10 ft/min
Fluid Cond/Temp: HLP SN# A, depth err. 0.10 ft, speed 5 ft/min
Fluid pH/O2: WQ SN# 3048, depth err. 0.10 ft, speed 4 ft/minTO

OL
S

Project: LO-58

Depth Logger: 77.8 ft
Hole Diameter: 8" nom. to TD

CO
MM

EN
TS

Ground Elevation: 575.9 ft aMSL.
Natural Gamma log includes K, U, and Th.
Water Quality logs performed under ambient conditions.
Ambient Water Level about 20 ft (20 ft bgs).

Date Logged: 7-8 May 08
Location: Aroostook County, Caribou, ME

Recorded by: G. Bauer Witnessed by: A. Fuller
Log Ref. Elev.: 575.72 ft above MSL
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DW-1 Logging Results

1.0 HydroPhysical� Logging

1.1 Ambient Fluid Electrical Conductivity and Temperature Log: DW-1

At 1202 hours on May 13th, 2008, after a calibration check of the fluid electrical conductivity 
(FEC) and temperature logging tool, the fluid column was logged for FEC and temperature 
profiles with COLOG’s 1.5-inch diameter HpL� probe.  These logs were performed prior to the 
installation of any pumping equipment.  Please refer to Figure DW-1:1. The ambient FEC profile 
indicates a relatively featureless profile with a notable increase at approximately 38.7 feet. The 
ambient FEC profile registers a nominal FEC of approximately 303 μS/cm above 38.7 feet and 
approximately 343 μS/cm below 42 feet. The anomaly observed in the ambient FEC profile 
correlates well with a water-bearing interval identified during hydrophysical testing.  The ambient 
temperature profile is relatively rugose exhibiting a temperature range of 4.73 to 5.21 degrees C.  
Anomalies observed in the ambient temperature profile at approximately 27.3, 35.0, 37.2, 53.2 
and 55.2 feet correlate well with identified water-bearing intervals. In vertically flowing 
conditions, where water enters the borehole, termed inflow, a change in either FEC is typically 
seen
.
1.2 Ambient Flow Characterization: DW-1 

On May 13th, 2008, an ambient flow characterization was conducted in the boring DW-1.  For 
ambient flow assessment, the formation water in the borehole was diluted with deionized water 
(DI) and the boring left in an undisturbed state to allow any natural flow to occur.  After DI water 
emplacement the pump was removed from the boring to insure that water in the pump standpipe 
would not drain back into the boring. Prior to this period and throughout all HpL� testing, water 
levels were monitored and recorded.  Ambient flow evaluation is reported for the period after the 
water surface returned to near pre-emplacement levels.  A series of FEC and temperature logs 
were then conducted to identify changes in the fluid column associated with ambient flow.  
Ambient flow characterization is conducted to evaluate the presence of both vertical and 
horizontal ambient flow.   

On May 13th, 2008, at 1318 hours (t = 0 minutes, elapsed time of test), dilution of the fluid 
column was complete.  Minimal to no DI water was lost to the formation due to the slightly 
depressed head maintained during emplacement procedures.  During the 18.5 hours following the 
emplacement of DI water, multiple logs were conducted.  Of these logs, 9 are presented in Figure 
DW-1:2. The designation of each logging with the FEC tool is indicated in the figure legend by 
the time of logging (e.g., FEC1318 versus a subsequent logging at FEC1334), thus the 
progressing of curves to the right in this figure represents changes in FEC over the total logging 
period. The last four digits of each log ID correspond to the time at which that particular log was 
started.  Only logs acquired during logging in the downward direction are presented as the design 
of the FEC/Temperature probe allows the most accurate data to be collected in the downward 
direction.  The logs acquired in the upward logging direction are not representative of downhole 
conditions and are therefore omitted.   These logs illustrate significant change at several intervals 
throughout the length of the borehole.  These dramatic changes in the FEC profiles with respect 
to time are associated with ambient horizontal flow occurring within the borehole.
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Formation water migration by horizontal flow through the fluid column is indicated by the 
increase in FEC over time in the data presented in Figure DW-1:2 for the intervals 27.3 to 31.7, 
34.6 to 35.0, 40.4 to 48.6, 49.0 to 50.2, and 52.7 to 53.6 feet. Numerical modeling of the reported 
field data using code BOREII of the horizontal flow intervals suggests the volumetric flow rate 
observed in the wellbore for these intervals are 0.085, 0.011, 0.14, 0.018, and 0.058 gpm, 
respectively.  Correcting for convergence of flow at the wellbore and factoring the length of the 
interval, this flow rate equates to a Darcy velocity, or specific discharge of groundwater in the 
aquifer of 2.84, 3.91, 2.53, 2.28, and 9.56 feet/day, respectively. Please refer to Figure DW-1:2 
and Table DW-1:1 for a complete summary of the HydroPhysical� logging results.  Please refer 
to Appendix B for a discussion of the methodology and code used to calculate these values.  The 
ambient depth to water at the time of testing was 22.39 ftbtoc. 

1.3 Flow Characterization During 6 GPM Production Test: DW-1

Pumping of borehole fluids and simultaneous DI injection was conducted at one pumping rate to 
establish the inflow locations and evaluate the interval specific inflow rates.  Pumping at a given 
rate was conducted until reasonably constant drawdown was observed.  When constant drawdown 
was observed, DI injection was initiated at about 20-30% of the pumping rate and the extraction 
pumping rate was increased to maintain a constant total formation production rate (i.e. pumping 
rate prior to DI injection).  These procedures were conducted at a differential rate of 6.04 gpm. 

On May 14th, 2008, at 1000 hours (t = 0 minutes elapsed time of testing), development pumping 
was initiated at approximately 6.6 gpm.  Prior to initiating pumping, the ambient depth to water 
was recorded at 22.79 ftbtoc.  All drawdown values are referenced to this ambient water level.  
Time dependent depth to water, totals and flow rate information were recorded digitally every 
second and are presented in Figure DW-1:3.  Pumping was maintained at a time-averaged rate of 
6.64 gpm until 1215 hours (t = 135 minutes, elapsed time of testing).  During development 
pumping numerous FEC logs were acquired to monitor the development process and assist in 
identifying the depths of flow zones.  Of these FEC logs, six (FEC1041 through FEC1150) are 
presented in Figure DW-1:4.  The FEC logs acquired during development pumping illustrate a 
reasonably stable, repeatable condition of the fluid column with local inflow locations identified 
by spikes or incremental step increases or decreases in FEC.  DI water injection from the bottom 
of the wellbore was initiated at 1215 hours at a time-averaged rate of 1.39 gpm while the total 
extraction rate was increased to a time-averaged rate of 7.43 gpm, resulting in a total borehole 
formation time-averaged production rate of 6.04 gpm.  These flow conditions were maintained 
until 1323 hours (t = 203 minutes) during which time a reasonably constant drawdown of 
approximately 3.02 feet was observed.  COLOG defines reasonably constant drawdown as 
drawdown that fluctuates less than 10 percent of the total drawdown.  The FEC logs acquired 
during dilution procedures illustrate a reasonably stable condition of the fluid column with local 
inflow locations identified by spikes or incremental step increases in FEC.  Seven inflow zones 
were identified from these logs at 27.3 to 31.7, 34.6 to 35.0, 37.4 to 38.4, 40.4 to 48.6, 49.0 to 
50.2, 52.7 to 53.6, and 54.4 to 58.1 feet with flow rates ranging of 0.207, 0.195, 0.745, 2.00, 
0.416, 1.65, and 0.838 gpm, respectively.  The logs indicate the interval 40.4 to 48.6 and 52.7 to 
53.6 feet dominated flow during pumping, producing 3.65 gpm or 60 percent of the total flow.  
Please refer to Table DW-1:1 for a summary of HydroPhysical� flow results and the depths of 
individual inflow zones. 
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1.4  Estimation of Interval Specific Transmissivity: DW-1 

An estimation of transmissivity (T) can be made using an equation after Hvorslev (1951) 
assuming steady-state radial flow in an unconfined aquifer: 

qi

2��hw
T = KL = ln re

rw( )
where K is the hydraulic conductivity, qi is the interval specific inflow rate calculated using 
HpL� results, rw is the borehole radius (0.26 ft), re is the effective pumping radius, �hw is the 
observed maximum drawdown (22.79 feet) and L is the thickness of the zone through which flow 
occurs.  For our calculations, COLOG used re of 300 feet (assumed).  By applying L and qi from 
the HpL� results under the two pressure conditions, the interval specific transmissivity can be 
calculated for each identified water producing interval.  These calculations were made at each 
identified interval and are presented in Table DW-1:1. In summary, the intervals 40.4 to 48.6 and 
52.7 to 53.6 feet exhibited the highest transmissivities of approximately 129 and 111 ft2/day, 
respectively. 

2.0 Geophysical Logging

On May 11th, 2008 through May 20th, 2008, downhole geophysical and hydrogeologic 
investigations were performed in boring DW-1.  The geophysical and hydrogeologic logs 
performed were: optical televiewer (OBI), acoustic televiewer (ATV), 3-arm caliper, natural 
gamma, electric resistivity, EM induction conductivity, water chemistry (pH, ORP, DO), full 
waveform sonic, vertical seismic profile (VSP), wireline straddle packer (WSP) and downhole 
video.  The data for these logs are presented in the DW-1 Geophysical/HydroPhysical�
Summary Plot and Figures DW-1:5, 6, 7 and 8 and Table DW-1:2 for the statistical analysis of all 
fractures/features, Table DW-1:3 for a summary of the VSP velocities and Figures DW-1:9A 
through E and Table DW-1:4 for the WSP pressure data and results at the end of this well report.  
The downhole video was provided to the client in the field at the time of logging. 

2.1 Optical Televiewer (OBI)/Acoustic Televiewer (ABI) 

On May 11th, 2008 optical and acoustic televiewer logging was performed in DW-1 to a depth of 
58.1 feet. The televiewers identified features at depths correlating well with the HpL� and 
caliper data.  The features observed by the OBI at water-bearing intervals identified from the 
HpL� data had apparent aperture and in some cases evidence of staining.  Twenty high-angle 
fractures or features (dip angles greater than 45 degrees) were identified in DW-1.  Four of these 
high-angle features are qualitatively ranked 2 or greater suggesting the potential for vertical 
hydraulic communication outside the influence of the borehole.  However, none of these high-
angle fracture or features are found deeper than 55 feet – all are shallow features.  Data acquired 
during WSP testing confirms the presence of vertical hydraulic communication between several 
water-bearing zones in the immediate vicinity of the borehole. 
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2.2 Three-Arm Caliper 

On May 11th, 2008 three-arm caliper logging was performed in DW-1 to a depth of 57.7 feet.  
The caliper log indicates a relatively rugose borehole with nine major inflections observed at 
approximately 10.4 to 12.6, 18.5, 23.0, 26.9, 34.7, 37.9, 40.4 to 45.1, 46.8 to 48.2 and 52.4 to 
53.5 feet. The inflections, or borehole enlargements, observed in the caliper log correlate well 
with water-bearing zones and fractures identified by the hydrophysical and optical televiewer 
data.  The caliper log registers an approximately nominal 6.25-inch diameter borehole below 
casing at 10.4 feet. 

2.3 Natural Gamma 

On May 11th, 2008 natural gamma logging was performed, in conjunction with the electric 
resistivity logging, in DW-1.  The natural gamma measurement reached to a depth of 54.1 feet.  
The natural gamma is relatively featureless with minor fluctuations in gamma counts, expected in 
limestone.  The natural gamma log registers an approximately nominal 44 to 70 counts per 
second.

2.4 Electric Resistivities (8, 16, 32, 64-inch Normal Resistivities, SP, SPR) 

On May 11th, 2008 electric resistivity logging was performed, in conjunction with the natural 
gamma log, in DW-1 to a depth of 57.8 feet.  The electric measurements consist of 8, 16, 32 and 
64-inch “normal” resistivities, spontaneous potential (SP) and single-point resistance (SPR).  The 
normal resistivities registered approximately 850 Ohm-meters (8-inch resistivity) to 3,690 Ohm-
meters (64-inch resistivity).  A notable anomaly in the electric resistivity is observed at 
approximately 47 to 48 feet.  The higher spaced resistivities (32 and 64-inch) register lower 
resistivities below this depth.  Above 47 to 48 feet, the higher spaced resistivities register a 
marked increase in resistivity, typical of more massive limestone.  However, the limestone above 
this depth is marked with large, occasionally high-angle, fractures.   The SP is also relatively 
featureless registering a nominal 125 to 246 milivolts below water level.  The SPR measurement 
registers low-resistivity anomalies at 37.8, 40.4 to 48.2 and 52.8 feet, correlating well with 
identified major fractures.  The SPR registers 432 to 791 Ohms. 

2.5 EM Induction Conductivity 

On May 11th, 2008 EM induction conductivity logging was performed in DW-1 to a depth of 
55.8 feet.  The induction conductivity log is featureless with the exception of anomalies at the 
bottom of casing at 10.5 feet and water level at approximately 21.4 feet.  The induction 
conductivity registers a nominal 43 miliS/meter above water level and 154 miliS/meter below 
water level.

2.6 Water Chemistry (pH, ORP, DO) 

On May 11th, 2008, pH, oxidation-reduction potential (ORP) and dissolved oxygen (DO) 
measurements were acquired under ambient conditions in DW-1 to a depth of 57.6 feet.  The pH 
measurement is relatively featureless with the exception of a high-pH anomaly at waters surface.  
The pH measurement registers a nominal pH ranging from 7.41 to 7.50.  The ORP measurement 
indicates a gradual increase in oxidation potential with depth.  The ORP measurement registers 
approximately 137 mV at waters surface and 195 mV near total depth.  The dissolved oxygen 
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measurement is relatively variable with significant fluctuations in DO.  The DO measurement 
registers an increase in dissolved oxygen with depth, registering zero from waters surface to 
approximately 37.6 feet where the data indicates an increase in DO.  Near total depth the DO is 
observed to be approximately 1.57 percent.   

2.7 Full Waveform Sonic 

On May 11th, 2008 full waveform sonic logging was performed in DW-1 to a depth of 58.1 feet.  
The sonic registered slower velocity anomalies at 37.4 to 46.4, 48.4 and 53.1 feet, correlating 
well with identified fractures and water-bearing zones observed in the optical televiewer, caliper 
and hydrophysical data.  The sonic registered p-wave velocities ranging from 9,340 to 19,550 
feet/second.  The lower value of p-wave velocity correlates well with velocities identified using 
vertical seismic profiling (VSP).     

2.8 Vertical Seismic Profile (VSP) 

On May 8th, 2008 a vertical seismic profile (VSP) was conducted in DW-1 to a depth of 55 feet.  
The VSP investigation in DW-1 identified 3 specific intervals of specific velocity at 5 to 10, 10 to 
25 and 25 to 55 feet, registering 1,670, 7,135 and 8,493 feet/second (fps), respectively.  All of the 
DW-1 velocity calculations are effectively two-point calculations, using arrival times at the 
beginning & end of the indicated depth ranges.  Late arrivals indicate possible low-velocity zones 
near 20 & 50 feet deep.  The 1,670 fps value is consistent with dry overburden.  The higher 
values are relatively low for bedrock velocities, but consistent with highly fractured bedrock. 

2.9 Wireline Straddle Packer (WSP) 

On May 18th through 20th, 2008 wireline straddle packer (WSP) testing was conducted in DW-1 
at five intervals: 

33.15 to 24.98 feet (the top of water table) 
33.75 to 38.5 feet 
41.2 to 51.9 feet 
51.0 to 58.1 feet (total depth) 
54.0 to 58.1 feet (total depth) 

WSP testing was conducted to acquire a fracture-specific groundwater sample from each major 
water-bearing fracture identified during hydrophysical production testing.  In addition to 
collecting a representative groundwater sample from each interval, development pumping was 
conducted at each interval and pressures above, below and in the interval of interest recorded to 
estimate fracture-specific permeability for each interval tested.  Please see Tables WSP Summary 
and DW-1:4 for a complete summary of wireline straddle packer testing results. 

Several different configurations of the WSP were utilized to properly characterize the numerous 
fracture zones in this borehole.  Due to either a long length of fracture zone that is intended to be 
tested, or the fracture of interest being close to water level of the bottom of the borehole, the WSP 
was configured several different ways: 

Interval 33.15 to 24.98 feet (water level) – the top of the upper packer was situated at 33.15 feet 
and only the upper packer was inflated.  The middle zone of the packer assembly was sealed from 
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the upper interval and pumping was conducted from a 2-inch pump lowered to the interval of 
interest, 33.15 feet up to water level (24.98 ftbtoc).  In this configuration, both the middle and 
lower pressure transducers are recording the same interval of interest – the entire interval below 
the upper packer to TD.  Notice there is no evidence of vertical hydraulic communication outside 
the influence of the borehole between water-bearing fractures in the test interval of 33.15 feet up 
to water level and water-bearing fractures below the upper packer (bottom of the upper packer 
seal approximately 35 feet) based on the non-response to pumping registered by the middle and 
lower pressure transducers.  However, the pumping rate of 0.25 gpm is very low with respect to 
the yields of the identified water-bearing fractures below this interval of interest.  As such, any 
vertical hydraulic communication at this testing flow rate would likely not be measured in the 
pressure transducers below this interval of interest. Please see Figure DW-1:9A and Table DW-
1:4 for a complete summary of the data acquired and results for this interval. 

Interval 33.75 to 38.5 feet – The WSP was utilized in its standard configuration, with a 4.8-foot 
interval, both packers inflated, and all pressure transducers measuring pressure in their respective 
zones of interest.  The data clearly indicates vertical hydraulic communication outside the 
influence of the borehole between water-bearing fractures in the interval of interest at 33.75 to 
38.5 feet and the lower interval below the lower packer based on the correlating responses 
observed in the middle and lower pressure transducers.  The data indicates a small correlating 
response in the upper pressure transducer, likely observed during this test due to the higher 
pumping rate of 2.73 gpm during stress testing compared to the pumping rate of 0.25 gpm during 
stress testing of the upper interval 33.15 feet to water level.  Please see Figure DW-1:9B and 
Table DW-1:4 for a complete summary of the data acquired and results for this interval. 

Interval 41.2 to 51.9 feet – For this interval of interest, the WSP was reconfigured for a longer 
length between packers.  For this test the interval was lengthened to 10.7 feet due to the highly 
fractured interval and lack of pertinent, solid borehole to place a packer for a good seal.  The data 
clearly indicates vertical hydraulic communication outside the influence of the borehole between 
water-bearing fractures in the interval of interest at 41.2 to 51.9 feet and the upper and lower 
intervals surrounding the interval of interest based on the correlating responses observed in the 
upper and lower pressure transducers.  This is not unexpected based on the high-angle fractures 
with aperture identified in the optical and acoustic televiewer data in this interval.  Please see 
Figure DW-1:9C and Table DW-1:4 for a complete summary of the data acquired and results for 
this interval. 

Interval 51.0 feet to TD – For this interval of interest, the WSP was reconfigured by removing the 
lower packer in order to enable the sample port of the WSP to reach this interval of interest near 
the bottom of the borehole.  For this test the middle and lower pressure transducers are both in the 
interval of interest and register the same changes in pressure.  The interval of interest is 
considered to be from the base of the upper packer to total depth of the borehole – 58.2 feet.  The 
data clearly indicates vertical hydraulic communication outside the influence of the borehole 
between water-bearing fractures in the interval of interest at 51.0 to TD and the upper interval 
above this interval of interest based on the correlating response observed in the upper pressure 
transducers.  This is not unexpected based on the high-angle fractures with aperture identified in 
the optical and acoustic televiewer data.  Please see Figure DW-1:9D and Table DW-1:4 for a 
complete summary of the data acquired and results for this interval. 

Interval 54.0 feet to TD – For this interval of interest, the WSP was reconfigured by removing the 
lower packer in order to enable the sample port of the WSP to reach this interval of interest near 
the bottom of the borehole.  For this test the middle and lower pressure transducers are both in the 

4345



interval of interest and register the same changes in pressure.  The interval of interest is 
considered to be from the base of the upper packer to total depth of the borehole – 58.2 feet.  The 
data clearly indicates vertical hydraulic communication outside the influence of the borehole 
between water-bearing fractures in the interval of interest at 54.0 to TD and the upper interval 
above this interval of interest based on the correlating response observed in the upper pressure 
transducers.  Please see Figure DW-1:9E and Table DW-1:4 for a complete summary of the data 
acquired and results for this interval.

3.0 Data Summary

Processing and interpretation of the geophysical and HydroPhysical� logs in DW-1 suggest the 
presence of seven producing intervals for this borehole.  Numerical modeling of the reported 
HydroPhysical� field data was performed using computer programs FLOWCALC and/or 
BOREII.  These analyses were performed to estimate the rate of inflow for each identified 
hydraulically conductive borehole interval during DI injection procedures.  The results of these 
analyses are presented in Table DW-1:1.  For code comparisons to field data please see Appendix 
D.  In summary, the intervals at 40.4 to 48.6 and 52.7 to 53.6 feet dominated flow during 
pumping, producing 3.65 gpm or 60 percent of the total flow.  Five of the seven identified 
producing intervals correlate well with water-bearing zones identified during ambient testing.  
The remaining two intervals were not actively flowing water during ambient testing.   

During ambient testing, boring DW-1 exhibited a complex network of horizontal flow zones. Five 
ambient inflow intervals are identified at 27.3 to 31.7, 34.6 to 35.0, 40.4 to 48.6, 49.0 to 50.2, and 
52.7 to 53.6 feet, with observed flow rates of 0.085, 0.011, 0.14, 0.018, and 0.058 gpm 
respectively. Ambient flow from these inflow intervals is observed to migrate horizontally across 
the borehole.  Correcting for convergence to the wellbore and factoring the length of the interval, 
this flow rate equates to Darcy velocities of 2.84, 3.91, 2.53, 2.28, and 9.56 ft/day, respectively. 

The optical and acoustic televiewers identified features at depths correlating well with the HpL�
and caliper data.  The features observed by the OBI at water-bearing intervals identified from the 
HpL� data had apparent aperture and in some cases evidence of staining.  Two hundred twenty 
high-angle fractures or features (dip angles greater than 45 degrees) were identified in DW-1.  
Seventeen of these high-angle features are qualitatively ranked 2 or greater suggesting the 
potential for vertical hydraulic communication outside the influence of the borehole.  Data 
acquired during WSP testing confirms the presence of vertical hydraulic communication between 
several water-bearing zones in the immediate vicinity of the borehole. 

The seven interval-specific transmissivity estimates calculated using the hydrophysical data in 
DW-1 ranged from 8.51 to 129 ft2/day, with the interval at 40.4 to 48.6 feet registering the 
highest transmissivity. The ranges of transmissivities suggest that flow originates from secondary 
porosity consisting of large discrete fractures at the major inflow zones and minor fractures or 
features with less inter-connectiveness at the minor inflow zones.  Interval-specific FEC ranged 
from 357 to 428 �S/cm.   

The WSP sampling results identified contaminant concentrations in each of the five sampled 
intervals.  Of particular note is a high toluene anomaly of 120 μg/L in the uppermost sample 
interval of 33.2 to water level (24.86 ftbtoc).  Each of the five sampled intervals at 33.2 to water 
level, 33.8 to 38.5, 41.2 to 51.9, 51.0 to 58.2 (TD) and 54.0 to 58.2 feet registered concentrations  
of TCE of 1.8, 2.5, 3.4, 3.1 and 2 μg/L, respectively.  Please see Table WSP Summary in the 
Executive Summary for a complete summary of the sample results. 
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Fracture inter-connectiveness in the immediate vicinity of a wellbore can be inferred by the 
similarity, or lack there of, of parameters such as interval-specific transmissivity estimates and 
interval-specific FEC, along with the presence of high-angle fractures and pressure differentials 
within the borehole. Similar transmissivity and FEC estimates would suggest an inter-connected 
network of fractures or aquifers in the immediate vicinity of the wellbore.  High-angle fractures 
with aperture may provide a conduit for vertical communication.  Moreover, although a pressure 
differential would seem to suggest the driving force for vertical communication is present, 
typically substantially vertically interconnected fractures or aquifers tend to pressure-equilibrate 
in the immediate vicinity of the wellbore.  Thus, the presence of a pressure differential in a 
wellbore may suggest a lack of vertical communication between fractures or aquifers in the 
immediate vicinity of the borehole.   

The data acquired in DW-1 exhibited dissimilar interval-specific transmissivity but similar FEC 
estimates. The televiewers identified high-angle fractures with aperture and the WSP registered 
pressure correlations above and below several tested intervals.  The data strongly suggest the 
fractures are vertically inter-connected in the immediate vicinity of the wellbore.  Please see 
Table DW-1:1 for a summary of the HydroPhysical� and geophysical logging results which 
includes the locations, flow rates and transmissivity and hydraulic conductivity estimates assessed 
by COLOG. 
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FIGURE DW-1:1.  Ambient Temperature And Fluid Electrical Conductivity; Weston Solutions; MEFUDS; LO-58; 
Caribou, ME; Wellbore: DW-1
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FIGURE DW-1:2.  Summary of Hydrophysical Logs During Ambient Flow Characterization; Weston Solutions; 
MEFUDS; LO-58; Caribou, ME; Wellbore: DW-1
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FEC logs acquired immediately following DI water emplacement for Ambient 
Flow Characterization. The logs indicate horizontal groundwater flow occurs in 
the borehole at 27.3 to 31.7, 34.6 to 35.0, 40.4 to 48.6, 49.0 to 50.2 and 52.7 to
53.6 feet.  The flow rates equate to a specific discharge in the aquifer of 2.84, 
3.91, 2.53, 2.28 and 9.56 feet per day, respectively.
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FIGURE DW-1:4.  Summary of Hydrophysical Logs 6 GPM Hydrophysical Production Test; Weston Solutions; 
MEFUDS; LO-58; Caribou, ME; Wellbore: DW-1
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Well ID: DW-01 (AMAC Well)

Csg Size/Type: 6" Steel

 C
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ME
NT

S All depths here referenced to top steel casing unless noted otherwise.
Measured casing stick up above ground surface: 0.5 ft.
Steel outer casing total depth 10.5 ft, estimated from image log.

Log Ref.: Top Steel Casing
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 See Individual Logs
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Project: LO-58

Depth Logger: 58.1 ft
Hole Diameter: 6" nom. to TD
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Ground Elevation: ~571ft. aMSL.
Natural Gamma log includes K, U, and Th.
Water Quality logs performed under ambient conditions.
Ambient Water Level about 21.4 ft (20.9 ft bgs).
Logs relative to Truth North (mag dec = 20W)

Location: Aroostook County, Caribou, ME
Date Logged: 11-20 May 08

Witnessed by: J. SchmidlRecorded by: G. Bauer
Log Ref. Elev.: ~573 ft above MSL
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Partial Fracture Healed Fracture/Bedding Plane

Complete Fracture Open Fracture

Wide Fracture/Multiple Fractures Washout/Wide Fracture Zone

Well ID: DW-01 (AMAC Well)

Csg Size/Type: 6" Steel 

 C
OM

ME
NT

S All depths here referenced to top steel casing unless noted otherwise.
Measured casing stick up above ground surface: 0.5 ft.
Steel outer casing total depth 10.5 ft, estimated from image log.
Other well Consturction info taken directly from drilling report.
Measured and drill report PVC stickup differ. 

Log Ref.: Top Steel Casing

Depth Driller: No Data

Project: LO-58

Depth Logger: 58.1 ft
Hole Diameter: 6" nom. to TD
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Ground Elevation: ~571 ft. aMSL.
Natural Gamma log includes K, U, and Th.
Water Quality logs performed under ambient conditions.
Ambient Water Level about 21.4 ft (20.9 ft bgs).
Logs relative to Truth North (mag dec = 20W)

Location: Aroostook County, Caribou, ME
Date Logged: 11-20 May 08

Structure Tadpoles
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Figure DW-1:5.  Rose Diagram of Optical Televiewer Features 
Weston Solutions 
MEFUDS; LO-58 
 Wellbore: DW-1 

May 11, 2008 

Dip Direction 
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Figure DW-1:6.  Rose Diagram of Optical Televiewer Features 
Weston Solutions 
MEFUDS; LO-58 
 Wellbore: DW-1 

May 11, 2008 

Dip Angles 
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Figure DW-1:7.  Stereonet of Optical Televiewer Features 
Weston Solutions 
MEFUDS; LO-58 
 Wellbore: DW-1 

May 11, 2008 

Schmidt Projection with Contours 
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Figure DW-1:8. Stereonet of Optical Televiewer Features 
Weston Solutions 
MEFUDS; LO-58 
 Wellbore: DW-1 

May 11, 2008 

Schmidt Projection with Feature Ranks 
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Table DW-1:2. Orientation Summary Table
Image Features

Weston Solutions
LO-58;

Wellbore: DW-1
May 11, 2008

Feature Depth Depth Dip Dip Feature
No.  Direction Angle Rank

(meters) (feet) (degrees) (degrees) (0 to 5)
1 3.22 10.6 268 22 1
2 3.80 12.5 175 12 1
3 4.19 13.7 120 14 0
4 4.43 14.5 144 17 0
5 4.99 16.4 200 20 0
6 5.09 16.7 227 16 0
7 5.17 17.0 199 8 1
8 5.32 17.5 203 9 0
9 5.51 18.1 130 4 3

10 5.74 18.8 171 14 3
11 6.91 22.7 153 4 0
12 7.11 23.3 165 12 2
13 7.75 25.4 196 17 0
14 7.95 26.1 302 32 1
15 8.11 26.6 24 84 1
16 8.29 27.2 187 14 1
17 8.33 27.3 171 14 1
18 8.68 28.5 215 15 0
19 8.97 29.4 208 12 0
20 9.27 30.4 206 16 0
21 9.52 31.2 208 13 0
22 9.70 31.8 200 9 0
23 10.09 33.1 213 13 0
24 10.34 33.9 49 77 1
25 10.49 34.4 121 18 1
26 10.62 34.9 57 72 1
27 10.65 34.9 218 23 2
28 10.88 35.7 63 74 1
29 11.53 37.8 205 39 3
30 11.93 39.2 83 65 1
31 12.36 40.6 223 32 2
32 12.51 41.1 23 66 3
33 12.79 42.0 43 54 1
34 13.68 44.9 51 44 1
35 13.88 45.5 233 31 1
36 13.99 45.9 22 82 3
37 14.53 47.7 216 23 1
38 15.01 49.3 51 80 1
39 15.13 49.6 71 48 1
40 15.52 50.9 70 73 1
41 15.53 51.0 202 30 1
42 15.65 51.4 73 68 1
43 15.72 51.6 197 31 1
44 15.84 52.0 205 23 0

All directions are with respect to true north (magnatic declination 20W).
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Table DW-1:2. Orientation Summary Table
Image Features

Weston Solutions
LO-58;

Wellbore: DW-1
May 11, 2008

Feature Depth Depth Dip Dip Feature
No.  Direction Angle Rank

(meters) (feet) (degrees) (degrees) (0 to 5)
45 15.96 52.4 194 24 0
46 16.16 53.0 159 52 3
47 16.51 54.2 189 58 1
48 16.57 54.4 69 66 1
49 16.84 55.2 30 54 2
50 16.89 55.4 19 74 1
51 16.99 55.7 191 21 0
52 17.13 56.2 55 61 1
53 17.18 56.4 209 21 0
54 17.25 56.6 76 61 1
55 17.38 57.0 171 25 0
56 17.49 57.4 61 66 1
57 17.58 57.7 217 31 1

All directions are with respect to true north (magnatic declination 20W).
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Table DW-1:3. Summary of Vertical Seismic Profile Results; Weston Solutions; LO-58, Caribou, ME; Wellbore: 
DW-1

Well
Depth Interval

(ftbtoc)

Interval-Specific
Velocity

(feet/second) Comments
5 - 10 1,670 Consistent with overburden
10 - 25 7,135 Consistent with highly fractured bedrock
25 - 55 8,493 Consistent with highly fractured bedrock

DW-01
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DW-2 Logging Results

1.0 HydroPhysical� Logging

1.1 Ambient Fluid Electrical Conductivity and Temperature Log: DW-2

At 0933 hours on May 9th, 2008, after a calibration check of the fluid electrical conductivity 
(FEC) and temperature logging tool, the fluid column was logged for FEC and temperature 
profiles with COLOG’s 1.5-inch diameter HpL� probe.  These logs were performed prior to the 
installation of any pumping equipment.  Please refer to Figure DW-2:1. The ambient FEC profile 
indicates a relatively featureless profile with the exception of FEC anomalies at 32, 52 and a 
notable increase at approximately 191.1 feet. The nominal FEC above 191.1 feet is approximately 
392 μS/cm while the nominal FEC below 191.1 feet is approximately 596 μS/cm. The ambient 
temperature profile indicates a gradual increase in temperature with depth with an inflection at 
approximately 191.1 feet. The anomaly observed in the ambient FEC profile at 191.1 feet 
indicates a strong correlation with the identified water-bearing feature observed during 
hydrophysical ambient and stressed testing.  In vertically flowing conditions, where water enters 
the borehole, termed inflow, a change in either FEC is typically seen. 

1.2 Ambient Flow Characterization: DW-2 

On May 14th, 2008, ambient flow characterization was conducted in the boring DW-2.  For 
ambient flow assessment, the formation water in the borehole was diluted with deionized water 
(DI) and the boring left in an undisturbed state to allow any natural flow to occur.  After DI water 
emplacement the pump was removed from the boring to insure that water in the pump standpipe 
would not drain back into the boring. Prior to this period and throughout all HpL� testing, water 
levels were monitored and recorded digitally every second.  Ambient flow evaluation is reported 
for the period after the water surface returned to near pre-emplacement levels.  A series of FEC 
and temperature logs were then conducted to identify changes in the fluid column associated with 
ambient flow.  Ambient flow characterization is conducted to evaluate the presence of both 
vertical and horizontal ambient flow.   

On May 14th, 2008, at 1818 hours (t = 0 minutes, elapsed time of test), dilution of the fluid 
column was complete.  Minimal to no DI water was lost to the formation due to the slightly 
depressed head maintained during emplacement procedures.  During the 15.5 hours following the 
emplacement of DI water, multiple logs were conducted.  Of these logs, 8 are presented in Figure 
DW-2:2. The designation of each logging with the FEC tool is indicated in the figure legend by 
the time of logging (e.g., FEC1818 versus a subsequent logging at FEC1840), thus the 
progressing of curves to the right in this figure represents changes in FEC over the total logging 
period. The last four digits of each log ID correspond to the time at which that particular log was 
started.  Only logs acquired during logging in the downward direction are presented as the design 
of the FEC/Temperature probe allows the most accurate data to be collected in the downward 
direction.  The logs acquired in the upward logging direction are not representative of downhole 
conditions and are therefore omitted.   These logs illustrate significant change at several intervals 
throughout the length of the borehole.  These dramatic changes in the FEC profiles with respect 
to time are associated with ambient vertical flow occurring within the borehole.
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Formation water migration as a result of downward vertical flow within the fluid column is 
indicated by the increase in FEC over time in Figure DW-2:2 beginning near the base of casing 
and at 31 feet.  Numeric modeling of the reported field data suggests groundwater enters the 
wellbore at 19.5 to 19.6, 30.4 to 31.6, 38.2 to 41.8, and 44.9 to 51.4 feet at rates of 0.026, 0.297, 
0.016 and 0.074 gpm, respectively.  The combined inflow of 0.413 gpm of these four intervals is 
observed to migrate vertically downward through the borehole based on the migration of the 
center of mass of the area under the curve.  The modeling suggests groundwater exits the 
borehole at depths of 96.4 to 97.0 and 189.5 to 191.0 feet, at rates of 0.370 and 0.185 gpm, 
respectively.  Evidence for these outflow zones is observed in the logs presented in Figure DW-
2:2.  Where the velocity of the water slows within the borehole (“downstream” of an outflow 
zone) a change in slope, or truncation, of the FEC logs is observed.  All flow rates are based on 
the rate of increase of mass at their respective intervals.  Of particular note is the FEC anomaly 
observed at the base of the borehole at 280 feet. This early increase in mass is not the result of 
ambient flow.  Notice the mass at this depth, or area under the curve, does not increase with time, 
but instead disperses.  During removal of the plumbing at the conclusion of the emplacement 
groundwater was momentarily allowed to enter the borehole at this depth near the bottom of the 
borehole.  Over the course of the Ambient Flow Characterization however, no additional 
groundwater entered the borehole at this depth.  As such, this water-bearing interval is not 
considered to produce groundwater to the borehole under ambient conditions.  Please refer to 
Table DW-2:1 and Summary:1 for a complete summary of the HydroPhysical� logging results.  
Please refer to Appendix B for a discussion of the methodology and code used to calculate these 
values.   The ambient depth to water at the time of testing was 4.31 ftbtoc. 

1.3 Flow Characterization During 6 GPM Production Test: DW-2

Pumping of borehole fluids and simultaneous DI injection was conducted at one pumping rate to 
establish the inflow locations and evaluate the interval specific inflow rates.  Pumping at a given 
rate was conducted until reasonably constant drawdown was observed.  When constant drawdown 
was observed, DI injection was initiated at about 20% of the pumping rate and the extraction 
pumping rate was increased to maintain a constant total formation production rate (i.e. pumping 
rate prior to DI injection).  These procedures were conducted at a differential rate of 6.35 gpm. 

On May 15th, 2008, at 1148 hours (t = 0 minutes elapsed time of testing), development pumping 
was initiated at approximately 6 gpm.  Prior to initiating pumping, the ambient depth to water was 
recorded at 4.54 ftbgs.  All drawdown values are referenced to this ambient water level.  Time 
dependent depth to water, totals and flow rate information were recorded digitally every second 
and are presented in Figure DW-2:3.  Pumping was maintained at a time-averaged rate of 6.25 
gpm until 1740 hours (t = 352 minutes, elapsed time of testing).  During development pumping 
numerous FEC logs were acquired to monitor the development process and assist in identifying 
the depths of flow zones.  Of these FEC logs, nine are presented in Figure DW-2:4A.  The FEC 
logs acquired during development pumping illustrate the development process of the borehole 
fluids, with local inflow locations indicated by the depths at which FEC is observed to increase 
over time. DI water injection from the bottom of the wellbore was initiated at 1740 hours at a 
time-averaged rate of 1.3 gpm while the total extraction rate was increased to a time-averaged 
rate of 7.65 gpm, resulting in a total borehole formation time-averaged production rate of 6.35 
gpm.  These flow conditions were maintained until 2332 hours (t = 704 minutes) during which 
time a reasonably constant drawdown of approximately 5.40 feet was observed.  The FEC logs 
acquired during dilution procedures are presented in Figure DW-2:4B, along with the last four 
development logs for comparison, and illustrate a reasonably stable condition of the fluid column 
with local inflow locations identified by spikes or incremental step increases in FEC.  Eleven 
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inflow zones were identified from these logs ranging in flow from 0.005 to 5.69 gpm with the 
dominant inflow zone at 30.4 to 31.6 feet, producing 5.69 gpm, or 90 percent of the total 
formation production rate.  Please refer to Table DW-2:1 for a summary of HydroPhysical� flow
results and the depths of individual inflow zones. 

1.4  Estimation of Interval Specific Transmissivity: DW-2 

An estimation of transmissivity (T) can be made using an equation after Hvorslev (1951) 
assuming steady-state radial flow in an unconfined aquifer: 

qi

2��hw
T = KL = ln re

rw( )
where K is the hydraulic conductivity, qi is the interval specific inflow rate calculated using 
HpL� results, rw is the borehole radius (0.26 ft), re is the effective pumping radius, �hw is the 
observed maximum drawdown (5.40 feet) and L is the thickness of the zone through which flow 
occurs.  For our calculations, COLOG used re of 300 feet (assumed).  By applying L and qi from 
the HpL� results under the two pressure conditions, the interval specific transmissivity can be 
calculated for each identified water producing interval.  These calculations were made at each 
identified interval and are presented in Table DW-2:1. In summary, the interval 30.4 to 31.6 feet 
exhibited the highest transmissivity of approximately 216 ft2/day. 

2.0 Geophysical Logging

On May 8th through May 17th, 2008, downhole geophysical and hydrogeologic investigations 
were performed in boring DW-1.  The geophysical and hydrogeologic logs performed were: 
optical televiewer (OBI), acoustic televiewer (ATV), 3-arm caliper, natural gamma, electric 
resistivity, EM induction conductivity, water chemistry (pH, ORP, DO), full waveform sonic, 
vertical seismic profile (VSP) and wireline straddle packer (WSP).  The data for these logs are 
presented in the DW-2 Geophysical/HydroPhysical� Summary Plots and Figures DW-2:5, 6, 7 
and 8 and Table DW-2:2 for the statistical analysis of all fractures/features, Table DW-2:3 for a 
summary of the VSP velocities and Figures DW-2:9A through E and Table DW-2:4 for the WSP 
pressure data and permeability results at the end of this well report.

2.1 Optical Televiewer (OBI)/Acoustic Televiewer (ABI) 

On May 8th, 2008 optical and acoustic televiewer logging was performed in DW-2 to a depth of 
280.6 feet. The televiewers identified features at depths correlating well with the HpL� and 
caliper data.  The features observed by the OBI at water-bearing intervals identified from the 
HpL� data had apparent aperture and in some cases evidence of staining.  Two hundred twenty 
high-angle fractures or features (dip angles greater than 45 degrees) were identified in DW-2.  
Seventeen of these high-angle features are qualitatively ranked 2 or greater suggesting the 
potential for vertical hydraulic communication outside the influence of the borehole.  Data 
acquired during WSP testing confirms the presence of vertical hydraulic communication between 
several water-bearing zones in the immediate vicinity of the borehole. 
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2.2 Three-Arm Caliper 

On May 9th, 2008 three-arm caliper logging was performed in DW-2 to a depth of 284.2 feet.  
The caliper log indicates a relatively rugose borehole with eight notable inflections observed at 
approximately 31.3, 45.4, 96.5, 158.6, 170.7, 179.7, 190.9 and 244.0 feet. All but two of the 
inflections, or borehole enlargements, at 158.6 and 170.7 feet, observed in the caliper log 
correlate well with water-bearing zones and fractures identified by the hydrophysical and optical 
televiewer data.  The caliper log registers an approximately nominal 6.4-inch diameter borehole 
below casing at 14.6 feet. 

2.3 Natural Gamma 

On May 10th, 2008 natural gamma logging was performed, in conjunction with the electric 
resistivity logging, in DW-1.  The natural gamma measurement reached to a depth of 279.1 feet.  
The natural gamma is relatively featureless with minor fluctuations in gamma counts, expected in 
limestone.  The natural gamma log registers an approximately nominal 27 to 62 counts per 
second.

2.4 Electric Resistivities (8, 16, 32, 64-inch Normal Resistivities, SP, SPR) 

On May 11th, 2008 electric resistivity logging was performed, in conjunction with the natural 
gamma log, in DW-1 to a depth of 280.2 feet.  The electric measurements consist of 8, 16, 32 and 
64-inch “normal” resistivities, spontaneous potential (SP) and single-point resistance (SPR).  The 
normal resistivities registered approximately 923 Ohm-meters (8-inch resistivity) to 2,480 Ohm-
meters (64-inch resistivity).  A notable anomaly in the electric resistivity is observed at 
approximately 31.6 to 161.3 feet where the electric resistivities uniformly register higher 
resistivities, indicative of pertinent limestone.  Low resistivity anomalies are observed at 30 to 33 
and 161 to 191 feet, indicative of a fractured environment under these conditions.  The SP is 
relatively featureless registering a gradual increase in potential with depth, registering 44 to 358 
milivolts below water level.  The SPR measurement correlates well with the normal resistivities  
and also registers low-resistivity anomalies at 30 to 33 and 161 to 191 feet.  The SPR registers 
427 to 2,119 Ohms. 

2.5 EM Induction Conductivity 

On May 10th, 2008 EM induction conductivity logging was performed in DW-2 to a depth of 
279.5 feet.  The induction conductivity log is featureless with the exception of a minor anomaly 
at 255 feet.  The induction conductivity registers a nominal 196 mS/meter above 255 feet and 149 
mS/meter below 255 feet.   

2.6 Water Chemistry (pH, ORP, DO) 

On May 9th, 2008, pH, oxidation-reduction potential (ORP) and dissolved oxygen (DO) 
measurements were acquired under ambient conditions in DW-2 to a depth of 280.4 feet.  The pH 
measurement is relatively featureless with the exception of an anomaly at 191 feet where the pH 
registers approximately 7.53 above 191 feet.  Below 191 feet the pH log registers an 
approximately uniform 7.69.  The ORP measurement indicates a gradual increase in oxidation 
potential with depth until 191 feet.  The ORP measurement indicates approximately 135 mV near 
water surface and 247 mV at 191 feet.  Below 191 feet the ORP log gradually decreases to TD, 
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registering 185 mV at TD.   The dissolved oxygen measurement registers a nominal 0.35 percent 
from water surface to 191 feet.  Below 191 feet the DO measurement registers zero.  It should be 
noted that no ambient flow is identified below 191 feet – a stagnant zone.   

2.7 Full Waveform Sonic 

On May 9th, 2008 full waveform sonic logging was performed in DW-2 to a depth of 277.2 feet.  
The sonic registered slower velocity anomalies at 29, 45, 67, 188 and 274 feet, correlating well 
with identified fractures and water-bearing zones observed in the optical televiewer, caliper and 
hydrophysical data.  The sonic registered P-wave velocities ranged from 12,060 to 24,900 
feet/second, correlating well with the velocities identified using vertical seismic profiling (VSP).     

2.8 Vertical Seismic Profile (VSP) 

On May 7th, 2008 a vertical seismic profile (VSP) was conducted in DW-2 to a depth of 200 feet.  
The VSP investigation in DW-2 identified three specific intervals of specific velocity at 25 to 30, 
35 to 115 and 115 to 185 feet, registering 1,789, 10,255 and 17,274 feet/second (fps), 
respectively.  However, due to the cement vault and backfill encasing the well casing and the 
presence of asphalt at the surface, the velocity reported here at 25 to 30 feet is suspect.  Below 
185 feet the P-wave energy was too little to report usable data.   

2.9 Wireline Straddle Packer (WSP) 

On May 16th and 17th, 2008 wireline straddle packer (WSP) testing was conducted in DW-2 at 
six intervals: 

16.0 to 20.0 feet 
28.5 to 32.5 feet 
37.0 to 41.7 feet 
94.5 to 98.5 feet 
187.9 to 192.2 feet 
265.4 to 284.0 feet (bottom of the borehole) 

WSP testing was conducted to acquire a fracture-specific groundwater sample from each major 
water-bearing fracture identified during hydrophysical production testing.  In addition to 
collecting a representative groundwater sample from each interval, development pumping was 
conducted at each interval and pressures above, below and in the interval of interest recorded to 
estimate fracture-specific permeability for each interval tested.  Please see Tables WSP Summary 
and DW-1:4 for a complete summary of wireline straddle packer testing results. 

Interval 16.0 to 20.0 feet – The WSP was utilized in its standard configuration, both packers 
inflated, and all pressure transducers measuring pressure in their respective zones of interest.  
During low-rate pumping for sampling the pump cavitated several times indicating the lack of 
significant yield from this interval.  It is apparent from the WSP pumping that this interval cannot 
yield more than approximately 0.01 gpm.  During pumping on this interval, no correlating 
response from either the upper or lower pressure transducer was observed, suggesting no vertical 
hydraulic communication exits outside the influence of the borehole between this interval and 
fracture/features in close proximity above and below this interval.  The pumping rate of 
approximately 0.01 gpm during sampling was also used as the “stress test” pumping rate.  Please 
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see Figure DW-2:9A and Table DW-1:4 for a complete summary of the data acquired and results 
for this interval. 

Interval 28.5 to 32.5 feet – The WSP was utilized in its standard configuration, both packers 
inflated, and all pressure transducers measuring pressure in their respective zones of interest.  The 
data clearly indicates vertical hydraulic communication outside the influence of the borehole 
between water-bearing fractures in the interval of interest at 28.5 to 32.5 feet and the upper and 
lower intervals surrounding the interval of interest based on the correlating responses observed in 
the upper and lower pressure transducers.  This is not unexpected based on the numerous 
fractures of approximately 30 to 50 degrees dip in and in the immediate vicinity of the interval of 
interest.  Please see Figure DW-2:9B and Table DW-2:4 for a complete summary of the data 
acquired and results for this interval. 

Interval 37.0 to 41.7 feet – The WSP was utilized in its standard configuration, both packers 
inflated, and all pressure transducers measuring pressure in their respective zones of interest.  The 
data clearly indicates vertical hydraulic communication outside the influence of the borehole 
between water-bearing fractures in the interval of interest at 37.0 to 41.7 feet and the upper and 
lower intervals surrounding the interval of interest based on the correlating responses observed in 
the upper and lower pressure transducers.  This is not unexpected based on the numerous 
fractures of approximately 30 to 50 degrees dip in and in the immediate vicinity of the interval of 
interest.  Please see Figure DW-2:9C and Table DW-2:4 for a complete summary of the data 
acquired and results for this interval. 

Interval 94.5 to 98.5 – The WSP was utilized in its standard configuration, both packers inflated, 
and all pressure transducers measuring pressure in their respective zones of interest.  The data 
clearly indicates vertical hydraulic communication outside the influence of the borehole between 
water-bearing fractures in the interval of interest at 94.5 to 98.5 feet and the lower interval below 
this interval of interest based on the correlating response observed in the lower pressure 
transducers.  No response is observed in the upper interval pressure transducer.  This is not 
unexpected based on the identification of a downward pressure gradient and the fact this interval 
was identified as a thief zone (water exited the borehole at approximately 97 feet) during ambient 
testing.  The presence of a pressure differential between this interval and the upper interval 
suggests little to no significant vertical hydraulic communication outside the influence of the 
borehole.  The data does indicate a vertical hydraulic connection between the interval of interest 
and the lower zone however.  During ambient testing the lower flow interval of 189.5 to 191.0 
feet was also identified as an outflow zone (less significant pressure differential between 189.5 to 
191.0 and this flow interval of 96.4 to 97.0 feet) and is likely the flow interval hydraulically 
interconnected with this WSP sample interval.  Please see Figure DW-2:9D and Table DW-2:4 
for a complete summary of the data acquired and results for this interval. 

Interval 187.9 to 192.2 feet – The WSP was utilized in its standard configuration, both packers 
inflated, and all pressure transducers measuring pressure in their respective zones of interest.  The 
data clearly indicates vertical hydraulic communication outside the influence of the borehole 
between water-bearing fractures in the interval of interest at 187.9 to 192.2 feet and the lower 
interval below this interval of interest based on the correlating response observed in the lower 
pressure transducers.  No response is observed in the upper interval pressure transducer.  This is 
not unexpected based on the identification of a downward pressure gradient and the fact this 
interval was identified as a thief zone (water was observed to exit the borehole at approximately 
189.5 to 191.0 feet) during ambient testing.  The presence of a pressure differential between this 
interval and the upper interval suggests little to no significant vertical hydraulic communication 
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outside the influence of the borehole.  The data does indicate a vertical hydraulic connection 
between the interval of interest and the lower zone however.  Please see Figure DW-2:9E and 
Table DW-2:4 for a complete summary of the data acquired and results for this interval. 

3.0 Data Summary

Processing and interpretation of the geophysical and HydroPhysical� logs in DW-2 suggest the 
presence of eleven producing intervals for this borehole.  Numerical modeling of the reported 
HydroPhysical� field data was performed using computer programs FLOWCALC and/or 
BOREII.  These analyses were performed to estimate the rate of inflow for each identified 
hydraulically conductive borehole interval during DI injection procedures.  The results of these 
analyses are presented in Table DW-2:1. For code comparisons to field data please see Appendix 
D.  In summary, the interval at 30.4 to 31.6 feet dominated flow during pumping, producing 5.69 
gpm or 90 percent of the total flow.  Six of the eleven identified producing intervals correlate 
well with water-bearing zones identified during ambient testing.  The remaining five intervals 
were not actively flowing water during ambient testing.   

During ambient testing, boring DW-2 exhibited a straight-forward downward flow regime.  Four 
water-bearing intervals were identified to contribute groundwater to the wellbore during ambient 
testing, the dominant interval being 30.4 to 31.6 feet, contributing 0.297 gpm, or 72 percent of the 
aggregate 0.413 ambient inflow.  Two water-bearing intervals are identified under ambient 
conditions to thieve water from the wellbore at 96.4 to 97.0 and 189.5 to 191.0 feet, taking 0.370 
and 0.185 gpm, respectively, from the wellbore.   

The optical and acoustic televiewers identified features at depths correlating well with the HpL�
and caliper data.  The features observed by the OBI at water-bearing intervals identified from the 
HpL� data had apparent aperture and in some cases evidence of staining.  Two hundred twenty 
high-angle fractures or features (dip angles greater than 45 degrees) were identified in DW-2.  
Seventeen of these high-angle features are qualitatively ranked 2 or greater suggesting the 
potential for vertical hydraulic communication outside the influence of the borehole.  Data 
acquired during WSP testing confirms the presence of vertical hydraulic communication between 
several water-bearing zones in the immediate vicinity of the borehole. 

The eleven interval-specific transmissivity estimates calculated using the hydrophysical data in 
DW-2 ranged from 0.20 to 216 ft2/day, with the interval at 30.4 to 31.6 feet registering the 
highest transmissivity. The ranges of transmissivities suggest that flow originates from secondary 
porosity consisting of large discrete fractures at the major inflow zones and minor fractures or 
features with less inter-connectiveness at the minor inflow zones.   

The WSP sampling results identified contaminant concentrations in four of the six sampled 
intervals.  The two contaminants that registered identifiable concentrations are cis-1,2-DCE and 
toluene.  The sample interval 187.9 to 192.2 feet registered only cis-1,2-DCE at 0.23 μg/L.  The 
sample intervals 16.0 to 20.0, 37.0 to 41.7 and 94.5 to 98.5 feet registered only toluene at 2.4, 4 
and 5.5 μg/L, respectively.  Please see Table WSP Summary in the Executive Summary for a 
complete summary of the sample results. 

Fracture inter-connectiveness in the immediate vicinity of a wellbore can be inferred by the 
similarity, or lack there of, of parameters such as interval-specific transmissivity estimates and 
interval-specific FEC, along with the presence of high-angle fractures and pressure differentials 
within the borehole. Similar transmissivity and FEC estimates would suggest an inter-connected 
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network of fractures or aquifers in the immediate vicinity of the wellbore.  High-angle fractures 
with aperture may provide a conduit for vertical communication.  Moreover, although a pressure 
differential would seem to suggest the driving force for vertical communication is present, 
typically substantially vertically interconnected fractures or aquifers tend to pressure-equilibrate 
in the immediate vicinity of the wellbore.  Thus, the presence of a pressure differential in a 
wellbore may suggest a lack of vertical communication between fractures or aquifers in the 
immediate vicinity of the borehole.   

The data acquired in DW-2 exhibited dissimilar interval-specific transmissivity but similar FEC 
estimates. The televiewers identified high-angle fractures with aperture and the WSP registered 
pressure correlations above and below several tested intervals.  Though a pressure differential 
was identified under ambient conditions, the WSP data support the suggestion that certain 
intervals are not hydraulically connected over the intervals in which the pressure differential 
under ambient conditions was observed in the borehole.  The data suggest the fractures are 
moderately vertically inter-connected in the immediate vicinity of the wellbore, primarily in the 
upper intervals.  Please see Table DW-2:1 for a summary of the HydroPhysical� and 
geophysical logging results which includes the locations, flow rates and transmissivity and 
hydraulic conductivity estimates assessed by COLOG. 

87



FIGURE DW-2:1.  Ambient Temperature and Fluid Electrical Conductivity;Weston Solutions; MEFUDS; LO-58; 
Caribou, ME; Wellbore: DW-2

DW-2-fig1.xls
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FIGURE DW-2:2.  Summary of Hydrophysical Logs During Ambient Flow Characterization; Weston Solutions; 
MEFUDS; LO-58; Caribou, ME; Wellbore: DW-2

DW-2-fig2.xls
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FEC logs acquired immediately following DI water emplacement for 
Ambient Flow Characterization.  The logs indicate groundwater 
enters the borehole predominantly at 30.4 to 31.6 feet, among 
other minor inflow zones, and the aggregate ambient inflow of 
0.413 gpm migrates down the wellbore.  At 96.4 to 97.0 feet 
approximately 0.370 gpm is thieved from the wellbore.  At 189.5 to 
191.0 feet the remaining 0.185 gpm is thieved from the wellbore.
No ambient flow is identified below 191 feet. 
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FIGURE DW-2:4A.  Summary of Hydrophysical Logs During Development Pumping at 6 GPM; Weston Solutions; 
MEFUDS; LO-58; Caribou, ME; Wellbore: DW-2

DW-2-fig4.xls
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FIGURE DW-2:4B.  Summary of Hydrophysical Logs During 6 GPM Hydrophysical Production Test; Weston 
Solution; MEFUDS; LO-58; Caribou, ME; Wellbore: DW-2

DW-2-fig4.xls
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Well ID: DW-02 (VFW Well)

Csg Size/Type: 6" Steel
Log Ref.: Top Steel Casing

 C
OM

ME
NT

S All depths here referenced to top steel casing unless noted otherwise.
Measured casing stick down below ground surface: 7.0 ft.
Steel outer casing total depth 14.6 ft, estimated from image log.

Depth Driller: No Data

LO
GS

 &
 See Individual Logs

TO
OL

S

Project: LO-58

Depth Logger: 283 ft
Hole Diameter: 6" nom. to TD

CO
MM

EN
TS

Ground Elevation: ~546.5 ft. aMSL.
Natural Gamma log includes K, U, and Th.
Water Quality logs performed under ambient conditions.
Ambient Water Level about 2.9 ft (9.9 ft bgs).
Logs relative to Truth North (mag dec = 20W)

Date Logged: 8-15 May 08
Location: Aroostook County, Caribou, ME

Recorded by: G. Bauer Witnessed by: J. Schmidl
Log Ref. Elev.: ~539.5 ft above MSL

D
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th
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t)

Water Quality Lithology Well Data
Fluid Cond. @ 20C

0.2 0.6S/cm

Oxygen Content

0 0.4%

Construction
inches5 5

Geophysics
Natural Gamma

0 100CPS

8" Norm Res.

0 8000Ohm-m

Single Point Resistivity

0 2000Ohms

Induction Resistivity

0 40Ohm-m

Caliper

5 9inches

16" Norm Res.

0 8000Ohm-m

Spontaneous Potential

0 300mV

Induction Conductivity

0 400mS/m

32" Norm Res.

0 8000Ohm-m

Current

10 15mA

64" Norm Res.

0 8000Ohm-m

Fluid Conductivity

0.3 0.7S/cm

pH

6 9

Fluid Temperature

4 8degC

Redox

100 250mV

Interpretation
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S
L) Image
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Washout/Wide Fracture Zone Wide Fracture/Multiple Fractures

Open Fracture Complete Fracture

Healed Fracture/Bedding Plane Partial Fracture

Well ID: DW-02 (VFW Well)

Csg Size/Type: 6" Steel
Log Ref.: Top Steel Casing

 C
OM

ME
NT

S All depths here referenced to top steel casing unless noted otherwise.
Measured casing stick down below ground surface: 7.0 ft.
Steel outer casing total depth 14.6 ft, estimated from image log.

Depth Driller: No Data

Project: LO-58

Depth Logger: 283 ft
Hole Diameter: 6" nom. to TD

CO
MM

EN
TS

Ground Elevation: ~546.5 ft. aMSL.
Natural Gamma log includes K, U, and Th.
Water Quality logs performed under ambient conditions.
Ambient Water Level about 2.9 ft (9.9 ft bgs).
Logs relative to Truth North (mag dec = 20W)

Date Logged: 8-15 May 08
Location: Aroostook County, Caribou, ME

Recorded by: G. Bauer Witnessed by: J. Schmidl
Structure Tadpoles

LE
GE

ND

Tadpoles at depth of 
planar structure, pointing towards
strike, and centered on dip.
Projections corresponding to
each tadpole shown in adjacent 
column.

Log Ref. Elev.: ~539.5 ft above MSL
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Image Interpretation
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P-Wave Arrival Near
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Fluid Temperature
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PROJECT: LO-58

DATE LOGGED: 8 May 2008

COMPANY: Weston Solutions

WELL: DW-2

COLOG  Main OfficeOptical Televiewer Image Plot - True North
810 Quail Street, Suite E, Lakewood, CO  80215

Phone: (303) 279-0171,  Fax: (303) 278-0135

Depth
1ft:20ft

Optical Televiewer Image
0° 0°180°90° 270°

3-Arm Caliper
5 13inches

Projections
0° 0°180°90° 270°

Tadpoles
0 90

14

15

16

17

18

19

20

21

22

23

24

25

26

27

9496



28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

9597



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

9698



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

9799



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

98100



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

99101



113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

100102



130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

101103



147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

102104



164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

103105



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

104106



198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

105107



215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

106108



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

107109



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

108110



266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

109111



283

284

Depth
1ft:20ft

Optical Televiewer Image
0° 0°180°90° 270°

3-Arm Caliper
5 13inches

Projections
0° 0°180°90° 270°

Tadpoles
0 90

110112



www.colog.com

PROJECT: LO-58

DATE LOGGED: 10 May 2008

COMPANY: Weston Solutions

WELL: DW-2 (Adj. to True North)

COLOG  Main OfficeAcoustic Televiewer Image Plot-True North
810 Quail Street, Suite E, Lakewood, CO  80215

Phone: (303) 279-0171,  Fax: (303) 278-0135
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Figure DW-2:5.  Rose Diagram of Optical Televiewer Features 
Weston Solutions 
MEFUDS; LO-58
 Wellbore: DW-2 

May 8, 2008 

Dip Direction 
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Figure DW-2:6.  Rose Diagram of Optical Televiewer Features 
Weston Solutions 
MEFUDS; LO-58 
 Wellbore: DW-2 

May 8, 2008 

Dip Angles 
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Figure DW-2:7.  Stereonet of Optical Televiewer Features 
Weston Solutions 
MEFUDS; LO-58 
 Wellbore: DW-2 

May 8, 2008 

Schmidt Projection with Contours 
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Figure DW-2:8. Stereonet of Optical Televiewer Features 
Weston Solutions 
MEFUDS; LO-58 
 Wellbore: DW-2 

May 8, 2008 

Schmidt Projection with Feature Ranks 

131133



Table DW-2:2. Orientation Summary Table
Image Features

Weston Solutions
LO-58;

Wellbore: DW-2
May 8, 2008

Feature Depth Depth Dip Dip Feature
No.  Direction Angle Rank

(meters) (feet) (degrees) (degrees) (0 to 5)
1 4.40 14.4 118 75 1
2 4.97 16.3 129 53 1
3 5.18 17.0 132 59 0
4 5.22 17.1 309 57 1
5 5.32 17.5 126 45 0
6 5.54 18.2 124 46 0
7 5.74 18.8 137 44 1
8 5.84 19.2 121 47 0
9 6.07 19.9 120 56 1

10 7.01 23.0 123 38 0
11 7.56 24.8 118 69 1
12 7.94 26.0 124 63 1
13 8.61 28.3 126 73 1
14 9.14 30.0 120 66 2
15 9.47 31.1 123 52 3
16 9.55 31.3 316 29 1
17 9.81 32.2 43 26 1
18 9.94 32.6 16 81 1
19 10.04 33.0 79 44 2
20 10.34 33.9 138 43 2
21 10.57 34.7 105 41 2
22 10.88 35.7 85 42 1
23 11.04 36.2 136 46 0
24 11.32 37.2 291 70 0
25 11.48 37.7 130 57 1
26 11.70 38.4 116 28 1
27 12.09 39.7 124 59 0
28 12.44 40.8 131 64 2
29 12.82 42.1 137 54 1
30 13.19 43.3 128 47 1
31 13.33 43.7 126 50 0
32 13.79 45.2 294 25 3
33 14.04 46.1 124 65 1
34 14.51 47.6 43 82 0
35 14.93 49.0 134 70 1
36 15.23 50.0 127 67 1
37 15.53 50.9 127 66 2
38 15.91 52.2 358 76 0
39 16.24 53.3 134 54 1
40 16.43 53.9 4 78 0
41 16.63 54.6 128 68 1
42 16.84 55.3 52 76 0
43 17.02 55.9 122 75 1
44 17.09 56.1 141 55 1

All directions are with respect to true north (magnatic declination 20W).
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Table DW-2:2. Orientation Summary Table
Image Features

Weston Solutions
LO-58;

Wellbore: DW-2
May 8, 2008

Feature Depth Depth Dip Dip Feature
No.  Direction Angle Rank

(meters) (feet) (degrees) (degrees) (0 to 5)
45 17.24 56.6 154 56 1
46 17.46 57.3 149 61 1
47 17.65 57.9 147 68 1
48 17.70 58.1 52 82 0
49 18.30 60.1 136 76 0
50 18.49 60.7 125 78 1
51 18.72 61.4 313 72 1
52 18.74 61.5 139 76 1
53 18.94 62.1 314 59 0
54 19.32 63.4 142 68 0
55 19.68 64.6 151 68 1
56 19.79 64.9 340 83 0
57 20.53 67.4 156 60 0
58 20.71 67.9 145 67 3
59 21.49 70.5 46 87 0
60 22.07 72.4 140 70 0
61 23.36 76.6 141 65 1
62 23.75 77.9 134 60 0
63 24.40 80.0 135 65 1
64 24.88 81.6 152 58 0
65 25.29 83.0 148 65 0
66 25.60 84.0 142 62 0
67 25.84 84.8 148 55 1
68 26.25 86.1 136 64 0
69 26.63 87.4 135 76 0
70 26.87 88.2 138 76 0
71 27.40 89.9 138 80 0
72 27.97 91.8 143 73 0
73 28.41 93.2 139 71 0
74 28.74 94.3 132 67 1
75 28.93 94.9 140 62 0
76 29.23 95.9 136 61 0
77 29.47 96.7 139 62 2
78 29.94 98.2 128 70 0
79 30.60 100.4 125 64 1
80 31.24 102.5 131 73 1
81 31.45 103.2 298 63 1
82 31.61 103.7 125 69 1
83 31.97 104.9 126 73 0
84 32.60 107.0 139 73 0
85 33.10 108.6 121 65 1
86 33.23 109.0 129 64 1
87 33.55 110.1 131 70 0
88 33.82 111.0 132 66 1

All directions are with respect to true north (magnatic declination 20W).
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Table DW-2:2. Orientation Summary Table
Image Features

Weston Solutions
LO-58;

Wellbore: DW-2
May 8, 2008

Feature Depth Depth Dip Dip Feature
No.  Direction Angle Rank

(meters) (feet) (degrees) (degrees) (0 to 5)
89 34.24 112.3 124 63 1
90 34.63 113.6 116 62 1
91 34.96 114.7 131 68 1
92 35.27 115.7 358 87 1
93 35.63 116.9 300 48 1
94 35.88 117.7 134 68 1
95 36.23 118.9 125 69 1
96 36.62 120.1 116 66 1
97 36.93 121.2 134 65 1
98 37.14 121.9 128 67 1
99 37.53 123.1 134 65 1

100 37.77 123.9 99 62 1
101 37.83 124.1 357 87 1
102 37.95 124.5 127 74 1
103 38.09 125.0 119 77 1
104 38.26 125.5 129 74 1
105 38.88 127.6 128 67 0
106 39.14 128.4 127 68 1
107 40.26 132.1 121 74 1
108 40.46 132.7 119 75 0
109 40.91 134.2 118 73 1
110 41.62 136.6 120 69 0
111 41.85 137.3 130 74 0
112 42.25 138.6 130 79 0
113 42.79 140.4 117 72 1
114 43.31 142.1 3 72 1
115 43.81 143.7 118 68 1
116 44.03 144.4 119 62 0
117 44.25 145.2 16 81 0
118 44.41 145.7 114 77 1
119 44.59 146.3 114 75 1
120 45.15 148.1 119 67 1
121 45.70 150.0 120 68 1
122 46.01 150.9 128 62 0
123 46.13 151.4 121 64 0
124 46.32 152.0 116 64 1
125 46.47 152.5 137 55 1
126 46.63 153.0 135 48 1
127 46.80 153.5 129 57 1
128 47.01 154.2 124 60 0
129 47.27 155.1 130 65 1
130 47.90 157.2 116 67 1
131 48.47 159.0 123 66 3
132 48.66 159.6 127 65 1

All directions are with respect to true north (magnatic declination 20W).
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Table DW-2:2. Orientation Summary Table
Image Features

Weston Solutions
LO-58;

Wellbore: DW-2
May 8, 2008

Feature Depth Depth Dip Dip Feature
No.  Direction Angle Rank

(meters) (feet) (degrees) (degrees) (0 to 5)
133 48.90 160.4 131 68 1
134 49.34 161.9 133 68 2
135 49.89 163.7 128 57 1
136 50.18 164.6 120 60 1
137 50.68 166.3 97 59 1
138 51.12 167.7 292 73 1
139 51.17 167.9 86 79 2
140 51.25 168.2 296 81 2
141 52.09 170.9 306 68 2
142 52.30 171.6 127 69 1
143 52.71 172.9 135 66 1
144 53.34 175.0 135 64 1
145 54.61 179.2 144 58 1
146 54.74 179.6 128 59 1
147 54.78 179.7 342 67 2
148 55.08 180.7 129 66 1
149 55.22 181.2 131 62 1
150 55.53 182.2 138 66 1
151 55.71 182.8 136 65 0
152 56.03 183.8 133 66 0
153 56.36 184.9 144 68 0
154 57.17 187.6 140 69 2
155 57.71 189.4 137 68 1
156 57.92 190.0 31 81 1
157 58.06 190.5 134 74 4
158 58.44 191.7 146 65 1
159 58.72 192.7 135 67 1
160 58.96 193.5 139 67 1
161 59.14 194.0 135 62 1
162 59.50 195.2 153 72 1
163 59.98 196.8 123 68 1
164 60.18 197.5 141 69 1
165 60.66 199.0 151 73 0
166 61.53 201.9 123 65 0
167 61.93 203.2 138 63 0
168 62.18 204.0 132 61 0
169 63.19 207.3 150 78 0
170 63.50 208.3 142 67 0
171 64.31 211.0 142 70 0
172 64.53 211.7 139 70 0
173 65.19 213.9 158 80 0
174 65.87 216.1 63 54 1
175 65.88 216.2 151 62 1
176 65.90 216.2 346 58 1

All directions are with respect to true north (magnatic declination 20W).
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Table DW-2:2. Orientation Summary Table
Image Features

Weston Solutions
LO-58;

Wellbore: DW-2
May 8, 2008

Feature Depth Depth Dip Dip Feature
No.  Direction Angle Rank

(meters) (feet) (degrees) (degrees) (0 to 5)
177 66.43 217.9 144 66 0
178 67.10 220.2 151 69 0
179 68.21 223.8 135 72 0
180 68.61 225.1 122 68 1
181 68.83 225.8 130 68 0
182 69.14 226.8 130 67 1
183 69.47 227.9 130 66 2
184 69.66 228.5 128 64 1
185 69.93 229.4 131 64 1
186 70.22 230.4 130 66 1
187 70.39 231.0 129 67 0
188 70.57 231.5 121 68 1
189 71.08 233.2 121 60 1
190 71.60 234.9 125 60 1
191 71.94 236.0 124 63 1
192 72.03 236.3 119 66 1
193 72.24 237.0 117 68 0
194 72.45 237.7 118 69 1
195 72.73 238.6 130 65 0
196 72.84 239.0 118 70 0
197 73.07 239.7 305 48 1
198 73.13 239.9 130 48 1
199 73.15 240.0 120 74 1
200 73.36 240.7 107 70 1
201 74.02 242.9 111 72 2
202 74.42 244.2 356 42 3
203 74.72 245.1 119 77 1
204 75.22 246.8 351 44 1
205 76.06 249.5 112 72 1
206 76.74 251.8 119 74 1
207 77.14 253.1 117 77 2
208 77.42 254.0 119 75 0
209 77.51 254.3 112 74 1
210 77.69 254.9 120 68 1
211 77.77 255.2 114 64 1
212 77.82 255.3 116 65 0
213 78.04 256.0 121 68 0
214 78.34 257.0 118 66 0
215 78.94 259.0 140 69 1
216 79.19 259.8 127 70 1
217 79.46 260.7 130 63 1
218 79.67 261.4 123 63 1
219 79.96 262.3 126 65 1
220 80.42 263.8 119 59 1

All directions are with respect to true north (magnatic declination 20W).
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Table DW-2:2. Orientation Summary Table
Image Features

Weston Solutions
LO-58;

Wellbore: DW-2
May 8, 2008

Feature Depth Depth Dip Dip Feature
No.  Direction Angle Rank

(meters) (feet) (degrees) (degrees) (0 to 5)
221 80.50 264.1 124 60 1
222 80.88 265.3 120 64 0
223 81.05 265.9 125 66 1
224 81.23 266.5 131 69 0
225 81.71 268.1 125 74 1
226 82.17 269.6 116 72 1
227 82.76 271.5 124 69 1
228 82.88 271.9 338 66 1
229 83.92 275.3 114 61 1
230 84.02 275.6 106 73 1
231 84.23 276.3 109 72 1
232 84.32 276.6 295 53 1
233 84.37 276.8 96 61 1
234 84.62 277.6 87 33 1
235 84.84 278.4 315 45 1

All directions are with respect to true north (magnatic declination 20W).
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Table DW-2:3. Summary of Vertical Seismic Profile Results; Weston Solutions; LO-58, Caribou, ME; Wellbore: 
DW-2

Well
Depth Interval

(ftbtoc)

Interval-Specific
Velocity

(feet/second) Comments
20 - 30 1,789 Signal degraded due to cement vault, asphalt
35 - 115 10,255 Consistent with highly fractured bedrock
115 - 185 17,274 Consistent with highly fractured bedrock

DW-02

Note: P-wave signal degradation is observed in all test stations likely due to the cement vault and backfill 
arround the steel casing and the asphalt surface.  Moreover, seismograms at 195 and 200 feet had too little P-
wave seismic energy to estimate velocities.
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APPENDIX A 

STANDARD OPERATING PROCEDURES FOR
HYDROPHYSICAL� LOGGING 
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 Standard Operating Procedures
HydroPhysical� Logging for Aquifer Characterization

 
 
1. Purpose 
 
Application of the HydroPhysical� (HpL�) logging method to analyze and determine: 
 

� The location of hydraulically conductive intervals within a wellbore  
� The interval specific rate of inflow during well production, in conjunction with the 

drawdown data, can be used to estimate interval specific hydraulic conductivity or 
transmissivity 

� Ambient (non-pumping) flow conditions (inflow and outflow rates, and locations) 
� The hydrochemistry (fluid electrical conductivity (FEC) and temperature) of the 

associated formation waters 
 

In addition, when downhole, discrete point fluid sampling is coupled with the HydroPhysical� 
Logging technique, analysis of the actual contaminant concentrations associated with each 
identified conductive interval is accomplished for any aqueous phase contaminant. 
 
2. Equipment and Materials 
 
This SOP specifically applies to application of the technique using COLOG's HydroPhysical� 
Logging Truck 16, which has been specially configured to handle those field conditions 
associated with small diameter, low-moderate yield wells  The maximum capability of the van is 
to a total depth of 700 ft and 350 ft total drawdown (maximum depth to water) . In the event of 
high yield wells, the wireline capability of any COLOG truck can be used to accompany fluid 
management equipment.  
 

- HydroPhysical� logging truck field equipment includes:  
 
- Fluid management system 

- Back Pressure Regulator or orifices 
- Rubber hose (0.75-inch i.d.) for injection 
- Submersible Pump 
- Evacuation Line 
- Storage tanks (as required) with inlet/outlet valves 
- Surface Pump 
- Fluid management manifold/Monitoring Panel 
- Data Acquisition System (for recording volumes, flow rates, time) 
- Wireline System 
- Wireline winch unit 
- Depth encoder 
- Water level indicator 
- Computer System 
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- HydroPhysical� Logging tool 
- Downhole Fluid Sampler 

- Deionizing Units 
- Deionized water (prepared with wellbore fluids or transported on-site) 
- Standard Reference Solutions - Electrical conductivity reference solutions (set of 3 

solutions). 
 
3. Procedures 
 
1.) Review well construction details and complete general well information sheet.  The 
HydroPhysical™ logging technique involves dilution of the wellbore fluids with DI water and 
profiling of the wellbore dynamics using a HydroPhysical� logging tool.  Significant 
aberrations or reductions in the borehole diameter should be identified as the downhole 
equipment can become lodged in the borehole.  Additionally, application of the technique 
requires certain wellbore conditions: 
 

� In open bedrock boreholes, casing must be installed through the overburden and 
grouted at the rock/alluvium interface to inhibit water leakage into the borehole from 
the saturated alluvium.  For cased boreholes, the well should be fully cased and 
gravel packed with single or multiple screened intervals; 

� The diameter of the borehole must be approximately 4 inches or greater for 
application with the slim-tool (1.5-inch o.d.).  Two inch i.d. boreholes may be tested 
using the slug test approach described in Section 5. 

� For newly drilled wells, cuttings and drill fluids must be removed from the affected 
fractures by standard well development procedures. 

 
2.) Review and record additional wellbore construction/site details and fill  out the general 
well information form which includes the following information: 
 

� Ambient depth-to-water 
� Depth of casing 
� Total depth of well 
� Lithology (if available) 
� Estimated well yield and any available drawdown data 
� Type and concentration of contamination 

 
3.) Prepare the deionized (DI) water.  Consult with DI water tank firm for assistance if 
necessary.  If DI water has not been transported to the site, surface or groundwater may be used 
if it is of suitable quality Generally source water containing less than 1000 micro Siemens per 
centimeter (μS/cm) and less then 200 ppb VOCs will not significantly affect the deionizing units, 
but this should be confirmed with DI water firm.  If the groundwater from the well under 
construction cannot be used for DI water generation, then DI water must be transported to the 
site and containerized at the wellhead. 
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Depending on the amount of HydroPhysical� testing to be performed (ambient and/or during 
production) the typical volume of DI water required for each borehole is approximately three 
times the volume of the standing column of formation water in the wellbore per type of 
HydroPhysical� characterization. 
 
If preparation takes place on site, pump the source water through a pre-filter, to the deionizing 
units, and into the storage tanks. 
 
Monitor the FEC of the DI water in-line to verify homogeneity; the target value is 5 to 25 μS/cm. 
 
4.) Calibrate the HydroPhysical™ logging tool using standard solutions prepared and 
certified by a qualified chemical supply manufacturer.  Fill out tool calibration form following 
the steps defined in the software program, "tools" under the directory, calibration.  Also use a 
separate field temperature / FEC / pH meter to support calibration data.  Record the results of the 
tool calibrations, specifically noting any problems on the tool calibration form.  Also record the 
certification number of the standard solutions. 
 
5.) Set datum on the depth encoder with the FEC sensor on the tool as 0 depth at the top of 
casing.  If inadequate space is available at the wellhead, measure 10 feet from the FEC sensor up 
the cable (using measuring tape) and reference with a wrap of electrical tape.  Lower the tool 
down the hole to the point where the tape equals the elevation at the top of the casing and 
reference that as 10 feet depth on the depth encoder. 
 
6.) Place the top of the tool approximately 3 feet below the free-water surface to allow it to 
achieve thermal equilibrium.  Monitor the temperature output until thermal stabilization is 
observed at approximately + .02 �C. 
 
7.) After thermal stabilization of the logging tool is observed, log the ambient conditions of 
the wellbore (temperature and FEC).  Fill out the water quality log form.  During the logging 
run, the data are plotted in real time in log format on the computer screen and, the data string is 
simultaneously recorded on the hard drive. 
 
Log the ambient fluid conditions in both directions (i.e. record down and up).  The ideal logging 
speed is 5 feet per minute (fpm). For deeper wells the logging speed can be adjusted higher, but 
the fpm should not exceed 20. 
 
At completion of the ambient log, place the tool approximately 10 feet below the free water 
surface.  The tool will remain there during equipment set up as long as borehole conditions 
permit.  Establish and record ambient depth to water using top of protective casing as datum. 
 
8.) Attach back pressure regulator or orifice, if used, and weighted boot, to end of 
emplacement line and secure.  Insure that the injection line is of adequate length to reach the 
bottom of the wellbore. 
 
9.) Lower the flexible emplacement line to the bottom of the well allowing one foot of 
clearance from the well bottom to the outlet of the injection line. 
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10.) Lower tool about 10 feet below the water surface.  The tool will be stationed beneath the 
submersible pump during non-logging times. 
 
11.) Lower submersible pump in the well to a depth just above the logging tool.  Record 
approximate depth of the pump location. 
 
12.) Record all initial readings of gauges at elapsed time 0.0 minutes.  Fill out well testing 
data form. 
 
13.) Mark hoses with a round of electrical tape for reference.  In addition, establish datum for 
tool depth to the nearest foot and mark on wire with wrap of tape.  Reset datum on optical 
encoder for this depth. 
 
14.) When ambient flow characterization is to be conducted, it should be done now, before 
disturbing the aquifer (i.e. by pumping).  Fill out ambient flow characterization (AFC) form.  
Skip to Section 17 for procedures. 
 
15.) After AFC, if performed, conduct a controlled, short term well production test (pump 
test) to characterize the overall hydraulics of the wellbore (drawdown at given pumping rate 
provides total well transmissivity or yield) and to make an initial assessment of formation water 
hydrochemistry.  Begin pumping at a total extraction flow rate appropriate for wellbore under 
investigation (see Section 4 Special Notes).  During this period, record elapsed time of pumping, 
depth to water, total gallons extracted, and extraction flow rate at approximately one minute 
intervals.  
 
During extraction, log the fluid column continuously until at least three wellbore volumes have 
been extracted from the wellbore, or a stabilized water level elevation is obtained.  
 
Review fluid logging results to verify that true formation water is present within the affected 
borehole interval and that the vertical distribution of water quality parameters  within this 
interval is stable. 
 
16.) Review data obtained during the pumping test to determine DI water emplacement and 
pumping/logging procedures.  Extraction procedures for detection and characterization of 
hydraulically conductive intervals and the formation water hydrochemistry are determined based 
on the pumping test information.  The emplacement, testing and pumping procedures will differ 
depending upon well yield and determined lengths of intervals of interest.  In wellbore situations 
where intervals of interest are small (less than 30 feet) and hydraulic characteristics observed 
during borehole advancement and preliminary hydraulic testing indicate hydraulically 
conductive intervals with extremely low flow rates (i.e. <0.10 gpm/foot of drawdown), a slug 
testing procedure can be employed.  In wellbore cases where the preliminary hydraulic testing 
indicates low to moderate total yield (i.e. 0.10 < Q < 4 gpm/foot of drawdown), constant low 
flow rate pumping after DI water emplacement procedures can be employed.  In wellbore 
situations where intervals of interest are large, and high total yield (i.e. > 4 gpm/foot of 

149151



 

    

drawdown) is observed, constant pumping during DI water injection procedures will be 
employed. 
 
17.) When the fluid column is to be replaced with DI water, (vertical flow characterization, 
slug testing, logging during pumping after DI water emplacement) the following emplacement 
procedures apply: 
 
Pump the DI water to the bottom of the wellbore using the surface pump and the injection riser.  
Simultaneously use the submersible pump to maintain a stable, elevated total head by extracting 
groundwater from near the free-water surface.  When groundwater from the subject well is used 
for DI water generation, generate DI water from the extracted formation water and re-circulated 
to the well bottom via the solid riser. 
 
Use the water level meter to observe the elevated total head during emplacement.  If borehole 
conditions permit (i.e. the absence of constricted borehole intervals), the logging tool is used to 
monitor the advancement of the fluid up the borehole as it displaces the standing formation 
water.  Draw the logging tool up the wellbore in successive increments as the DI water is 
emplaced.  Monitor the electrical conductivity of the fluid expelled from the evacuation pump 
during emplacement procedures.  When FEC values are representative of the DI water, or 
sufficiently diluted formation water, terminate emplacement procedures. 
 
Emplacement is complete when DI water, or sufficiently diluted formation water, is observed 
from the evacuation pump or when logging tool stationed near the pump indicates DI water or 
sufficiently diluted formation water. 
 
Upon completion, turn off the evacuation pump.  Then turn off the injection line. 
 
18.) Record volumes of extracted and injected fluids on the well testing data form.  Calculate 
the volume of DI water lost to the formation. 
 
19.) Take initial background HydroPhysical™ log, or begin continuous logging depending 
upon extraction method ( i.e. slug vs. continuous). 
 
20.) Pumping and testing procedures vary depending upon wellbore hydraulics and 
construction detail. 
 
21.) Continuous logging is conducted until stabilized and consistent diluted FEC logs are 
observed.  If inflow characterization at a second pumping rate is desired, increase extraction rate 
and assure the proper DI water injection rate.  Perform continuous logging until stabilized and 
consistent FEC logs are observed and all diluted formation water is re-saturated with formation 
water. 
 
22.) After stabilized and consistent FEC traces are observed, terminate DI water injection.  
Reduce the total extraction flow rate to the net formation rate and conduct continuous logging.  
Conduct logging until stable and consistent FEC values are observed. 
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23.) Conduct depth specific sampling at this time. 
 
24.) At the conclusion of the above procedures, assess the wellbore fluid conditions and 
compare them with those observed during the original pumping (Step 14). 
 
25.) Turn all pumps off.  First remove the extraction pump from the borehole.  During 
removal, thoroughly clean the evacuation line (2-inch o.d.) with a brush and alconox and rinse 
DI water.  Also clean the outside of the pump.  Place the pump in a drum of DI water and flush 
DI water through the system. 
 
Remove the tool.  Clean the wireline for the tool in a similar manner during its withdrawal from 
the borehole. 
 
Remove the injection line from the well.  Follow the same procedures when cleaning the 
injection line as for the evacuation line. 
 
Store the pumps and logging tools properly for transport. 
 
Place cover on well and lock (if available). 
 
4. Special Notes 
 
On-site pre-treatment of groundwater using activated carbon, can be conducted prior to DI water 
generation, if there is a contaminated groundwater source.  In addition, on-site treatment can also 
be considered to handle extracted fluids that would require containerization and treatment prior 
to disposal. 
 
The rate(s) of pumping are determined by drawdown information previously obtained or at 
rate(s) appropriate for the wellbore diameter and saturated interval thickness.  The appropriate 
extraction rate is a function of length of saturated interval, borehole diameter, and previous well 
yield knowledge.  The appropriate pumping procedures to be employed are also dictated by the 
length of the exposed rock interval. In general, the extraction flow rate should be sufficient to 
induce adequate inflow from the producing intervals.  The concern is that the extraction flow rate 
does not cause extreme drawdown within the well i.e. lowering the free water surface to within 
the interval of investigation. 

5. Discussion 
 
LOW YIELD:  Extraction Slug Test After DI water Emplacement 
 
In wells with very low total flow capability (i.e. < 0.10 gpm/foot of drawdown), perform a slug 
test in accordance with procedures developed by Hvorslev (1951).  Rapidly extract a small 
volume of water from near the free water surface using the extraction riser and pump.  A drop in 
piezometric head of about 2 feet should be adequate for the initial test.  Record the rise in the 
free water surface with time and develop a conventional time-lag plot. 
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When the free water surface has recovered to a satisfactory elevation, log the wellbore fluid 
conditions.  Repeat the procedures described above with successive increases in the drop of 
piezometric head (or volume extracted).  Let the wellbore recover and record the rise in the free 
water surface.  Repeat logging of the wellbore fluid after the free water surface has recovered to 
a satisfactory elevation.  The number of slug tests performed is determined in the field after 
review of previous logging results. 
 
MODERATE YIELD:  Time Series HydroPhysical� Logging During Continuous Pumping 
After DI water Emplacement 
 
In the case of moderate yield wells (i.e. 0.10 < Y < 4 gpm/foot of drawdown), maintain a 
constant flow rate from the evacuation pump and record the total volume of groundwater 
evacuated from the wellbore.  Employ a continuous reading pressure transducer (or equivalent 
device) to monitor the depressed total head during pumping, along with the associated pumping 
rate. 
 
Hold the flow rate from the evacuation pump constant at a rate determined for the specific 
borehole.  Drawdown of the free water surface produced during pumping should not overlap any 
identified water producing interval.  Conduct hydrophysical logging continuously.  The time 
interval is a function of flow rate and is specific to each well.  The number of logging runs and 
the length of time required to conduct all loggings is a function of the particular hydraulic 
conditions.  Logging and pumping is continued until the fluid column is re-saturated with 
formation water (i.e. all DI water is removed from the borehole). 
 
HIGH YIELD:  Time Series Wellbore Fluid Logging During Continuous Pumping and 
Simultaneous DI Water Injection 
 
When wells exhibit high yield (> 4 gpm/foot of drawdown), as determined by a review of the 
interval of interest, the borehole diameter and the results obtained from previous information and 
preliminary hydraulic testing, the appropriateness of time series fluid logging during continuous 
pumping and simultaneous DI water injection is determined. 
 
In this case, maintain a constant flow rate from the evacuation pump and record this rate and the 
associated drawdown.  During this period, conduct hydrophysical logging until reasonably 
similar HydroPhysical™ logs are observed and stabilized drawdown is achieved.  After 
reasonably similar downhole fluid conditions are observed and simultaneous with extraction 
pumping, inject DI water at the bottom of the well at a constant rate of 10 to 20% of that 
employed for extraction.  Increase the total rate of extraction to maintain total formation 
production reasonably similar to that prior to DI water injection (i.e. increase the total extraction 
by amount equal to the DI water injection rate). 
 
Periodically record the total volume and flow rate of well fluids evacuated and the total volume 
and flow rate of DI water injected.  Use a continuous reading pressure transducer or similar 
device to monitor the depressed total head during pumping.  Record the depressed total head 
(piezometric surface) periodically, with the associated pumping and injection data. 
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The evacuation and DI water injection flow rates are held constant at a rate determined for the 
specific wellbore.  Drawdown of the free water surface during pumping must not overlap any 
identified water producing intervals.  HydroPhysical� Logging is conducted continuously.  The 
number of logging runs and the length of time required to conduct all loggings is a function of 
the particular hydraulic conditions exhibited by the well under investigation. 
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APPENDIX B 

BORE II MODELING SOFTWARE 
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Abstract
 

Dynamic wellbore electrical conductivity logs provide a valuable means to determine the flow 

characteristics of fractures intersecting a wellbore, in order to study the hydrologic behavior of fractured 

rocks.  To expedite the analysis of log data, a computer program called BORE II has been developed that 

considers multiple inflow or outflow points along the wellbore, including the case of horizontal flow across 

the wellbore.  BORE II calculates the evolution of fluid electrical conductivity  (FEC) profiles in a 

wellbore or wellbore section, which may be pumped at a low rate, and compares model results to log data 

in a variety of ways.  FEC variations may arise from inflow under natural-state conditions or due to tracer 

injected in a neighboring well (interference tests).  BORE II has an interactive, graphical user interface and 

runs on a personal computer under the Windows operating system.  BORE II is a modification and 

extension of an older code called BORE, which considered inflow points only and did not provide an 

interactive comparison to field data.  In this report, we describe BORE II capabilities, provide a detailed 

user's guide, and show a series of example applications. 
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1.  Introduction 
The variation of formation permeability surrounding a wellbore is useful information not only for 

identifying hydraulically conducting fractures or other high-conductivity features intercepted by the well, 

but also for quantifying the heterogeneity of the medium.  These are essential data in the evaluation of in-

situ flow and transport characteristics at a given site. 

Methods to evaluate permeability values along the depth of a well include the packer method, in 

which constant pressure, constant flow, or pulse tests are conducted in packed-off intervals in a wellbore, 

and various downhole flow meters.  The packer method has the disadvantage that it is very time consuming 

and costly, and the vertical resolution is limited by the interval between the two packers that can be set in 

the well.  Flow meter methods such as spinners and heat pulse flow meters generally allow better vertical 

resolution than the packer method, but they are not as accurate in determining permeability, because they 

mostly measure the wellbore fluid velocity, which is very sensitive to variations in the wellbore radius.  

In 1990, Tsang et al. (1990) proposed a method using logs of fluid electric conductivity (FEC) at 

successive times under constant-pumping conditions to obtain inflow from the formation into the well as a 

function of depth in the well.  In this method, the wellbore is first filled by de-ionized water or water of a 

constant salinity (i.e., ion concentration) distinct from that of the formation water.  This is usually done by 

passing the de-ionized water down a tube to the bottom of the wellbore at a given rate while 

simultaneously pumping at the top of the well at the same rate.  After this is done, the well is pumped at a 

constant flow rate, which can be adjusted to optimize wellbore flow conditions.  An electric resistivity 

probe is lowered into the wellbore to scan FEC as a function of depth along the wellbore.  This is what is 

called fluid conductivity logging.  A series of five or six such logs are obtained at time intervals over a 

one- or two-day period.  At the depth levels where water enters the wellbore, the conductivity log displays 

peaks, which grow with time and become skewed in the direction of water flow.  By analyzing these logs, 

it is possible to obtain the permeability and salinity of each hydrologic layer transmitting water.  The 

method has been very successful, being much more accurate than flow meters and much more efficient 

(much cheaper) than packer tests (Tsang et al. 1990), particularly in low permeability formations.  A 

typical 1000-m section in a deep hole can be tested in two or three days at a spatial resolution of ~0.10 m 

all along the length of the wellbore section.  The method is now being widely used in Europe and the U.S. 

(Marschall and Vomvoris, 1995; Pedler et al., 1992; Bauer and LoCoco, 1996), both under natural-state 

flow conditions and while tracer is injected in a neighboring well (i.e., interference tests). 

Along with the method, a code was developed called BORE (Hale and Tsang, 1988), which 

performed the forward calculation to produce wellbore FEC profiles given different inflow positions, rates, 

and concentrations.  The code has been well used over the last decade.  However, it appears now that there 

is a need to revise the code to make it more suitable for current computer environments and to add new 

capabilities.  Thus, the code has been updated to run under current operating systems, provide interactive 
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modification of model parameters, and produce graphical comparisons between model and field data.  

More importantly, the revised code allows the possible inclusion of both flows into and out of the well at 

various depths, a feature that has been observed in real field conditions when different layers penetrated by 

the well have different hydraulic heads.  Furthermore, the new code allows the calculation of the case with 

equal inflow and outflow at the same depth level, which is effectively the special case of horizontal flow 

across the wellbore.  Drost (1968) proposed a measurement of solute dilution in the wellbore to evaluate 

ambient horizontal flow velocity in the formation and it has become a well-accepted method.  The new 

code provides the opportunity to analyze such cases and to identify the depth interval of horizontal flow to 

within ~0.1 m as well as to estimate the flow rate.  Moreover, one can analyze the combination of 

horizontal flow across the wellbore and vertical diffusion or dispersion along the length of the wellbore, 

which is not possible with Drost's solution.  

The report is organized as follows.  In Section 2, the basic capabilities of the revised code, called 

BORE II, are described, and the key parameters associated with BORE II are defined.  Details of the 

mathematical background and numerical approach are described in Appendix 1, which is adapted from 

Hale and Tsang (1988).  A user's guide is presented in Section 3, which includes a description of BORE 

II's interactive user interface, required input items, and options available when running BORE II.  Four 

example applications are given in Section 4 to conclude the report.   

We are still open to further improvements of BORE II; any suggestions and comments are invited 

and should be addressed to the authors. 

2.  BORE II Capabilities 
BORE II calculates FEC as a function of space and time in a wellbore containing multiple feed 

points given the pumping rate of the well, the inflow or outflow rate of each feed point, its location and 

starting time, and, for inflow points, its ion concentration.  A simple polynomial correlation between ion 

concentration, C, and FEC is assumed.  Ion transport occurs by advection and diffusion along the wellbore, 

with instantaneous mixing of feed-point fluid throughout the wellbore cross-section.  These assumptions 

allow use of a one-dimensional model.  BORE II divides the wellbore section under study into equal height 

cells and solves the advection/diffusion equation using the finite difference method.  Further details of the 

mathematical and numerical approach are given in Appendix 1.  

Inflow and Outflow Feed Points   
The original BORE code (Hale and Tsang, 1988) considered inflow points only, so flow through 

the wellbore was upward at all depths.  BORE II allows both inflow and outflow points, so flow in the 

wellbore can be upward, downward, or horizontal at different depths and flow at either end of the wellbore 

section being studied can be into or out of the wellbore section or be zero.  By convention, upward flow in 

the wellbore is positive and flow into the wellbore is positive. 
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Steady and Varying Fluid Flow 
The original BORE code considered steady fluid flow, so feed points had constant flow rates.  

They also had constant concentrations, but delayed starting times for feed-point concentration to enter the 

wellbore were allowed.  BORE II permits both steady and varying fluid flow.  For the steady-flow case, the 

user specifies flow rate, concentration, and concentration start time for each feed point, but for outflow 

points (those with negative flow rates) the concentration and concentration start time are not used.  

Variable flow rate or concentration can be specified for feed points by interpolating from a table of time, 

flow rate, and concentration.  If a table includes both positive and negative flow rates (i.e., a feed point 

alternates between inflow and outflow), the concentration for the positive flow rate is used when 

interpolating between positive and negative flow rates.   

Concentration Boundary Conditions
If the flow at the top of the wellbore section under study is into the wellbore, the initial 

concentration for the uppermost cell in the wellbore is used as the inflow concentration.  Analogously, if 

flow at the bottom of the wellbore section is a flow up from greater depths, the initial concentration for the 

lowermost cell in the wellbore is used as the inflow concentration. Furthermore, for inflow points with a 

concentration start time greater than zero, the initial concentration of the wellbore is used as the inflow 

concentration for times less than concentration start time. 

Horizontal Flow  
The special case of horizontal flow through the wellbore, as described by Drost (1968), can also 

be considered, by locating an inflow point and an outflow point with equal magnitude flow rates at the 

same depth.  The flow rates may be specified as either (1) the Darcy velocity through the aquifer or (2) the 

volumetric flow rate into/out of the wellbore.  BORE II multiplies Darcy velocity by the cross-sectional 

area of the feed point (wellbore diameter times cell height) and Drost's 
h convergence factor to convert it 

to a volumetric flow rate.  The value of 
h can range from 1 (no convergence) to 4 (maximum possible 

convergence, which occurs for the case of a thick, highly-permeable well screen).  Drost suggested that for 

a uniform aquifer with no well screen, 
h = 2, and that for typical applications, a good choice for 
h is 2.5.  

Horizontal flow feed points may have time-varying flow rates, but for Darcy-velocity calculations to make 

sense, the inflow and outflow rates must be equal and opposite at any time.  Thus, if a feed point location 

changes from a horizontal flow point to a non-horizontal flow point with time, volumetric flow rates must 

be specified rather than Darcy velocities. 
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BORE II Parameters 

The key parameters associated with BORE II are defined below.   
Parameter I/O units* Description 

C g/L Ion concentration in the wellbore; converted to FEC using FEC 
= � + �C + 
C2, where 
, �, and � are user-specified constants 
(default values are provided in the code, see Section 3)  

Ci g/L Ion concentration of ith feed point 

C0 g/L Initial ion concentration in wellbore 

D0 m2/s Diffusion coefficient (may include dispersive effects as well 
molecular diffusion) 

dw cm Wellbore diameter (assumed constant) 

FEC �S/cm Fluid electrical conductivity 

q L/min Fluid flow rate in wellbore (upward flow is positive) 

qi L/min Fluid flow rate of ith feed point; positive for inflow and 
negative for outflow 

qw L/min Fluid flow rate in wellbore at xmax, specified by the user  

q0 L/min Fluid flow rate in wellbore at xmin (or any depth of interest), 
calculated internally  

T or TEMP oC Temperature (assumed constant) 

t hr Time 

tmax hr Maximum simulation time 

t0i hr Concentration start time of ith feed point 

vd m/day Darcy velocity through aquifer for horizontal flow  (qi = vd 
h 
�x dw) 

x m Depth (positive, increases down the wellbore) 

xmin, xmax m Top and bottom, respectively, of wellbore interval being studied 

�x m Cell height for wellbore discretization 


h 	 Drost (1968) convergence factor for horizontal flow 

*I/O units are chosen for convenience; all quantities are converted to SI units before BORE II calculations. 
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3.  BORE II User's Guide 

Operating System 
BORE II may be run under Windows 95, 98, or 2000 by double-clicking the executable icon 

(BOREII.EXE) in Windows Explorer, by double-clicking on a desktop shortcut key to BOREII.EXE, or by 

typing BOREII in the Run command in the Start Menu or in a DOS-prompt window.  BORE II will not run 

in stand-alone DOS or in the DOS-mode of Windows.  BORE II was compiled using Microsoft Fortran 

PowerStation™ Version 4.0, but this software is not necessary to run the program. 

BORE II Graphical Output 
The primary user interface with BORE II is interactive, with the user responding to on-screen 

prompts to modify model parameters and choose options (described below) for the real-time graphical 

display of model results and data.  The basic BORE II output screen consists of three windows.   

� The borehole profile window shows FEC profiles as a function of depth and time.  Simulation time t is 

shown in the upper left corner.  Fluid flow rate at a user-specified depth in the wellbore, q0, is shown in the 

middle of the top line (the depth at which q0 is calculated is set by option P).  The depth of a C-t plot is also 

shown.   

� The inflow parameters window shows the feed-point characteristics for the model that can be modified 

with option M (location, flow rate, and concentration).  Often there are more feed points than can be 

displayed at once on the screen.  BORE II starts out showing the first few (deepest) feed points, then shows 

the feed points in the neighborhood of any point that is being modified.   

� The dialog window allows the user to select options (described below) when running BORE II.  

On computers with small screens, it may be desirable to run BORE II in full-screen mode, so that 

the entire BORE II screen can be seen at once without scrolling.  Full-screen mode is entered by pressing 

Alt-VF (or on some computers by pressing Alt-Enter).  Pressing Esc (or Alt-Enter) terminates full-screen 

mode.  There are three potential problems associated with the use of full-screen mode.   

(1) The status line describing what BORE II is doing (e.g., running, waiting for input) is not visible. 

(2) Drawing an x-t plot (options X, S, D, F, and I), which creates a new window, may be very slow and 

the graphics quality poor.  

(3) On some computers, text is difficult to read after closing the x-t plot window.   

To address the latter two problems, one may terminate full-screen mode before using options X, S, 

D, F, and I.  The new window will be small, but after drawing is complete it may be expanded by pressing 

Alt-VF to enter full-screen mode.  Full-screen mode should be terminated before the new window is closed 

to avoid the final problem. 
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To print an image of the screen, press Alt-PrintScreen to copy the screen image into the clipboard.  

Then open a program such as Microsoft Paint and paste in the image.  It can be manipulated, saved in a 

variety of graphics formats, or printed from Paint.  The image can also be pasted directly into another 

Windows application such as MS Word. 

Input/Output File Overview 
Running BORE II requires one or two external files: a file with an initial set of model input 

parameters (mandatory, known as the input file) and a file with observed data (optional, known as the data 

file). These files are plain ASCII text, and must reside in the same folder as the BORE II executable.  The 

input file contains model parameters such as the depth interval being studied, feed point characteristics, 

problem simulation time, and C-to-FEC conversion factors.  The data file contains observed values of FEC 

and temperature, and optionally contains other fluid properties such as pH.  Detailed instructions for 

preparing an input file and a data file are given below. 

BORE II always creates a temporary file, called BOREII.TMP (see options C and R), and 

optionally creates a new input file (see option V), which is useful if model parameters have been changed 

during the BORE II run.  

Line-by-line Instructions for Input File 
After starting BORE II, the user is prompted to choose the input file from the list of files residing 

in the folder where the BORE II executable is.  Input file names with more than 8 characters before a 

period or blanks will appear in the list of files in an abbreviated form.  File names can be at most 20 

characters long.   

A sample input file is provided that can be modified as needed using a text editor such as Notepad 

or a word processor such as MS Word.  If a word processor is used to create or modify an input file, be 

sure that the file is saved as plain ASCII text. 

The input file is designed to be self-documenting, with header lines preceding data lines.  These 

header lines must be present, but BORE II does not use the text on them.  Data entries are read in free 

format, with individual entries on a given line separated by blanks, tabs, or commas.  This means that 

entries cannot be left blank, even if they are not being used (e.g., concentration for an outflow point).  

Unused entries may be set to zero or any convenient value.  Comments may be added on data lines, after 

the requisite number of entries.  In the sample input file, comments begin with an exclamation point. 

 
Item Computer 

Variables
Unit Description 

1. TITLE 	 A description of the problem, 80 characters maximum 

2 header for wellbore geometry 
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RXMIN m Top of study area, xmin 

RXMAX m Bottom of study area, xmax 

2. 

RDIAM cm Wellbore diameter, dw 

3 header for flow parameters 

RQW L/min Flow into (positive) or out of (negative) the bottom of the study 
area, qw  

3. 

HALPHA 	 Factor to account for convergence of horizontal flow lines 
toward the wellbore, 
h (Drost, 1968)   

Range: 1.0 – 4.0; default value: 2.5   

Only used for horizontal flow 
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4 header for feed points 

IINFN 	 Number of feed points (maximum 180) 4. 

IQFLAG 	 Variable flow-rate flag – a 3 digit integer used to identify feed 
points with variable flow (suggested value 999) 

5 header for constant- flow-rate feed points 

RINFX m Location of feed point, xi * 

For horizontal flow put two feed points at the same location, 
with equal magnitude, opposite sign flow rates 

RINFQ L/min 
(m/day if 
IINFV=1) 

Constant inflow rate (positive) or outflow rate (negative) of feed 
point, qi   

For a variable flow rate, set RINFQ = IIIJJ, where III = 
IQFLAG, and JJ is a two digit integer giving the number of 
times in the variable-flow-rate table, which follows in 5a 

For horizontal flow, vd replaces qi if IINFV = 1 
RINFC g/L Constant feed point concentration, Ci - only used for inflow 

points   

For a variable concentration, set RINFQ = IIIJJ, where III = 
IQFLAG, and JJ is a two digit integer giving the number of 
times in the variable-flow-rate table, which follows in 5a  

RINFT hr Start time for constant feed point concentration, t0i - only used 
for inflow points 

Feed point concentration is C0 of cell containing feed point for t 
<  t0i 

5.  Repeat 
IINFN times 

IINFV 	 Horizontal flow Darcy-velocity flag (must be zero for non-
horizontal flow case): 

= 0: RINFQ is flow rate qi into/out of the wellbore in L/min 

= 1: RINFQ is +/	Darcy velocity vd through the aquifer in 
m/day   
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5a header for variable-flow-rate table  (only when RINFQ = IQFLAGJJ) 

RINFQT hr Time tj (set t1 = 0, set tJJ > tmax) 

RINFQQ L/min 
(m/day if 
IINFV=1) 

Volumetric flow rate qj at time tj 

For horizontal flow, vd replaces qj if IINFV = 1 

5a.  Repeat JJ 
times when 
RINFQ = 
IQFLAGJJ 

RINFCC g/L Concentration Cj at tj 

6 header for misc. parameters 

TMAX hr Maximum simulation time, tmax 

DPYMAX �S/cm Maximum FEC for plots  

6. 

RK m2/s Diffusion coefficient, D0 

7 header for C-to-FEC conversion 

RGAMMA �S/cm 
RBETA 
�S/cm]/ 

[g/L] 

7. 

RALPHA 
�S/cm]/ 
[g/L]2 

Conversion from C in g/L to FEC in �S/cm: 

FEC = � + �C + 
C2 

Default values (for 20oC): � = 0, � = 1870, 
 = -40 

Set � = 0, � = 1, 
 � 1.e-8 for FEC � C 

8 header for initial conditions 

8. IC0FLAG 	 Initial concentration flag: 

= 0: C0 = 0, no further input for item 8 

< 0: read uniform non-zero C0 in 8a 

> 0: read IC0FLAG (x,C0(x)) pairs in 8b to describe variable 
initial concentration 

8a header for uniform initial conditions (only when IC0FLAG < 0) 

8a.  when 
IC0FLAG<0 

RC0 g/L Uniform non-zero C0  

8b header for non-uniform initial conditions (only when IC0FLAG > 0) 

RX m x value* 8b.  repeat 
IC0FLAG times 
when 
IC0FLAG>0 

RC0 g/L C0(x) 

9 header for data file name 

9. CFDATA 	 Name of data file, 20 characters maximum; 'NONE' if there is 
no data file  

*see Appendix 1, Section A1.5, for additional information on locating feed points and specifying non-
uniform initial conditions 

Sample Input File 
An input file illustrating many of these options is shown below.  Text or numbers following an 

exclamation point (!) are comments, and are not used by BORE II.  
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TITLE: Sample Input File with flow from below, horizontal flow, variable 
flow
XMIN(m)     XMAX(m)     DIAM(cm)
.0000       60.00       7.600
QW(L/min)   HALPHA      !QW=flow from below; HALPHA=hor. flow 
constriction
 0.50       0.          !default value of HALPHA will be used 
#FEED_PTS   VARIABLE_FLOWRATE_IDENTIFIER
   4               999 
DEPTH(m)    Q (L/min)    C(g/L)      T0(hr)      Q/V_FLAG
 25.        +1.          6.0         .0000       1 !1st 2 feed pts-hor. 
flow
 25.        -1.          6.0         .0000       1 !C & T0 not used 
(outflow)
 30.        99905.       6.0         .0000       0 !C & T0 not used 
(table)
     T(hr)       Q(L/min)    C(g/L)      !#entries is two digits after
999
      .0000       .0000        6.        !first time in table is zero 
      .3000       .2800E-01    5.
      .5000       .3200        4.
      1.000       .4600        3.
      1.500       .4600        2.        !last time in table is > tmax 
 35.        .5           4.0         .2000       0 !final feed pt
TMAX(hr)    FECMAX      DIFFUSION_COEF.(m2/s)
 1.000      5000.       .7500E-09 
RGAMMA      RBETA       RALPHA      !FEC = RGAMMA + C*RBETA + C*C*RALPHA
0.          0.          0.          !default values will be used 
IC0FLAG     !If 0, C0=0; If <0, read one C0; If >0,read IC0FLAG (X,C0) 
pairs
    1 
X(m)        C0(g/L)  !#entries is IC0FLAG
60.         2.                !Concentration associated with Qw 
DATA_FILE   !'NONE' if there is no data file
NONE

The first two feed points represent constant horizontal flow, and since the Q/V flag (IINFV) is 

one, flow rate is given as Darcy velocity through the aquifer in m/day.  The third feed point has variable 

flow rate and concentration, with a five-entry table specifying the variation with time.  The fourth feed 

point is an inflow point with constant flow rate and concentration and a non-zero concentration start time. 

Note that the flow from below, qw, is positive (into the wellbore section), so the corresponding 

concentration is specified as the initial condition of the lowermost cell in the wellbore (at x = xmin) by using 

IC0FLAG = 1.  If IC0FLAG = 0, the concentration associated with qw would be zero, and if IC0FLAG = -

1, the concentration associated with qw would be the uniform non-zero initial concentration in the wellbore.   

When BORE II writes an input file (option V), it changes several things to the file form shown 

above.  Comments found in the original input file are not reproduced, but two comments are added.  First, 

the cell height and the equation used to calculate it are shown on the line with xmin, xmax, and dw.  Second, if 

feed points represent horizontal flow, then the flag IINVF is set to 0, flow rate is given in L/min, and the 

corresponding Darcy velocity through the aquifer in m/day is added as a comment.  Finally, if IC0FLAG > 

0, BORE II sets IC0FLAG to the number of wellbore cells, and explicitly shows every (x, C0(x)) pair.  This 
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option is useful for identifying the x values of various cells, which may expedite assignment of feed point 

locations or initial conditions.  Part of the input file created by BORE II for the above sample is shown 

below. 

TITLE: Sample Input File with flow from below, horizontal flow, variable 
flow
XMIN(m)     XMAX(m)     DIAM(cm)    !DX(m) = MAX(|XMIN - XMAX|/180, 
DIAM/100)
 .0000       60.00       7.600      ! .3333
QW(L/min)   HALPHA      !QW=flow from below; HALPHA=hor. flow 
constriction
 .5000       2.500
#FEED_PTS   VARIABLE_FLOWRATE_IDENTIFIER
    4               999 
DEPTH(m)    Q(L/min)    C(g/L)      T0(hr)      Q/V_FLAG    !Vd(m/day)
 35.00       .5000       4.000       .2000        0 
 30.00      99905.       6.000       .0000        0 
     T(hr)       Q(L/min)    C(g/L)      !#entries is two digits after
999
      .0000       .0000       6.000
      .3000       .2800E-01   5.000
      .5000       .3200       4.000
      1.000       .4600       3.000
      1.500       .4600       2.000
 25.00       .4398E-01   6.000       .0000        0         ! 1.000
 25.00      -.4398E-01   6.000       .0000        0         !-1.000
TMAX(hr)    FECMAX      DIFFUSION_COEF.(m2/s)
 1.000       5000.       .7500E-09 
RGAMMA      RBETA       RALPHA      !FEC = RGAMMA + C*RBETA + C*C*RALPHA
 .0000       1870.      -40.00
IC0FLAG     !If 0, C0=0; If <0, read one C0; If >0,read IC0FLAG (X,C0) 
pairs
  179 
X(m)        C0(g/L)  !#entries is IC0FLAG                                     
 59.83       2.000
 59.50       .0000
 59.17       .0000
 58.83       .0000
…(169 entries with C0=0 not shown)… 
 2.167       .0000
 1.833       .0000
 1.500       .0000
 1.167       .0000
 .8333       .0000
 .5000       .0000
DATA_FILE   !'NONE' if there is no data file
NONE

 

Line by Line Instructions for Data File 
The data file is read in the fixed format shown below.  If data are available in a different format, 

an auxiliary program should be used to convert it to this form (a simple preprocessor called PREBORE, 

described in Appendix 2, converts the data file format used by BORE to the new format shown below).  

Note that because a fixed format is used, blank entries are allowed; they are interpreted as zero. 
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Lines 1-8 are header lines, not used by BORE II. 

Each line of the remainder of the file contains: 

Variable x FEC TEMP DAT3 DAT4 DAT5 HR MIN SEC 

Units m �S/cm oC    	 	 	 

Format F10.3 F10.3 F10.3 E10.3 E10.3 E10.3 I3 I2 I2 

Columns 1-10 11-20 21-30 31-40 41-50 51-60 62-64 66-67 69-70 

The entries DAT3, DAT4, and DAT5 represent optional data types that may be collected with certain 

logging tools, such as pH and dissolved oxygen (see options A and Y for ways to display this data).  Note 

that there is one blank column before each of the HR, MIN, and SEC entries, to make the data file more 

readable.  The first time entry corresponds to t = 0 for the model. 

BORE II Options 
The following options are available on the BORE II main menu.  Either uppercase or lowercase 

letters may be used, and should be followed by pressing ENTER. 

C 	 (C)-x plot 	 Displays FEC versus depth for data and/or model continuously in time (an animation); 
stores [x (m), t (sec), data FEC (�S/cm), model FEC (�S/cm)] in file BOREII.TMP for later use by option 
R or post-processing. 

T 	 c-(T) plot 	 Displays FEC versus time for data and model for a chosen depth. 

R 	 d/m cu(R)ve 	 Displays FEC versus depth plots for data and model at a series of times (snapshots of 
the option C display); uses results of most recent option C, read from BOREII.TMP.  Does not work if 
there is no data file or if there are only data at one depth in data file. 

N 	 i(N)flow-c 	 Displays inflow FEC for a chosen feed point as a function of time. 

 

A 	 p(A)ram display 	 Displays all data profiles (FEC, TEMP, DAT3, DAT4, DAT5) simultaneously, 
using user-specified plot limits (selections 3-6).  For selection 1, all points are connected on one continuous 
curve; for selection 2, points that are beyond depth or time limits start new curve segments. 

X 	 (X)-t plot 	 Displays a color-coded plot of model FEC versus depth and time in a new window, then 
repeats the plot in the borehole profile window. 

S 	 tool (S)tudy x-t plot 	 Same as X, but limits display to what would be obtained with a tool whose 
parameters (number of probes, gap between probes, and tool velocity) are specified  by the user. 

D 	 (D)ata x-t 	 Displays a color-coded plot of data traces versus depth and time in a new window, then 
repeats the plot in the borehole profile window (data type specified by option Y, default is FEC). 

F 	 (F)ill data x-t 	 Same as D, except that data traces are interpolated to fill the x-t plane. 

I 	 d/m d(I)ff x-t 	 Displays a color-coded plot of the difference between model and data FEC versus depth 
and time in a new window, then repeats the plot in the borehole profile window.  User selects whether to 
show data traces (mode 1) or filled data (mode 2). 
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M 	 (M)odify inp	 Opens interactive session for modifying location, flow rate, and concentration of feed 
points, or adding new feed points.  User is prompted to enter feed point number and given the chance to 
modify or maintain current parameters.  To add a new feed point, specify a feed point number greater than 
that for any existing feed point.  If horizontal flow is implemented using option M, flow rate must be 
specified as volumetric flow rate through the wellbore in L/min. 

P 	 (P)lot adjust 	 Sets new values of parameter minimum and maximum; tmax; difference range for option 
I; and depth for which wellbore flow rate q0 is displayed in borehole profile window (default depth is xmin). 

G 	 (G)rid 	 Sets grid spacing for new window showing x-t plots. 

Y 	 data t(Y)pe 	 Chooses data type (FEC, TEMP, DAT3, DAT4, DAT5) to display in options C, T, D, 
and F.  Model results always show FEC, so option C and T plots, which show both model and data, must 
be read carefully.  Note that options R and I are not affected by the choice of data type, but always 
compare model and data FEC. 

Z 	 print 	 Displays instructions for printing a screen image. 

V 	 sa(V)e 	 Creates a new input file with current model parameters.  User is prompted for new file name. 

Q 	 (Q)uit 	 Terminates BORE II program.  

 
4.  Example Applications 

Five example applications are presented to illustrate the capabilities of BORE II.   Although 

BORE II simulates the forward problem (it produces wellbore FEC profiles given different inflow 

positions, rates, and concentrations), it is most commonly used in an inverse mode, in which inflow 

positions, rates and concentrations are varied by trial and error until the model matches observed values of 

wellbore FEC profiles.  Initial guesses for the trial and error process may be obtained using direct integral 

methods (Tsang and Hale, 1989; Tsang et al., 1990) or other means (see example 2 below).  Example 

applications 3, 4, and 5 demonstrate such comparisons to real data provided to us as typical field data sets 

by G. Bauer (private communication, 2000).  The results of these example applications do not necessarily 

provide physically realistic flow rates and inflow concentrations, because they employ the artificial 

equality FEC = C.  Furthermore, rough matches to real data, as are obtained here, can often be obtained 

equally well with a variety of different parameters (i.e., the solution of the inverse problem is non-unique).  

The input files for the example applications are shown in Appendix 3.   

 
 Problem Data File Input File Features 
1 Up flow up_num.dbt 

(numerically 
simulated) 

up_num.inp Advection and dilution, 
diffusion/dispersion minor  

2 Horizontal flow hor_an.dbt 
(analytical 
solution) 

hor_an.inp Dilution only, no advection or 
diffusion/dispersion 

One pair inflow/outflow points 
3 Horizontal flow hor_real.dbt 

(real data) 
hor_real.inp Dilution and diffusion/dispersion 

Multiple pairs inflow/outflow points 
Initial time added to data 
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4 Down flow down_c.dbt 
(real data) 

down_c.inp Advection, dilution, and 
diffusion/dispersion 

Variable inflow concentration 
5 Combination 

flow 
comb_ic.dbt 
(real data) 

comb_ic.inp Advection, dilution, and 
diffusion/dispersion 

Non-uniform initial conditions 
 

1.  Up Flow 	 Numerically Simulated Data 
Perhaps the most common application of BORE II is to the case of up flow - when one pumps 

from the top of the wellbore section, and fluid enters the wellbore at one or more feed points.  Figure 1 

shows C versus x for several times for a typical up flow case (obtained with BORE II option R).  Each feed 

point has the same inflow rate and the same concentration, and there is also up flow from below.  At early 

times, the feed points show up as individual FEC peaks, but as time passes, the deeper peaks merge with 

those above them, creating a step-like structure.  The data set for this example is not real, but the results of 

a numerical simulation using the flow and transport simulator TOUGH2 (Pruess, 1987; 1991; 1995; 1998).  

TOUGH2 has been verified and validated against analytical solutions, other numerical models, and 

laboratory and field data.  The TOUGH2 simulation uses a one-dimensional model with the same cell 

spacing as BORE II and constant mass sources located at the BORE II feed points.  Thus, BORE II and 

TOUGH2 are solving the same problems, and comparing the results for wellbore FEC profiles verifies that 

the BORE II calculations are done correctly. 

2.  Horizontal Flow – Analytical Solution and Numerically Simulated 

Data
For horizontal flow in the absence of diffusion/dispersion along the wellbore, an analytical 

solution for the concentration observed in the wellbore as a function of time, C(t), is given by (Drost, 

1968): 

 

C(t) � Ci 	 [Ci 	 C(0)]exp
	2tvd
 h

�rw

��

��
����

��

��
����,     (1) 

 
where Ci is the formation (inflow) concentration, t is time (s), vd is the Darcy velocity through the aquifer 

(m/s), 
h is the aquifer-to-wellbore convergence factor, and rw is the wellbore radius (m).  Figure 2 shows 

the analytical solution and the BORE II results for this problem, obtained using option T.  The agreement is 

excellent.  Note that for small values of vd, if C(0) = 0, the analytical solution becomes approximately 
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Thus, any combination of Ci and vd whose product is a constant gives the same value of C.  This condition 

corresponds to the early-time straight-line portion of Figure 2.  The analytical solution may be 

implemented in a spreadsheet to expedite the choice of BORE II parameters, by examining the solution for 

various values of vd and Ci.  Note that care must be taken to use a consistent set of units for t, vd, and rw in 

Equations (1) and (2).  For example, when time is in seconds, BORE II input parameters vd in m/day and rw 

in cm must be converted to m/s and m, respectively. 

Figure 2 also shows the evolution of concentration at and near a horizontal flow layer when 

diffusion/dispersion along the wellbore is significant (D0 = 10-5 m2/s).  For this case, the analytical solution 

is not applicable, but BORE II results compare very well to numerically simulated data obtained using 

TOUGH2.  When dispersion is significant, use of the Drost solution generally results in an underestimation 

of Ci and an overestimation of vd.  These errors do not arise when using BORE II, since 

diffusion/dispersion can be explicitly included. 

3.  Horizontal Flow – Real Data 
As indicated in Figure 2, the addition of diffusion or dispersion modifies the depth-FEC profile 

arising from a thin layer of horizontal flow, by widening the base of the FEC peak.  A thick layer of 

horizontal flow produces a distinct signature, with an FEC response that has a wide peak as well as a wide 

base.  To model a thick layer of horizontal flow, one may use several adjacent inflow/outflow point pairs in 

the model.  Figure 3 compares model and data profiles (G. Bauer, private communication, 2000) of C 

versus x for several times, using option R.  Seven pairs of inflow/outflow points are used, assigned to seven 

adjacent cells.  By multiplying the number of inflow/outflow pairs by cell thickness, one may estimate the 

thickness of the layer of horizontal flow, in this case 2.3 m.  See Appendix 1, Section A1.5, for additional 

information about assigning feed points to specific cells. 

For this particular data set, the earliest observations show a variable FEC profile.  One possible 

way to address this is to specify a non-uniform initial concentration distribution in the wellbore.  An 

alternative approach (used here) is to add a dummy entry to the data file, specifying a time prior to the first 

real data time, at which the FCE distribution in the wellbore is assumed to be uniform.  In general, it is not 

possible to determine when, if ever, the FEC distribution in the wellbore is uniform, but the approach can 

work quite well, as shown in Figure 4, which shows C versus t at the center of the horizontal flow zone 

(option T).  The data zero time taken from the header of the data file, where the date and time of the 

logging run are specified. 

4.  Down Flow 	 Real Data 
Figure 5 compares model and data profiles (G. Bauer, private communication, 2000) of C versus x 

for several times (option R) for a case with primarily down flow.  A uniform non-zero initial concentration 

is used (IC0FLAG < 0) to approximate the low, slightly variable initial concentration.  Two shallow inflow 
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points have variable concentrations that increase in time, which suggests that de-ionized water penetrated 

into the fractures when it was introduced into the wellbore to establish low-concentration initial conditions 

for logging.  A low-concentration feed point at x = 158.5 m creates up flow above it, but the remainder of 

the wellbore section shows down flow. 

5.  Combination Flow 	 Real Data 
Figure 6 compares model and data profiles (G. Bauer, private communication, 2000) of C versus x 

for several times (option R) for a case with combination flow.  A non-uniform initial condition has been 

used, which is extracted from the data file using the preprocessor PREBORE (see Appendix 2).  Note that 

there are more entries in the initial condition specification (232) than there are cells in the model (179).  

Thus, some cells are assigned more than one initial condition.  For cells where this occurs, only the final 

initial condition assigned is used.  See Appendix 1, Section A1.5, for additional information on specifying 

non-uniform conditions.  Figure 7 shows the same information as Figure 6, but plotted in a different way, 

with the difference between data and model FEC plotted as an x-t plot (option I).  The blue and orange 

diagonal features indicate that the largest discrepancy between model and data gradually deepens with 

time.  
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Appendix 1:  Mathematical Background and Numerical Approach 
The principal equation governing wellbore FEC variation is the equation for the transport of mass 

(or ion concentration) in the wellbore.  However, additional consideration must be given to the 

determination of FEC as a function of ion concentration and the temperature dependence of FEC. 

A1.1  FEC as a Function of Concentration 
The relationship between ion concentration and FEC is reviewed, for example, by Shedlovsky and 

Shedlovsky (1971), who give graphs and tables relating these two quantities.  Hale and Tsang (1988) made 

a sample fit for the case of NaCl solution at low concentrations and obtained  

FEC = 1,870 C 	 40 C2,        (A.1) 

where C is ion concentration in kg/m3 (� g/L) and FEC is in �S/cm at 20oC.  The expression is accurate for 

a range of C up to � 6 kg/m3 and FEC up to 11,000 �S/cm.  The quadratic term can be dropped if one is 

interested only in values of C up to � 4 kg/m3 and FEC up to 7,000 �S/cm, in which case the error will be 

less than 10%.   

Fracture fluids typically contain a variety of ions, the most common being Na+, Ca2+, Mg2+, Cl-, 

SO4
2-, and HCO3

-.  If a hydrochemical analysis has been completed, various methods are available for 

computing an equivalent NaCl concentration for other ions.  Schlumberger (1984) presents charts of 

multiplicative factors that convert various solutes to equivalent NaCl concentrations with respect to their 

effect on electric conductivity. 

A1.2  Temperature Dependence of FEC
BORE II calculations are made assuming a uniform temperature throughout the wellbore.  Actual 

wellbore temperatures generally vary with depth, so temperature corrections must be applied to field FEC 

data to permit direct comparison with model output. 

The effect of temperature T on FEC can be estimated using the following equation (Schlumberger, 

1984) 

FEC(20o C) �
FEC(T)

1 � S(T 	 20o C)
,       (A.2) 

where S = 0.024. 

Generally, temperature increases with depth below the land surface.  If full temperature logs are 

available, these data can be used to correct the corresponding FEC values.  However, if no complete logs 

are available, a simplifying assumption may be made that the temperature variation in the wellbore is linear 

and can be modeled by: 

T = Ax + B,          (A.3) 
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where A and B are parameters determined by fitting any available temperature versus depth data.  If the fit 

is unsatisfactory, other relationships with higher order terms must be used. 

A1.3  Governing Equation 
 The differential equation for mass or solute transport in a wellbore is: 

�
�x

Do
�C
�x

��
��
��

��
��
��	

�
�x

Cv�  � S �
�C
�t

,       (A.4) 

where x is depth, t is time, and C is ion concentration.  The first term is the diffusion term, with D0 the 

diffusion/dispersion coefficient in m2/s, the second term is the advective term, with v the fluid velocity in 

m/s, and S is the source term in kg/m3s.  This one-dimensional partial differential equation is solved 

numerically using the finite difference method, with upstream weighting used in the advective term.  The 

following initial and boundary conditions are specified: 

C(x,0) = C0(x),          (A.5) 

C(xmin,t) = C0(xmin) for flow into the wellbore from above, 

C(xmax,t) = C0(xmax) for flow into the wellbore from below, 

D0 = 0 for x < xmin and x > xmax.  

The first condition allows for the specification of initial ion concentrations in the wellbore.  The second 

and third conditions allow for advective flow of ions into the wellbore interval from above and below.  The 

final condition indicates that diffusion and dispersion do not take place across the boundaries of the 

wellbore interval.  In general, advection will be the dominant process at the boundaries.  If diffusion or 

dispersion is dominant for a particular problem, the boundaries should be extended in order to prevent 

improper trapping of electrolyte. 

A1.4  Discretization in Time   
Time stepping is explicit, with the time step �t determined by stability constraints for advection 

�t !
�dw

2�x
8qmax

,          (A.6) 

and diffusion   

�t !
�x2

4D0

,          (A.7) 

where qmax (m3/s) is the maximum fluid flow rate anywhere in the wellbore.  BORE II starts its calculation 

at t = 0.  The first time in the data file is also identified with t = 0.  If it is apparent that model and data 

times are not synchronized, then one may insert an additional line into the data file after the header lines, 

with an earlier time than the first real data time, in order to reset the data zero time.  On the inserted line, 

FEC, x, and other data entries may be left blank or copied from the first real data line. 
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A1.5  Discretization in Space 
The wellbore interval between xmin and xmax is uniformly divided into N cells and it is assumed that 

the wellbore has uniform diameter, dw.  Cell height �x is determined as the larger of (xmax - xmin)/180 and 

dw.  Position values indicate depth in the wellbore and thus x is zero at the surface and increases downward.  

The cell index increases upward, with cells 1 and N located at the bottom and top, respectively, of the 

wellbore interval.  In general, the ith node (the center of the ith cell) is located at 

xi = xmax - (i-1/2)�x,         (A.8) 

with the ith cell extending from xmax - (i - 1)�x  to xmax - i�x.   

BORE II assigns feed points and initial concentrations to cell i if the location of the feed point or 

C0(x) value lies within the boundaries of the ith cell.  If multiple feed points are assigned to the same cell, 

they will all be accounted for, but if multiple initial conditions are assigned to the same cell, only the final 

one assigned will be used.  By definition, the lower boundary of cell 1 is at xmax, but due to round-off 

errors, the upper boundary of cell N may not be at xmin.  Hence, it is often useful to know the x coordinates 

of each node.  These are displayed in the input file written by BORE II (option V) when IC0FLAG > 0.  

Thus, if the user sets IC0FLAG = 1, inputs one (x, C0(x)) pair, and uses option V, then a new input file will 

be created with IC0FLAG = N and a complete list of the x coordinates for all nodes, with C0 = 0 for all 

cells except the one identified in the original input file.  Alternatively, if the initial conditions are taken 

from the data file with PREBORE (or taken from any source that is independent of the nodal coordinates), 

then using option V will create an input file that shows the actual initial conditions assigned to each cell. 

The list of nodal x coordinates may be useful when modeling a thick fracture zone or aquifer, in 

order to place one feed point in each cell over a given depth range.  Similarly, when using IC0FLAG > 0 to 

specify non-uniform initial concentrations, one must assign a C0 value to each cell in the interval of interest 

in order to obtain a continuous C profile, because no interpolation is done between scattered initial 

concentrations.  Finally, knowing the coordinate of the top cell in the model is useful for assigning the 

initial concentration that serves as the boundary condition for inflow into the wellbore interval from above.  

For inflow from below, either x = x1 or x = xmax may be used. 

A1.6  Calculation of Flow Rates 
Feed point flow rates may be constant in time, in which case a steady-state flow field is assumed 

in the wellbore, or variable, with feed point flow rates determined by linear interpolation between tabulated 

values.  Although feed point flow rate may vary, true transient wellbore flow including fluid 

compressibility effects is not considered.  Rather, the wellbore fluid flow field is assumed to change 

instantly from one steady-state flow field to another.  In other words, the flow rate out of cell i is always 

the sum of the flow rates from all feed point locations within the boundaries of cell i plus the flow rate out 

of cell i-1. 
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Appendix 2:  The Preprocessor PREBORE 
PREBORE is a simple Fortran program that does preprocessing for BORE II.  It runs under either 

Windows or DOS.  PREBORE converts the old BORE data file format into the new BORE II data file 

format.  Depth is converted from feet to meters, and other data columns are realigned.  PREBORE can also 

create a file with (x,C0) pairs to be added to the BORE II input file as initial conditions (this option requires 

that x values steadily increase or steadily decrease in each profile).   

If data file conversion is being done, the user is prompted to enter the old and new data file names.   

If a file with initial conditions is being created, the user is prompted for the following information:  

the name of the BORE II data file; a name for the initial condition file; which profile in the data file to use; 

the direction of logging (downward assumes x values increase in the data file, upward assumes they 

decrease, and both assumes the profiles alternately increase and decrease in x); and the conversion factors 

(�, �, 
) between FEC and C (default values 0, 1870, -40).  In addition to creating an ASCII text file with 

(x,C0) pairs, which may be added to the BORE II input file using a text editor or word processor, 

PREBORE prints out the number of pairs on the screen, which should be used for IC0FLAG.  Note that 

IC0FLAG may be greater than the number of cells in the model (usually about 180), but that in this case 

not all the C0 values will be used (see Appendix 1, Section A1.5). 

Data file conversion and initial condition creation can be done in the same PREBORE run.  In this 

case the user must specify both old and new data file names in addition to the parameters describing the 

creation of initial conditions. 
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Appendix 3:  Input Files for Example Applications 

A2.1  Example Application 1 – Up Flow – up_num.inp 
TITLE: up flow with flow from below, compare to synthetic data
XMIN(m)     XMAX(m)     DIAM(cm)    !DX(m) = MAX(|XMIN - XMAX|/180, 
DIAM/100)
 .0000       180.0       14.00      ! 1.000
QW(L/min)   HALPHA      !QW=flow from below; HALPHA=hor. flow 
constriction
 .7500       2.500
#FEED_PTS   VARIABLE_FLOWRATE_IDENTIFIER
    3               999 
DEPTH(m)    Q(L/min)    C(g/L)      T0(hr)      Q/V_FLAG    !Vd(m/day)
 160.5       .7500       100.0       .0000        0 
 130.5       .7500       100.0       .0000        0 
 50.50       .7500       100.0       .0000        0 
TMAX(hr)    FECMAX      DIFFUSION_COEF.(m2/s)
 24.00       100.0       .7500E-09 
RGAMMA      RBETA       RALPHA      !FEC = RGAMMA + C*RBETA + C*C*RALPHA
 .0000       1.000       .1000E-07 
IC0FLAG     !If 0, C0=0; If <0, read one C0; If >0,read IC0FLAG (X,C0) 
pairs
    0 
DATA_FILE   !'NONE' if there is no data file
up_num.dbt

A2.2  Example Application 2 – Horizontal Flow Analytical Solution – 
hor_an.inp

TITLE: Horizontal Flow - Compare to Analytical Solution 
XMIN(m)     XMAX(m)     DIAM(cm)
0.000       50.000      7.600 
QW(L/min)   HALPHA
0.          2.850000
#FEED_PTS   VARIABLE_FLOWRATE_IDENTIFIER
       2    999
DEPTH(m)    Vd(m/d)     C(g/L)      T0(hr)      Q/V_FLAG
  25.0000     1.        1000.     .0000          1 
  25.0000    -1.        1000.     .0000          1 
TMAX(hr)    FECMAX      DIFFUSION_COEF.(m2/s)
3.0000      1000.       1.e-10 
RGAMMA      RBETA       RALPHA
0.000000    1.000000    1.e-08 
IC0FLAG
0
DATA_FILE
hor_an.dbt
The input file for the case with significant dispersion is identical, except that the diffusion coefficient is 
increased from 10-10 m2/s to 10-5 m2/s. 
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A2.3  Example Application 3 – Horizontal Flow - hor_real.inp 
TITLE: Horizontal Flow Example
XMIN(m)     XMAX(m)     DIAM(cm)    !DX(m) = MAX(|XMIN - XMAX|/180, 
DIAM/100)
 .0000       60.00       7.600      ! .3333
QW(L/min)   HALPHA      !QW=flow from below; HALPHA=hor. flow 
constriction
 .0000       2.500
#FEED_PTS   VARIABLE_FLOWRATE_IDENTIFIER
   14               999 
DEPTH(m)    Q(L/min)    C(g/L)      T0(hr)      Q/V_FLAG    !Vd(m/d)
 26.73       .5295E-02   730.0       .0000        0         ! .1204
 26.73      -.5295E-02   .0000       .0000        0         !-.1204
 26.39       .5295E-02   730.0       .0000        0         ! .1204
 26.39      -.5295E-02   .0000       .0000        0         !-.1204
 26.06       .5295E-02   730.0       .0000        0         ! .1204
 26.06      -.5295E-02   .0000       .0000        0         !-.1204
 25.73       .5295E-02   730.0       .0000        0         ! .1204
 25.73      -.5295E-02   .0000       .0000        0         !-.1204
 25.39       .5295E-02   730.0       .0000        0         ! .1204
 25.39      -.5295E-02   .0000       .0000        0         !-.1204
 25.06       .5295E-02   730.0       .0000        0         ! .1204
 25.06      -.5295E-02   .0000       .0000        0         !-.1204
 24.73       .5295E-02   730.0       .0000        0         ! .1204
 24.73      -.5295E-02   .0000       .0000        0         !-.1204
TMAX(hr)    FECMAX      DIFFUSION_COEF.(m2/s)
 4.000       400.0       .7500E-04 
RGAMMA      RBETA       RALPHA      !FEC = RGAMMA + C*RBETA + C*C*RALPHA
 .0000       1.000       .1000E-07 
IC0FLAG     !If 0, C0=0; If <0, read one C0; If >0,read IC0FLAG (X,C0) 
pairs
    0 
DATA_FILE   !'NONE' if there is no data file
hor_real.dbt
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A2.4  Example Application 4 – Down Flow – down_c.inp 
TITLE: downflow, variable source conc., uniform non-zero initial conc.
XMIN(m)     XMAX(m)     DIAM(cm)    !DX(m) = MAX(|XMIN - XMAX|/180, 
DIAM/100)
 140.0       240.0       7.600      ! .5556
QW(L/min)   HALPHA      !QW=flow from below; HALPHA=hor. flow 
constriction
 .0000       2.850
#FEED_PTS   VARIABLE_FLOWRATE_IDENTIFIER
   12               999 
DEPTH(m)    Q(L/min)    C(g/L)      T0(hr)      Q/V_FLAG    !Vd(m/day)
 239.0      -.7000       .0000       .4000        0 
 212.0      -1.000       .0000       .4000        0 
 187.0       .7500       1800.       .4000        0 
 183.0       .1900       1900.       .4000        0 
 181.0       .1200       1900.       .4000        0 
 178.0       .5000E-01   1900.       .4000        0 
 176.0       .4000E-01   1900.       .4000        0 
 174.0       .3000E-01   1900.       .4000        0 
 171.0       .1000E-01   1900.       .4000        0 
 164.4      99905.       1900.       .4000        0 
     T(hr)       Q(L/min)    C(g/L)      !#entries is two digits after
999
      .0000       .4400       80.00
      .4000       .4400       100.0
      1.200       .4400       1100.
      1.900       .4400       1650.
      4.500       .4400       1950.
 162.0      99904.       1800.       .0000        0 
     T(hr)       Q(L/min)    C(g/L)      !#entries is two digits after
999
      .0000       .6000E-01   80.00
      .4000       .6000E-01   200.0
      1.900       .6000E-01   1650.
      4.500       .6000E-01   1950.
 158.5       .1000       80.00       .0000        0 
TMAX(hr)    FECMAX      DIFFUSION_COEF.(m2/s)
 4.400       1700.       .1000E-02 
RGAMMA      RBETA       RALPHA      !FEC = RGAMMA + C*RBETA + C*C*RALPHA
 .0000       1.000       .1000E-07 
IC0FLAG     !If 0, C0=0; If <0, read one C0; If >0,read IC0FLAG (X,C0) 
pairs
   -1 
C0 (g/L)    !Uniform, non-zero C0
 80.00
DATA_FILE   !'NONE' if there is no data file
down_c.dbt
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A2.5  Example Application 5 – Combination Flow – comb_ic.inp 
TITLE: Combination flow example, non-uniform initial concentration
XMIN(m)     XMAX(m)     DIAM(cm)    !DX(m) = MAX(|XMIN - XMAX|/180, 
DIAM/100)
 .00000      50.000      7.6000     ! .2778
QW(L/min)   HALPHA      !QW=flow from below; HALPHA=hor. flow 
constriction
 .00000      2.8500
#FEED_PTS   VARIABLE_FLOWRATE_IDENTIFIER
   12               999 
DEPTH(m)    Q(L/min)    C(g/L)      T0(hr)      Q/V_FLAG    !Vd(m/day)
 45.000     -.13000      .00000      .00000       0 
 33.300      .11000      800.00      .15000       0 
 33.300     -.31000      .00000      .00000       0 
 27.500     -1.0500      .00000      .00000       0 
 25.700      .30000      810.00      .15000       0 
 25.400      .30000      810.00      .15000       0 
 25.140      .30000      810.00      .15000       0 
 24.900      .30000      810.00      .15000       0 
 23.500      .12000      800.00      .15000       0 
 21.500      .40000E-01  800.00      .15000       0 
 14.000      .15000E-01  750.00      .15000       0 
 12.200      .10000E-01  750.00      .15000       0 
TMAX(hr)    FECMAX      DIFFUSION_COEF.(m2/s)
 1.0000      1000.0      .50000E-03 
RGAMMA      RBETA       RALPHA      !FEC = RGAMMA + C*RBETA + C*C*RALPHA
 .00000      1.0000      .10000E-07 
IC0FLAG     !If 0, C0=0; If <0, read one C0; If >0,read IC0FLAG (X,C0) 
pairs
  232 
X(m)        C0(g/L)  !#entries is IC0FLAG                                     
1.524  2 
1.615  2 
1.707  3 
1.829  3 
1.951  3 
2.073  3 
2.225  3 
2.377  3 
2.53  3 
2.713  3 
2.865  3 
3.018  3 
3.353  589 
3.536  597 
3.719  588 
3.871  583 
4.054  584 
…(208 entries not shown)… 
43.282 2 
43.8  2 
43.983 2 
44.166 1 
44.318 1 
44.501 1 
44.684 1 
DATA_FILE   !'NONE' if there is no data file
comb_ic.dbt
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Figure 1.  Concentration (=FEC) versus depth at a series of times for example application 1 - up flow.  
Data are numerically simulated using the TOUGH2 code.  Figure is a BORE II screen-print after running 
option R. 
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Figure 2.  Relative concentration versus time for example application 2 – horizontal flow.  When 
diffusion/dispersion is negligible, the concentration increase only occurs at the depth of the horizontal flow 
layer.  The solid line shows the analytical solution as given by Drost (1968), Equation (1).     
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Figure 3.  Concentration (= FEC) versus depth at a series of times for example application 3 – a thick layer 
of horizontal flow.  Dashed lines represent field data, solid lines represent BORE II results.  
Diffusion/dispersion is significant. 
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Figure 4.  Concentration (= FEC) versus time at the center of the horizontal flow zone of example 
application 3, illustrating the addition of a data zero time. 
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Figure 5.  Concentration (= FEC) versus depth at a series of times for example application 4 – down flow.  
Figure is a BORE II screen-print after running option R. 
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Figure 6.  Concentration (= FEC) versus depth at a series of times for example application 5 – combination 
flow.  Figure is a BORE II screen-print after option R. 
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Figure 7. FEC difference between model and data as a function of depth and time (an x-t plot) for example 
application 5 – combination flow.  Figure is a BORE II screen-print after option I, mode 2. 
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BORE II MODELING CODE COMPARISONS 
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Figure Appendix C:1. BORE II Code Comparison of Field FEC Profiles Acquired During 
Ambient Flow Characterization and Model. Wellbore DW-1. 

- Field FEC Profiles = Dotted 
- Model = Solid 

Note: Significant borehole diameter changes in this borehole made modeling of this data 
set more difficult to match precisely.  As such, effort was concentrated on the areas of 
known water-bearing fractures and proper gauge borehole.  Areas where dispersion was 
the only factor on the mass and areas of large borehole diameter changes were not 
intensely modeled.  Depths of the water-bearing fractures are cross-referenced with the 
optical televiewer and caliper data. 
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Figure Appendix C:2. BORE II Code Comparison of Field FEC Profiles Acquired During 
Hydrophysical Production Test at 6 GPM and Model. Wellbore DW-1. 

- Field FEC Profiles = Dotted 
- Model = Solid 
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Figure Appendix C:3. BORE II Code Comparison of Field FEC Profiles Acquired During 
Ambient Flow Characterization and Model. Wellbore DW-2. 

- Field FEC Profiles = Dotted 
- Model = Solid 
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Figure Appendix C:4. BORE II Code Comparison of Field FEC Profiles Acquired During 
Hydrophysical Production Test at 6 GPM and Model. Wellbore DW-2. 

- Field FEC Profiles = Dotted 
- Model = Solid 
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LIMITATIONS
 
COLOG's logging was performed in accordance with generally accepted industry 
practices.  COLOG has observed that degree of care and skill generally exercised by 
others under similar circumstances and conditions.  Interpretations of logs or 
interpretations of test or other data, and any recommendation or hydrogeologic 
description based upon such interpretations, are opinions based upon inferences from 
measurements, empirical relationships and assumptions.  These inferences and 
assumptions require engineering judgment, and therefore, are not scientific certainties.  
As such, other professional engineers or analysts may differ as to their interpretation.  
Accordingly, COLOG cannot and does not warrant the accuracy, correctness or 
completeness of any such interpretation, recommendation or hydrogeologic description. 
 
All technical data, evaluations, analysis, reports, and other work products are instruments 
of COLOG's professional services intended for one-time use on this project.  Any reuse 
of work product by Client for other than the purpose for which they were originally 
intended will be at Client's sole risk and without liability to COLOG.  COLOG makes no 
warranties, either express or implied.  Under no circumstances shall COLOG or its 
employees be liable for consequential damages.
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APPENDIX C 
 

WESTON FIELD RECORDS, INCLUDING: EQUIPMENT 
CALIBRATION RECORDS; AND GROUNDWATER 

LOW-FLOW SAMPLING RECORDS 



INSTRUMENT CALIBRATION/MAINTENANCE LOG

* To display Conductivity Cell Constant and Dissolved Oxygen Charge (DO ch) on 650 MDS: go to Sonde Menu’. ‘Advanced “Cal Constants”

Date:’/c’’/Ime:74 Field Person9et:
. Temp. of Value of Initial

Function Standard Standard Reading Calibrated To Comments

YSI Meter: Mode or Model 6820 (circle one) Sonde Type and Serial No. 4i
Specific Conductance (1 ms/cm) /L Y / I / 3 //_/ I L// L
Conductivity Cell Constant (see *)

4.6 to 5.45
— ._t .1’ I ,— I -‘ f

Oxidation-Reduction Potential (my) t I J I () Type - ZebE1t’r Other

.‘

-

pH calibrated (at pH 7)
. j I Solution check =

oH mV for pH 7 solution -40 to 40 mV

pH calibrated (at pH 10) O -

pH mV for pH 10 solution

oH calibrated (at pH 4)

-140 to -220 mV

3?
fO. ‘

=JC

pH mV for pH 4 solution 1 ange: 140 to 220 mV

-

Dissolved Oxygen (% sat) : —‘ L ‘ ‘ Allow 10 minutes for stabilization
L

Dissolved Oxygen Charge I : 25 to 75

=- )
Dissolved Oxygen Gain (see *)

: 0.8 to 1.7

Dissolved Oxygen (Zero DO check) 1 4 [ ‘““ I Less than 0.5 mg/L

Additional Information tr Dissolved Oxygen CalibrationlProbe Check

Barometric Pressure: /
f

mm Hg ** [BP Inches X 25.4 + BP mm Hg]

Inspected DO membrane for nicks or bubbles Date: / Personnel:
Temp. of Value of Initial

Function Standard Standard Reading (yes/no) Comments

HACH 2100 Turbidimeter Serial Number: C.) I
J A

0 NTU standard / I (
j-’ •i)

5 - 20 NTUs standard / LY ‘1

20 - 100 NTUs standard

Value of Initial
End of Day Calibration Check Standard Reading Comments

Date: Time: I
pH 7 solution

Specific conductivity solution

Turbidimeter
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INSTRUMENT CALIBRATION1MAINTENANCE LOG

Date: /( Time:Off3Field Personnel:
Temp. of Value of Initial

Function Standard Standard Reading Calibrated To Comments

YSI Meter: Mo or Model 6820 (circle one) Snde Type and Serial No. () I .. AA
Specific Conductan (1 ms/cm) I I .

. I

Conductivity Cell Constant (see *) ge 4 6 to 5.45

Oxidation-Reduction Potential (my) 2. Lf 0 Type - Zobell or Other

I
pH calibrated (atpH 7)

pH mV for pH 7 solution ;‘

DH calibrated (at pH 10) 1
pH mV for pH 10 solution

pH calibrated (at pH 4)

DH mV for pH 4 solution ange. 140 to 220 mV

Dissolved Oxygen (% sat) . .. 10 minutes for stabilization

Dissolved Oxygen Charge Ranae: 25 to 75

Dissolved Oxygen Gain (see *)
-‘--‘ 0.8 to 1.7

Dissolved Oxygen (Zero DO check) 5I O 1Less than 0.5 mg/L

Additional Information for Dissolved Oxygen Calibration/Probe Check

Barometric Pressure: mm Hg ** ,J..BP inches x 25.4 + BP mm Hg]

Inspected DO membrane for nicks or bubbles Date: Personnel:
Temp. of VaIue of Initial Within 5%

Function Standard Standard Reading (yes/no) Comments

HACH 2100 Turbidimeter Serial Number:

NTU standard / 7r t
F ô /-) 1,_ I
5- NTUs standard I / (‘ /

. -.

• Value of Initial
Standard Reading CommentsEnd of Day Calibration Check

Date: Time:

pH 7 solution

Specific conductivity solution

Turbidimeter

—

i
fLf/3 ficXJ

ge: -40 to 40 mV

ange: -140 to -220 mV

* To display Conductivity Cell Constant and Dissolved Oxygen Charge (DO ch) on 650 MDS: go to “Sonde Menu”, “Advanced”, ‘Cal Constants’
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INSTRUMENT CALIBRATION!MAINTENANCE LOG

/c

/iO

* To display Conductivity Cell Constant and Dissolved Oxygen Charge (DO ch) on 650 MDS: go to “Sonde Menu”, “Advanced”, “Cal Constants”

Range: -140 to -220 mV

Date: i/Oime: ( [iei Personnel:
Temp. of Value of Initial

Function Standard Standard Reading Calibrated To Comments

YSI Meter: 600)cL or Model 6820 (circle one) Sonde Type and Serial No, )t1 ft 1cX 4,K

Specific Conductance (1 ms/cm) I i I 1)413 I (35c( / z, L

Conductivity Cell Constant (see
*)

: 4.6 to 5.45

Oxidation-Reduction Potential (mV) /7 3 h1 0 X Type - Zobell other

pH calibrated (at pH 7) I I I 1uduu ch

pH mV for pH 7 solution F”) Range: -40 to 40 mV

oH calibrated (at pH 10)
- G[ j L.(

pH mV for pH 10 solution —I

pH calibrated (at pH 4)
14 0

oH mV for pH 4 solution ( L(
ange: 140 to 220 mV

Dissolved Oxygen (% sat) 3i I Allow 10 minutes for stabilization

IL-I’
Dissolved Oxygen Charge I Range: 25 to 75

Dissolved Oxygen Gain (see”) ange: 0.8 to 1.7

Dissolved Oxygen (Zero DO check) / / I () 3 /() s than 0.5 mg/L

Additional Information for Dissolved Oxygen CalibrationIProbe Check

Barometric Pressure: / mm Hg
**

. [BP inches x 25.4 + BP mm Hg]

Inspected DO membrane for nicks or bubbles Date:
—

Personnel:

Temp. of Value of Initial WithuA%

Function Standard Standard Reading (ye7no) Comments

Lw I—

HAC.H 2100 Tubidimeter Serial Number:0’1

NTU standard / /‘O ? /

5-20 NTUs standard / , ?4 ‘ 7D
Value of Initial

End of Day Calibration Check Standard Reading Comments

Date:’/( Time:/f5O I
pH 7 solution 7 7 of
Specific conductivity solution / / / TCY
Turbidimeter

G:\PROJECTS\01 395022\O1 0\GW Monitorlng\Calibration LogCalibration Log 5/2/2008



































 

 

APPENDIX D 
 

WESTON VALIDATED ANALYTICAL RESULTS 
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l)AI’ARKVIKW

.acs.

___________________ ____—

Wl.SlUNS\M1’l 1.)l)s. £L)

_____

__ ___

_-6s

Fraction
Data Reviewed

- U- -

_______ ______ _____
_____

Comments

(‘ham i1 Custody
-

l\rccid Sohids/RLs

Prcservat ion/Log Shxt

holding Time

/ V
I sir ucntfMcthod
Blanks (Soils/Solids)

—[nstnimernfMethod
Blanks (Aqueous)
MSIMSD
(Soil/Solids)

MS/MSD
( Aqueous)
LCSILCSD

Blank Spikes
(BS/BSD)
Lab Duplicates

Field Duplicates

/
Surn)ga Recovees /

Iote:
Data reviewed but not commented on is considered acceptable.

=NotApphcable 7c- — vwc y1-t( - (

9tded4d hULAQualifiers Used:
CdL /CL

94 I “‘- -)
Data Reviewer Initia s:_____________
Date: 9[Lf
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l)At’. REVWW CHECKLIST

I .I1 ‘\iI1IIR

‘ l.’ I )N SNII’I .l ll).

Data Reviewed

(‘biin til (‘iasi1y

IrtnISoIitls/Rl %

L’fts.rv alioall og ‘hLU

Holding time

l44.ItI;Ink.%
?sp/)qiIip.)

jjsflmcn1JMcthod
l3lanks (Soils/Solids) -

lns(rLI incnilMcthod
Blanks (Aqueous)
MS/MSD
(Soil/Solids)

MS/MSD
( Aqueous)

LCS/LCSD

Blank Spikes
(BS/BSD)
Lab Duplicates

Ficid Duplicates

Surroga Recoveries /
/:

Note:
Data reviewed but not commented on is considered acceptable.q = Data Reviewed
NA = Not Applicable

-‘-Qualifiers Used: 0

Data Reviewer lnitial,s: (J1c.
Date:

Fraction

V

Comments
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Data Reviewed

(‘ham ol Custody

Note:
Data reviewed but notq = Data Reviewed
NA = Not Applicable

Qualifiers Used:

Comments

L\i4 NIINIB[R
WISiON SAMPLE l1)s: ii i/ L -‘711 ‘“ \ tj—Yj(J

- 1—’ S-1 t
H-*P i6&T

Fraction

Pcruni SolidsIRLs

Prcscrvation/Log Sheet

Holding Time

Blanks
• (Trip Equip.)
Instrument/Method
Blanks (SoilSolids)
Insiniment/Method

/
/

Blanks (Aqueous)
MS/MSD
( Soit/Sol ids)
MS/MSD
( Aqueous)

LCSILCSD

Blank Spikes
( BS/BSD)
Lab Duplicates

Field Duplicates

Surrogate Recoveries

(Qil

commented on is considered acceptable.

-Tcz i &

/

1W i1
jL
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Qualifiers Used:
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‘ III
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4
Fraction

Comments
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Holding Time
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Note:
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NA = Not Applicable Cd ccfrc

Data Reviewer Initials:_____________
ate: 4/4
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FractionI)ata Rev iewcd
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(‘haiti t1 (ushNIy
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( Aqueous)
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Blank Spikes
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Lab Duplicates

Ficld Duplicates

Surrogate Recoveries
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Data reviewed but not commented on is considered acceptable.“I = Data Reviewed
NA Not Applicable

Qualifiers Used:

2Z
Data Reviewer InitiLs’ /
Date:
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Appendix E

Groundwater Elevation Graphs
Borehole Hydrophysics and Geophysics Report
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Appendix E

Groundwater Elevation Graphs
Borehole Hydrophysics and Geophysics Report
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Appendix E

Groundwater Elevation Graphs
Borehole Hydrophysics and Geophysics Report
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Groundwater Elevation Graphs
Borehole Hydrophysics and Geophysics Report
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Groundwater Elevation Graphs
Borehole Hydrophysics and Geophysics Report
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Groundwater Elevation Graphs
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Groundwater Elevation Graphs
Borehole Hydrophysics and Geophysics Report

5/17/2008
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Groundwater Elevation Graphs
Borehole Hydrophysics and Geophysics Report
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Groundwater Elevation Graphs
Borehole Hydrophysics and Geophysics Report

5/21/2008
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Appendix E

Event Chronology
Borehole Hydrophysics and Geophysics Report

Date Time Activity

4/30/08 1810 Start MW-4 test
1815 Start MW-2 test
1824 Start MW-1 test
1830 Start MW-5 test
1843 Start MW-3 test

5/5/2008
945 Pull DW-2 pump and start transducer test.

1505 Pull MW-1 transducer (start geophysics).
1803 Replace MW-1 transducer.

5/6/2008 730 Pull DW-1 pump.
905 Pull DW-2 transducer.
908 Pull MW-4 transducer (start geophysics).

1130 Start DW-2 VSP test.
1150 Start DW-1 transducer test.

1205 Stop MW-4 transducer test.  Sync with computer clock and restart test.
1220 Replace MW-4 transducer.
1225 Pull MW-3 transducer (start geophysics).

1306 Stop MW-3 transducer test.  Sync with computer clock and restart test.
1608 Replace MW-3 transducer.
1645 Pull MW-2 transducer (start geophysics).
1656 Stop DW-2 transducer test.  Sync with computer clock and restart test.

1718
Replace MW-2 transducer. Stop MW-2 transducer test, sync with computer 
clock, and restart test.

5/7/2008 750 Pull DW-1 transducer.
754 Stop DW-1 transducer test. Sync with computer clock and restart test.
810 Start DW-1 VSP test.
915 Replace DW-1 transducer.
930 Pull MW-4 transducer.
945 Start MW-4 VSP test.

1135 Replace MW-4 transducer.
1213 Pull MW-1 transducer. Start VSP test.
1216 Stop MW-1 transducer test. Sync with computer clock and restart.
1240 Pull MW-2 transducer (start geophysics).
1537 Replace MW-1 transducer.
1630 Pull MW-3 transducer.  Start VSP.
1700 Replace MW-2 transducer.
1711 Pull MW-5 transducer.
1715 Stop MW-5 transducer test.  Sync with computer clock.
1716 Restart MW-5 transducer test.
1718 Replace MW-3 transducer.
1724 Start MW-5 geophysics.
1824 Replace MW-5 transducer.
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Appendix E

Event Chronology
Borehole Hydrophysics and Geophysics Report

Date Time Activity

5/8/2008 733 Pull MW-2 transducer.  Start VSP test.
854 Pull MW-5 transducer. Start geophysics.
908 Replace MW-2 transducer.  Done VSP test.

1040 Replace MW-5 transducer.
1115 Pull DW-2 transducer. Start geophysics.
1255 Replace MW-5 transducer.  Done VSP test.
1733 Replace DW-2 transducer.  Done geophysics for day.

5/9/2008 829 Pull DW-2 transducer.
933 Start DW-2 geophysics tests.

1720 Replace DW-2 transducer.

5/10/2008 750 Pull DW-2 transducer. 
957 Start geophysics tests.

1908 Replace DW-2 transducer.

5/11/2008 741 Pull DW-1 transducer.
844 Start geophysics tests.

1756 Replace DW-1 transducer.

5/12/2008 No work performed.

5/13/2008 1140 Pull DW-1 transducer. Set up for hydrophysics.
Start fluid replacement with DI water.

1300 Bore fluid is completely replaced.
Log well fluid..

1536 Replace DW-1 transducer.

5/14/2008 820 Start ambient logging on DW-1.
953 Pumping test begins. Inject and pump at 7 gpm.

1210 Production test begins on DW-1. Pump rate = 1.4 gpm.
1355 Done DW-1 Tests.
1615 Start DI fluid replacement in DW-2.
1810 Done fluid replacement.  Start ambient logs.

5/15/2008 755 Begin DW-2 logging.
1110 Pumps inserted in DW-2 and production test begin.
1810 Start injection at 1.2 gpm and extraction at 7.6 gpm.
2332 Test complete.
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Event Chronology
Borehole Hydrophysics and Geophysics Report

Date Time Activity

5/16/2008 939 Pull DW-2 transducer.
1245 Inflate packers at 16-20 ft bgs.

1338
Start pumping for low flow sampling.  Pump cuts out and packers are 
leaking.

1358 Reinflate packers. Begin pumping and sampling.

1538
Sample collected from 16-20 ft bgs interval.  Start drawdown test.  No 
significant flow.

1630 Deflate packers.
1715 Inflate packers at 28.5-32.5 ft bgs.
1755 Start pumping for low flow sampling.  Pump at 1.35 gpm, no drawdown

1830
Sample 28.5-32.5 ft bgs interval. COLOG begins transmissivity/hydraulic 
conductivity testing.

1955 COLOG done testing.

5/17/2008 1110 Inflate packers at 37-41.7 ft bgs.
1140 Start pumping for low flow sampling.
1214 Sample collected from 37-42 ft bgs. interval.
1220 Start transmissivity and hydraulic conductivity test.
1327 Stop pumping. Allow to recover and deflate packers.
1400 Lower and inflate packers at 94.5-98.5 ft bgs.
1428 Start pumping for low flow sampling.
1535 Sample collected from 94.5-98.5 ft bgs interval.
1540 Start transmissivity and hydraulic conductivity test.
1637 Stop pumping. Allow to recover and deflate packers.
1655 Deflate packers.
1729 Lower and inflate packers at 187.9-192.2 ft bgs.
1745 Start pumping for low flow sampling.
1855 Sample collected from 187.9-192.2 ft bgs interval.
1900 Start transmissivity and hydraulic conductivity test.
1942 Stop pumping. Allow to recover and deflate packers.
1958 Deflate packers.
2036 Lower and inflate packers at 265 ft bgs-bottom interval.
2117 Start pumping for low flow sampling.
2150 Sample collected from 265 ft bgs-bottom interval.
2200 Start transmissivity and hydraulic conductivity test.
2256 Stop pumping. Allow to recover and deflate packers.

5/18/2008 930 Pull packers from DW-2 and replace transducer.
1054 Pull DW-1 transducer.
1757 Inflate packers at 56 ft bgs-bottom interval.
1814 Start pumping for low flow sampling.
1910 Sample collected from 56 ft bgs-bottom interval. Allow well to stabilize.

`
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Event Chronology
Borehole Hydrophysics and Geophysics Report

Date Time Activity

5/19/2008 745 Remove and reinstall DW-2 transducer while reinstalling well pump.
824 Inflate packers at 51 ft bgs-bottom interval in DW-1.
830 Start pumping for low flow sampling.
930 Sample collected from 51 ft bgs-bottom interval.
935 Start transmissivity and hydraulic conductivity test (7 gpm).

1038 Stop pump and allow well to stabilize.
1059 Deflate packers and lower to 56 ft bgs-bottom zone again.
1204 Start transmissivity and hydraulic conductivity test (78 ml/min)
1256 Stop pump and allow well to stabilize.
1700 Inflate packers at 41.2-51.9 ft bgs.
1735 Start pumping for low flow sampling.
1815 Sample collected from 41.2-51.9 ft bgs interval.
1817 Start transmissivity and hydraulic conductivity test (6.33 gpm)
1925 Stop pump and allow well to stabilize.
1951 Deflate packers.
2050 Replace DW-1 transducer.

5/20/2008 900 Pull DW-1 transducer.
1046 Inflate packers at 33.75-38.5 ft bgs.
1107 Start pumping for low flow sampling.
1200 Sample collected from 33.75-38.5 ft bgs interval.
1232 Start transmissivity and hydraulic conductivity test (2.7 gpm).
1334 Stop pump and allow well to stabilize.
1349 Deflate packers and set for shallow zone sample.
1445 Inflate packer at 33.15 ft bgs for shallow zone sampling.
1501 Start pumping for low flow sampling.
1605 Sample collected from surface-33.15 ft bgs interval.
1607 Start transmissivity and hydraulic conductivity test.
1709 Stop pump and allow well to stabilize.
1811 Deflate packers.
1839 Replace DW-1 transducer.

5/21/2008 1028 Pull DW-1 transducer. Replace well pump.
1039 Replace DW-1 transducer.
1505 Stop MW-4 test and remove transducer.
1514 Stop MW-2 test and remove transducer.
1521 Stop MW-1 test and remove transducer.
1528 Stop MW-5 test and remove transducer.
1536 Stop DW-1 test and remove transducer.
1541 Stop MW-3 test and remove transducer.
1548 Stop DW-2 test and remove transducer.

Notes:

VSP = vertical seismic profiling

DI = deionized

gpm = gallons per minute

ft = feet

bgs = below ground surface

mL/min. = milliliter per minute

COLOG = Colog Division of Layne Christensen Company
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Date Rainfall Ammount (in)
4/30/2008 Trace
5/1/2008 0
5/2/2008 0
5/3/2008 0
5/4/2008 0.17
5/5/2008 0
5/6/2008 0
5/7/2008 0
5/8/2008 0.55
5/9/2008 0

5/10/2008 0
5/11/2008 0
5/12/2008 0
5/13/2008 0
5/14/2008 0
5/15/2008 Trace
5/16/2008 Trace
5/17/2008 0
5/18/2008 0
5/19/2008 0.81
5/20/2008 Trace
5/21/2008 0.04

Rainfall Totals During MEFUDS 
Hydro-Geophysics Investigation
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Transducer Groundwater Elevation Graphs
Borehole Hydrophysics and Geophysics Report
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