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Abstract 

The DOE’s Big Sky Regional Carbon Sequestration Partnership has completed drilling the first 
continental flood basalt sequestration pilot borehole to a total depth (TD) of 4,110 feet on the Boise White 
Paper Mill property at Wallula, Washington.  Site suitability was assessed prior to drilling by the 2007-
2008 acquisition, processing and analysis of a four-mile, five-line three component seismic swath, which 
was processed as a single data-dense line.  Analysis of the seismic survey data indicated a composite 
basalt formation thickness of ~8,000 feet and absence of major geologic structures (i.e., faults) along the 
line imaged by the seismic swath.  Drilling of Wallula pilot borehole was initiated on January 13, 2009 
and reached TD on April 6, 2009.  Based on characterization results obtained during drilling, three basalt 
breccia zones were identified between the depth interval of 2,716 and 2,910 feet, as being suitable 
injection reservoir for a subsequent CO2 injection pilot study.  The targeted injection reservoir lies 
stratigraphically below the massive Umtanum Member of the Grande Ronde Basalt, whose flow-interior 
section possesses regionally recognized low-permeability characteristics.  The identified composite 
injection zone reservoir provides a unique and attractive opportunity to scientifically study the reservoir 
behavior of three inter-connected reservoir intervals below primary and secondary caprock confining 
zones. 

Drill cuttings, wireline geophysical logs, and 31one-inch diameter rotary sidewall cores provided 
geologic data for characterization of rock properties.  XRF analyses of selected rock samples provided 
geochemical characterizations of the rocks and stratigraphic control for the basalt flows encountered by 
the Wallula pilot borehole.  Based on the geochemical results, the pilot borehole was terminated in the 
Wapshilla Ridge 1 flow of the Grande Ronde Basalt Formation.  

Detailed hydrologic test characterizations of 12 basalt interflow reservoir zones and 3 flow-
interior/caprock intervals were performed during drilling and immediately following reaching the final 
borehole drilling depth (i.e., 4,110 ft).  In addition, six of the 12 basalt interflow zones were selected for 
detailed hydrochemical characterization.  Results from the detailed hydrologic test characterization 
program provided the primary information on basalt interflow zone transmissivity/injectivity, and caprock 
permeability characteristics. 
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Executive Summary 

Continental flood basalts represent one of the largest geologic structures on the planet and exist in 
regions of the U.S. (and other countries such as India) where sedimentary basin storage capacity is 
limited.  Consequently, demonstration of commercial-scale storage in deep flood basalts is important in 
meeting global CO2 emissions targets.  Due the extensive prior characterization of the flood basalts in SE 
Washington State, this region has been the focus of these first field studies. 

Prior to commencement of drilling, analysis of a four-mile, five line 3C seismic swath near the field 
site location showed no major faults and that the basalt thickness is about 8,000 feet along the line imaged 
by the seismic swath.  Consequently, the DOE’s Big Sky Regional Carbon Sequestration Partnership 
initiated and completed drilling the first continental flood basalt sequestration pilot borehole to a total 
depth (TD) of 4,110 feet on the Boise White Paper mill property at Wallula, Washington.  A suite of 
wireline logs were acquired (some for the first time in basalts) that included:  

 Platform Express with AIT 
 Elemental Capture Spectroscopy log (ECS) 
 Reservoir Saturation Tool: Sigma Saturation log 
 Fluid temperature log  
 Sonic Scan including SonicScanAdvancedAnswer, anisotropy analysis, P/S compression and shear 

with summary interpretation 
 FMI with summary fracture interpretation over 1,600 feet of interval 
 Rotary sidewall cores. 
 

Logging data combined with XRF stratigraphy indicate that there are no major faults intersected by the 
well.  Observed dip reversals are stratigraphic rather than due to faults and regional structural dip is two 
degrees to the northwest. 

Hydrogeologic information was obtained primarily during borehole drilling/advancement utilizing a 
progressive drill-and-test characterization strategy.  A general decreasing transmissivity trend with depth 
pattern was observed, which is consistent with results exhibited for Columbia River basalt interflow zones 
at a number of other deep wells in the region.  Based on the comparative results from 10 test intervals, a 
candidate injection test zone was identified between the general depth interval of ~2,716 and 2,870 ft bgs.  
Over this interval, three brecciated interflow zones are intersected for future CO2 injection: the Ortley 
flow top, the Slack Canyon #1 flow top and the Slack Canyon #2 flow top.  The flow tops have relatively 
high permeabilities and are bounded by thick flow interiors that have extremely low permeabilities.  The 
borehole configuration established at the Wallula pilot site provides a unique and very attractive 
opportunity to scientifically study the reservoir behavior of three connected reservoir intervals below 
primary and secondary caprock zones.  Simulations of a 1000 MT open-borehole injection over a period 
of 14 days into the three brecciated zones show that most of the injected CO2 flows into the Slack Canyon 
#2 flow top due to its higher permeability.  The increase in pressure in the well bore is less than 110 psi to 
achieve this injection rate and the radius of the injected supercritical CO2 increases to a maximum of 180 
ft one year after the start of injection.  No CO2 migration into the overlying Slack Canyon flow interior is 
predicted even after 1 year of simulation time.  Based on the cumulative analyses completed to date, the 
Wallula basalt pilot borehole appears to be well suited to conduct the world’s first supercritical CO2 
injection test into a continental flood basalt formation.
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1.1 

1.0 Introduction 

Continental flood basalts represent one of the largest geologic structures on the planet but have 
received comparatively little attention for geologic storage of CO2.  Because flood basalt formations exist 
in regions of the U.S. (and other countries such as India), where sedimentary basin storage capacity is 
limited, demonstration of commercial-scale storage in deep flood basalts is important in meeting global 
CO2 emissions targets.  That fact is now being increasingly realized.  Since the original concepts for 
sequestration in basalts were proposed (MCGRAIL et al., 2003; MCGRAIL et al., 2006), interest has grown 
rapidly with laboratory (WHITE et al., 2006; MATTER et al., 2007; FLAATHEN et al., 2008; GOLDBERG et 
al., 2008; GYSI and STEFANSSON, 2008; PRASAD et al., 2009; SCHAEF and MCGRAIL, 2009) and other 
field trials (ALFREDSSON et al., 2008; KHALILABAD et al., 2008) now underway around the world.  
Nevertheless, the field pilot study undertaken by the Big Sky Carbon Sequestration Partnership (BSCSP) 
described in this report remains unique in the world for confirming the feasibility of permanently and 
safely sequestering large quantities of supercritical CO2 within deep flood basalt formations. 

1.1 Regional Setting 
Southeastern Washington State, and indeed a 

large portion of the entire Pacific Northwest east 
of the Cascade Mountain Range belong to the 
Columbia Plateau Province, which hosts a world-
class set of continental flood basalt deposits.  The 
Miocene Columbia River Basalt Group (CRBG) 
covers over 77,200 mi2 of portions of eastern 
Washington, northeastern Oregon and western 
Idaho (Figure 1-1), with a total estimated volume 
of more than 53,700 mi3 (REIDEL et al., 2002).  
Collectively, over 300 individual CRBG flows 
have been identified within the region, which 
attain a maximum composite thickness of greater 
than 16,000 ft within the central portion of the 
Columbia Basin.  Conservative estimates of CO2 
storage capacity in the CRBG are approximately 
10 to 50 GtCO2 (MCGRAIL et al., 2006).  
Groundwater within the Grande Ronde Basalt and below in this region of the Columbia Basin is brackish 
and sulfide-rich, with high concentrations of fluoride that exceed maximum concentration limits (MCL) 
as specified in National Primary Drinking Water Regulations (40 CFR 141.62).  Exceedance of MCLs 
listed in 40 CFR 141.62 is the standard adopted in Washington State for permitting geologic sequestration 
projects under WAC 173-218-115.1 

1.2 Site Selection Overview 
In April of 2007, Battelle Pacific Northwest Division (PNWD) and the BSCSP were invited by the 

Port of Walla Walla to conduct the field pilot study on Port-owned land in Walla Walla County.  The 
demonstration site was at that time under consideration by industry for construction of a 750-MW IGCC 

                                                      
1 http://apps.leg.wa.gov/WAC/default.aspx?cite=173-218-115. 

Figure 1-1.  Surface Areal Extent of Basalt 
Formations of the Columbia River Basalt Group 
(modified from Reidel et al. 2002) 
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power plant that would require CCS.  The site is located in a rural area, zoned heavy industrial, with 
agriculture and livestock management the principal businesses in the surrounding region.  As a result of 
this invitation from the Port, PNWD began planning field work on the Port site, which including 
conducted a seismic survey prior to drilling a pilot test well. 

In November 2007, the Port of Walla Walla signed a Land Use Agreement giving Battelle permission 
to conduct a seismic survey on their property.  Following obtaining the necessary surrounding land owner 
permits, Battelle completed a seismic survey at the Port site in December 2007.  Following completion of 
the seismic survey, the pilot project was delayed by public opposition to the proposed IGCC plant (see 
Section 4.0 on Public Outreach).  In April 2008, a decision was made at the request of the Port and Walla 
Walla County Commissioners to find an alternative site location.  In May of 2008, Battelle staff contacted 
management at the Boise Whitepaper mill located approximately ½ mile from the Port property site 
regarding interest in conducting the pilot study on their property.  This location ensured the pilot study 
could be carried out on private property but was still near enough to the seismic survey line to preserve 
relevance of the $750,000 investment in the seismic survey.  Negotiations for a Land Use Agreement 
were successfully concluded in August of 2008.  PNWD staff surveyed the Boise mill site to identify a 
suitable location for the borehole.  Site constraints, such as size of unobstructed areas, proximity to 
structures, access to electrical power and water dictated the final selected site location illustrated in Figure 
1-2. 

Seismic swath

North

Basalt Test Well

 

Figure 1-2.  Aerial Photograph of Boise Mill Site, Borehole Location, and Seismic Survey 
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2.0 Site Characterization 

Site characterization activities conduct at the Wallula pilot site included:  1) Installation of two 
shallow soil gas monitoring wells, 2) surface seismic survey, and 3) borehole characterization activities 
conducted in association with drilling the pilot borehole.  Details and results and conclusions from each of 
these activities are provided in the sections that follow. 

2.1 Soil Gas Monitoring Wells 
On July 7, 2007, two soil gas probes (BAM 126 and BAM 127) were installed approximately ½ mile 

from the Wallula site by Boart Longyear Company (Milton, WA).  The 1.9 cm diameter probes were 
spaced approximately 275 m apart and installed ~7.6 m deep and included a bottom screened interval of 
2.54 m.  Sand was used for packing around the probes and commercial dry granular bentonite was used 
for sealing.  Above ground risers 
with pad locks were installed in 
concrete to protect the soil gas 
probes from adverse weather 
conditions. 

Gas samples were collected 
using a Pulse Pump III (MiDan) 
and 1-L Tedlar® bags.  Initially, 
each gas probe was purged ~6 
well volumes, before collecting 
samples into Tedlar® sample 
bags.  A single air sample was 
collected near one of the wells 
and used as a background 
sample. Gas chromatography 
(GC) was utilized to measure 
concentrations of H2, CO2, C2H4, 
C2H6, O2, N2, CH4, and CO in 
these gas samples.  Results from the GC analysis (July 25, 2007) show slightly elevated readings (above 
background) for N2 and O2 (Table 2.1).  Concentrations of CO2 in the wells were identical or lower than 
background levels.  Remaining gas compounds of interest (especially methane) were below detectable 
limits in both wells and the air sample (Table 2.1).  Gas chromatography results from the second 
sampling, collected on August 21, 2007, are also presented in Table 2.1.  Concentrations for CO2, N2, and 
O2 from both wells are similar to the first sampling.  The background sample, collected near well 126 
compares well to the first background sample collected near well 127.  No significant differences were 
noted between the two gas samplings. 

Table 2.1.  Gas chromatography results on gas samples 
collected from soil gas probes BAM 126 and BAM 127 and 
background (air). 
 

 07/25/07 08/21/07 

Component Air 126 127 Air 126 127 

CO2 0.03 0.02 0.03 0.02 0.03 0.03 

N2 51.36 52.43 54.33 48.98 52.63 50.71 

O2 2.09 4.39 2.62 0.41 0.74 0.76 

C2H4, CH4 DL DL DL DL DL DL 

H2, CO, C2H6 DL DL DL DL DL DL 

Concentration in %. 
DL-detection limit 
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2.2  Seismic Survey 
 An innovative three-component 2D surface 

seismic swath profile acquired near Wallula, 
Washington in December 2007 (Figure 2-1) 
provided the framework for fault detection and 
first order characterization of subsurface 
stratigraphy and structure at the site of the 
proposed Big Sky CO2 sequestration test.  The 
results from this seismic acquisition and 
processing experiment greatly reduced 
uncertainty associated with site selection by 
showing that there are no deep seated surface or 
subsurface faults along the seismic line, and that 
a thick succession of basalt layers are present and 
undisturbed by large scale faulting.  The seismic 
survey represents the first known success of 
surface-based seismic imaging of basalt that has 
a thin sediment cover.  The results provide a 
critical key for subsurface characterization and 
monitoring of CO2 sequestration in basalts.  This 
experiment has important implications for 
sequestration not only in the Pacific Northwest 
but also in other basalt terrains, worldwide.. 

The 2007 four mile reflection survey utilized 
a seismic signal produced by vibrator trucks 
(Figure 2-2).  A total of about 3000 receivers 
recorded various modes of compression (P) and 
shear (S) waves, including waves that are 
converted from one mode to the other as they 
encounter sharp boundaries of subsurface rock 
layers.  The 3-Component receivers, consisting 
of vertical compression wave and two orient-
ations of shear wave sensors, were arranged in a 
five line (440’) swath that extended north-south 
for four miles, near the proposed CO2 injection 
test site.  Two vibrator trucks generated a 
synchronized seismic signal at closely spaced 
stations along each of the long (4 miles) sides of 
the rectangular swath.  

Prior to acquiring the survey data, the 
vibrators were tested to ensure their electronics  

and control systems preformed within specifications.  Finally, acquisition tests were conducted to 
determine the optimal combination of vibration frequency, length of vibration time (“sweep”) and number 
of sweeps that created the strongest signal-like reflections of the basalt layers below about 3000 feet that 

Figure 2-1. Location of 3C Seismic Swath Near 
Boise Plant at Attalia Station. Satellite view from 
Google Maps 

Figure 2-2.  Two Vibroseis Trucks on Location at the 
Wallula Site 
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are targeted for detailed sequestration charac-
terization.  The seismic design (Figure 2-3) and 
processing was by CGG Veritas, and the swath 
acquisition was conducted by Paragon 
Geophysical. 

  Field data are not suitable for immediate 
interpretation of the subsurface geology.  In 
order to create an accurate depiction of the 
subsurface, a number of types of data artifacts 
must be removed or at least minimized.  These 
artifacts are related to the instrumentation and 
method of acquisition, missing data due to the 
presence of agricultural or other surface 
obstacles, the topography of the ground surface, 
and a number of types of noise in the data that 
obscure or misplace the subsurface image. 
Because the Wallula data set involved 5 lines of 
receiver data, each four miles long, and because 

three modes of seismic waves (P wave, converted P-SV wave, and shear wave SV-SV) exist for each line, 
processing the Wallula data set was particularly labor and computer intensive.  

The processing of the Wallula data set included more than 30 individual processing steps, many of 
them iterative.  Processing addresses six main functions: database building, editing and basic corrections, 
signal to noise enhancement, enhancement of resolution in time (the vertical part of data display), and 
enhancement of resolution in space (the lateral location of geologic features).  Finally, processing 
involves producing images that make different types of geologic features easier to detect and recognize.  
Because the survey was designed to allow for identification of converted waves that can behave as noise 
and can obscure the seismic image, full elastic numerical modeling of seismic wave behavior was 
required.  This work was conducted by CCG Veritas, using known local geology and rock properties 
gained during years of basalt research at the Hanford site.  

The results of the numerical modeling allowed the identification and removal of converted wave 
noise, and identified causes of loss of P wave signal at shallow depths and at basalt flow interfaces.  An 
intermediate processing image (Figure 2-4) shows that in the subsurface geology intersected by the 
seismic swath, t a thick succession of basalts (about 8,000 feet) is present, with no indications of major 
faulting.  At this stage, the data in the zone of interest (about 0.5 sec two way time) are relatively low 
frequency (about 15 Hz).  Figure 2-5 shows the final P-P image with higher dominant frequency data 
(about 30 Hz).  Additional processing, particularly if a VSP is acquired for calibration, is expected to 
further enhance imaging.   

Figure 2-3.  Novel Four Mile, Five Line Three-
Component Seismic Swath Designed by CCG Veritas 
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Figure 2-4.  P-P Image Produced in an Intermediate-Stage Processing of the Wallula Data.  The shaded 
triangular areas at the ends of the profile show end of line affects on the data redundancy.  The flat lying 
reflectors at about 0.8 seconds (two way time) are evidence for lack of deep seated faulting.  B.P is 
bandwidth; Hz is frequency.  Dominant frequency is only about 15 Hz at this processing stage. 

 

Figure 2-5. Final P-P Image as Processed by CGG Veritas.  The frequency bandwidth is doubled 
(approximately) compared to the image shown as Figure 2-4.  The dominant frequency is 
about 30 Hz.  Again, there is no evidence of vertical faulting within the deeper basalt units 
(0.8 s to 1.0 s). 



 

2.5 

As with images generated during the intermediate processing stages, the final migrated P wave 
images indicate that no east-west striking faults disrupt the deep basalt interval along the seismic swath, 
and thus no major deep-seated breaks are likely to penetrate the shallower basalt section.  Because the 
dominant wavelength of the data is approximately 600 ft, there could be small-throw faults with vertical 
displacements of 50 or 60 ft (0.1 λdom) that cannot be recognized on the currently processed 2D images. 
In addition, faults parallel to the seismic swath would not be imaged by this transect.  Data gaps near the 
surface and underlying disruption of the seismic image were caused by avoidance of irrigation waterlines 
and surface infrastructure. Data interpreted from this seismic line do not eliminate risk of a fault being 
present at the well site, but do reduce uncertainty associated with existence of hidden east-west striking 
faults that are associated with major structures in the Pasco Basin.   

Our most important findings for understanding the problems with acquiring seismic reflection data in 
basalts are as follows:  

 A wide variety of shear wave energy modes swamp the P wave seismic records. 

 Except at very short geophone offsets, ground roll overprints P wave signal. 

 Because of extreme velocity contrasts, P-wave events are refracted at incidence angles greater than 
about 7-15 degrees. 

 P-wave energy is converted to down-going shear wave energy at the top of the uppermost basalt 
layer.  This creates a SV-SV volume that may lead to new techniques for evaluating azimuthal 
seismic anisotropy, fractures and stratigraphic heterogeneity.   

These scientific insights gained during acquisition and processing of the 3C 2D swath have already 
resulted in a breakthrough in application of seismic imaging to basalt geology.  Identification of the 
specific causes of poor data quality allow the development of processing steps to remove unwanted 
energy modes, improve the signal to noise ratio, and increase resolution.  Borehole geophysical data from 
the pilot borehole will facilitate additional customized processing steps that could further enhance 
accuracy of the seismic imaging.    

2.3 Borehole Drilling and Characterization 
The Wallula pilot utilized the progressive “drill-and-test” characterization strategy that emphasizes 

the acquisition of detailed hydrogeologic characterization information concurrent with drilling and 
borehole advancement.  This is in contrast to characterization strategies that are initiated after a borehole 
has reached the final well completion depth.  As discussed in Reidel et al. (2002), information acquired 
using a progressive drill-and-test strategy provides characterization information of higher quality, 
particularly for those hydrologic parameters that are sensitive or more significantly impacted by the 
borehole drilling process, (e.g., hydrochemistry, microbiology).  This is also the preferred characterization 
strategy for boreholes such as the Wallula pilot that are drilled in areas not having significant subsurface 
information available from surrounding wells drilled to comparable depths.  In the case of the Wallula 
pilot, the deepest well drilled within a 6-mile radius of the pilot borehole location is only 915 ft.  Because 
of this lack of subsurface hydrogeologic information, characterization activities at the Wallula pilot 
borehole were more extensive than normally utilized at deep boreholes that are situated in more 
characterized areas.  The Wallula pilot represents the first detailed-characterized, reconnaissance-level 
borehole for deep Columbia River basalt formations within this region of the State.  A discussion of the  
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Table 2.2. Borehole Stratigraphy of the Wallula Pilot Well, Based on XRF Data, Lithology, and 
Stratigraphic Position.  Depths are in feet.  The target zone is 2,720-2,875 feet. 

Geologic Unit 
Depth to Top of Unit, 

(ft below ground surface) 

Surficial Sediment 0 
Saddle Mountain Basalt Formation 44 
Ice Harbor Member 44 
Levy Sedimentary Interbed 140 
Elephant Mountain Member 206 
Rattlesnake Ridge Interbed 307 
Pomona Member 365 
Selah Interbed 515 
Umatilla Member 527 
Wanapum Basalt Formation 1,058 
Priest Rapids Member 1,058 
Frenchman Springs Member (FSM) 1,135 
FSM Flow 1 1,135 
FSM Flow 2 1,256 
FSM Flow 3 1,328 
FSM Flow 4 1,449 
Vantage Interbed 1,588 

Grande Ronde Basalt Formation 1,594 
Sentinel Bluffs Member (SBM) 1,594 
SBM Flow 1 1,594 
SBM Flow 2 1,755 
SBM Flow 3 1,838 
SBM Flow 4 1,932 
SBM Flow 5 2,010 
SBM Flow 6 2,085 
SBM Flow 7 2,139 
SBM Flow 8 2,250 
Winterwater Member 2,320 
Umtanum Member 2,418 
Slack Canyon Member (SC) 2,590 
SC Flow 1 2,590 
SC Flow 2 2,730 
SC Flow 3 2,808 
Ortley Member  (OM) 2,850 
OM Flow 1 2,850 
OM Flow 2 2,940 
OM Flow 3 3,219 
OM Flow 4 3,385 
Grouse Creek Member (GCM) (tentative ID) 3,463 
GCM Flow 1 3,463 
GCM Flow 2 3,607 
Wapshilla Ridge Member (WRM) (tentative ID) 3,810 
WRM Flow 1 3,810 
WRM Flow 2 4,068 

Borehole – Total Depth 4,110.5 

 



 

2.7 

Wallula pilot borehole drilling, characterization activities, and well completion details is provided in the 
following sections of the topical report.   
Table 2.2 presents a summary and sequence of associated borehole drilling and characterization activities 
occurring at the Wallula pilot between January 10 and May 19, 2009. 

2.3.1 Drilling Program and Well Construction 

Drilling services for the Wallula pilot borehole were provided by Boart Longyear drilling services, 
based in Salt Lake City, Utah, utilizing a LM-140 rotary drilling rig constructed originally by Lang 
Drilling Company.  Particular attributes of the LM-140 include a top-head drive, with pull-back load-
lifting capacity of 140,000 lbs, and drilling rotating torque of 14,000 foot-lbs.  It can employ standard or 
reverse-flood circulation methods, and utilize a variety of drilling fluids (polymer/bentonite, water, air, 
foam) all of which meet general standards listed for Washington Administrative Code (WAC) WAC-173-
160-442 and -444.1  Drilling was initiated on January 14, 2009 and continued to a depth of 56 ft utilizing 
a 24.0 in. drill-bit diameter.  A 20-in. diameter surface conductor casing was set to this depth and an 
annular cement seal emplaced from depth to land surface utilizing a tremie-pipe delivery system.  
Cementing protocols followed recommended Washington State regulations specified for resource 
protection well construction/completions (WAC-173-160-420, -430, and -450).2  The borehole was drilled 
below 56 ft utilizing a 19-in. bit, and continued to a depth of 1,108 ft.  Conventional circulation using 
primarily a bentonite-based drilling fluid was utilized to a depth of 190 ft.  Below 190 ft, the reverse-flood 
drilling method using primarily bentonite-based drilling fluid was employed.  A 14-in. diameter casing 
was welded and installed from land surface to 1,108 ft, and the casing annulus sealed with neat cement 
and State approved additive accelerants (calcium chloride), using a tremie-pipe delivery system.  The 
borehole was drilled below 1,108 ft utilizing a 12.25-in. drill bit, and advanced to a final depth of 4,110 ft.  
As noted in  

Table 2.2, numerous characterization activities were conducted during the process of drilling of the 
borehole section from 1,108 ft to 4,110 ft.  Preliminary results obtained from these characterization 
activities are discussed in subsequent report sections.  These characterization results were used in 
selecting the pilot study injection zone, and for the final well completion design. 

As part of the well completion design, the lower borehole section of the pilot borehole was cemented 
back to a targeted depth of 2,910 ft, utilizing a tremie-pipe delivery system.  Near the targeted top of the 
borehole cement plug, the tremie-pipe system became stuck within the borehole at a depth of 2,835 ft.  
Approximately 1 week of drilling-rig remedial activities (May 1-8, 2009) were required to free the tremie-
pipe system from the borehole.  Following successful removal of the tremie pipe, spot cement and drilling 
slough debris from the borehole, the top of the cement plug was tagged at a depth of 2,985 ft.  The 
borehole was circulated clean and the lower borehole cement plug completed to a depth of 2,910 ft.   

Following completion of the plug-back cementing from 2,910 to 4,110 ft, a protective sand/gravel 
layer was installed over the targeted open well completion depth interval 2,716 to 2,910 ft.  Following 
installation of the protective sand/gravel layer, 7-in. diameter casing was installed from land surface to 
2,716 ft.  The 7-in. casing annulus was sealed with neat cement and State approved additive accelerants 
(calcium chloride), using a tremie-pipe delivery system.  Following successful sealing of the 7-in. casing, 

                                                      
1 WAC-173-160-442, Limitations for Use of Drilling Materials; WAC-173-160-444, Standards for Use of Polymers 
and Additives. 
2 WAC-173-160-420, General Construction Requirements for Resource Protection Wells; WAC-173-160-430, 
Minimum Casing Standards; WAC-173-160-450, Well Sealing Requirements. 
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the protective sand and gravel layer was removed using the air-lift method, and the 194-ft open well/test 
zone interval between 2,716 and 2,910 ft developed using the air-lift pumping technique.  This final test 
zone development completed well completion activities and Boart Longyear demobilized from the 
Wallula pilot location on May 19, 2009.  Figure 2-17 shows pertinent well completion details of the 
Wallula pilot borehole. 

2.3.2 Stratigraphy and Geochemical Sampling 

This section provides a discussion and summary characterization of the rock data collected from the 
basalt pilot well, including rock cuttings, geologist descriptions, , and rotary sidewall cores.  The reverse 
circulation drilling method produced optimal cuttings sizes for observation of important textural rock 
characteristics.  Onsite geologists collected rock cuttings every 10 feet (more frequently in zones of 
interest), and following written, standardized procedures (BJORNSTAD, 2009), recorded macroscopic and 
microscopic lithology descriptions, as well as degree of fracture surfaces observed.  The geologist’s log is 
in Appendix A.1. 

Basalt cutting samples taken at key points in drilling and sent to Eastern Washington University for 
XRF analyses provided whole rock geochemistry and stratigraphic control for the well.  Interpretation of 
the wellbore data indicates that no faults were cut within the well, and that the stratigraphic level at total 
depth (4,110 feet) is within the Wapshilla Ridge 1 basalt flow ( 

Table 2.2).  Deviation surveys taken when total depth was at 1,800 feet and again from 4,110 to 
surface show that the wellbore remained vertical with a deviation of 0.52 degrees with an azimuth of 
118.4 degrees (ESE) at 1,800 feet, and at a total depth of 4110 feet, the bottom hole location was at a 
distance of 50 feet from the top, with an azimuth of N50o E.  

Thirty two rotary sidewall cores (Figure 2-6) were cut between 4,110 – 1,542 feet and are listed in 
table format in Appendix A.2.  The field print of the Formation Micro Imager (FMI) log (resolution about 
1/8 inch) was used to determine precise intervals to be cored.  This resulted in an increased success rate 
on retrieving cores, as we were able to avoid vugs, cavities and severe washouts.  This technique also 
allowed us to more precisely sample a wide variety of basalt lithofacies (Figure 2-7).  Depths of the cores 
in and proximal to the injection zone are shown in Figure 2-8; three out of 35 selected coring targets were 
abandoned because of borehole rugosity, or continued breakage of core during drilling.  The sidewall core 
samples are awaiting analysis that will include thin section petrography.  Preliminary petrographic 
analysis of thin sections from well cuttings indicates the basalt lithologies are dominated by plagioclase, 
augite, and glassy mesostasis. Hematite is one of the few accessory minerals.  Vein, fracture, and vesicle 
filling materials include calcite and quartz (several crypto-, micro-, and mega crystalline forms).  The 
most common alteration products, as determined from XRD and megascopic identification are illite, 
zeolites, clinoptilolite, and celadonite.  Pyrite is also locally present.  

Previous detailed study and mapping of the Columbia River flood-basalts has resulted in the 
establishment of stratigraphic units that can be reliably identified and correlated on a regional basis (see 
Reidel et al. 2002 [PNNL-13962] for a discussion and important references).  The Columbia River Basalt 
Group (CRBG) has been divided into six formal formations in ascending stratigraphic order:  the Imnaha, 
Grande Ronde, Prineville, Picture Gorge, Wanapum, and Saddle Mountains Basalts. 
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Figure 2-6. Rotary Sidewall Core Samples Shown as They were Examined at the Wellsite.  Field print of 
the FMI allowed precise targetting of core samples. 

CRBG units are identified and mapped in 
outcrop using a combination of lithology, 
paleomagnetic properties, and geochemical 
composition with regards to superposition, but 
borehole samples are not easily identified using 
only these techniques.  Additional major and 
minor oxides, and trace and rare earth elements 
provide the key data, with TiO2, P2O5, Cr, MgO, 
Zr, and Ba being the most diagnostic elements to 
consider.  The most definitive identification 
technology of discrete basalt sub-groups, 
formations, members and individual flows is the 
high-precision, rapid analysis of major and trace 
elements by XRF (X-ray fluorescence analysis).  
The GeoAnalytical Laboratory at Washington 
State University-Pullman provided the high 
quality analyses that are the standard for 
identification of CRBG flows.  The analytical 
and sample preparation techniques are described 
by Johnson et al. (1999).   

A major reason that CRBG geochemical 
stratigraphy is possible on a regional-scale is due 
to the remarkable “bulk” geochemical 
homogeneity of individual CRBG eruptions  

Figure 2-7.  Structures of a Single Idealized Flood 
Basalt Flow 
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Figure 2-8. Schlumberger Platform Express Logs through the Proposed Injection Zone.  Note on this 
display, porosity increases to the left.  The thermal neutron curve is TNPHI and the density 
porosity is DPHZ.  Other acronyms are detailed on Schlumberger logs attached in 
Appendix B.  

despite their huge volumes and great distances traveled.  Typically a single sample will identify a flow but 
when a known compositional variation exists in a flow (REIDEL, 2005), several samples may be required. 

Major distinctions occur between the three basalt formations.  The Saddle Mountains Basalt 
Formation is the youngest set of flows and typically have a much wider and diverse range of geochemical 
composition that the two older CRBG formations.  Flows of the Wanapum Basalt typically will have 
higher TiO2 than the Grande Ronde Basalt.  Grande Ronde Basalt members, which are our sequestration 
target, display a relatively narrow range of geochemical compositions that typically exhibit small, but 
significant, variations in TiO2, P2O5, Cr, and MgO.  The XRF geochemistry data that were used to 
establish the wellbore stratigraphy are in Appendix A.3. 

2.3.3 Wireline Geophysics 

Two companies performed wireline logging activities at the pilot borehole. Stoller Inc., a local 
logging company that was able to accommodate the logging schedule driven by drilling and geologic 
conditions, conducted a sonic based cement bond log across the shallow 14 inch casing from 1108 feet to 
surface, as well as a cement bond log across the seven inch casing from 2720 feet to surface. Stoller also 
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collected data in five logging runs in the deeper, 12 ¼ inch open borehole over separate logging intervals. 
Gamma, spontaneous potential (SP), four-arm caliper, dipole sonic, and resistivity data were acquired as 
needed to determine rock quality and select competent rock intervals for seating the down-hole packer 
tool for hydrologic tests.  These logs were run from 1108 feet to borehole total depth (TD) of 4110 feet. 
An acoustic borehole imager was run from TD to 1108 feet to allow evaluation of data gathered through 
acoustic-based imaging and resistivity based imaging. All tools performed well; caliper, resistivity and 
sonic were especially helpful in picking unfractured intervals for seating the packer. To protect against 
aquifer cross-flow, and to prevent drilling complications from possible borehole instability, no open-hole 
wireline logs were acquired above 1100 feet. 

The most important of the Stoller log data for moving ahead with permitting activities are the cement 
bond logs.  Acoustic cement bond logs can be interpreted as percent of cement behind casing.  Acoustic 
signals propagated in steel casing have large amplitude in free casing because much of the energy is 
retained in the casing.  The opposite effect is found in casing that is in contact with a solid such as 
cement. The signal from the casing is much smaller because the acoustic energy is coupled into the 
surrounding cement and formation.  

Cement bond logs generated by Stoller (Appendix B.1) indicate that in the shallow 14 inch casing, 
there is less than 50% cement bond over several of the sedimentary interbeds of the Ellensburg 
Formation. This is consistent with washout and some loss of circulation experienced while drilling these 
beds. The cement bond log indicates that these intervals are separated by intervals that have 95-100% 
bond. The bond is more consistently high below a depth of about 950 feet. The bond for the seven inch 
casing is consistently high, at or near 100% bond except in rare, isolated four to six foot intervals that 
have 95% bond. Only in one short isolated interval from 2,392-2,398 feet does the bond go below 90%. 
Thus, the sedimentary beds of the Ellensburg Formation appear to be isolated from each other and from 
the deeper basalts flow tops. 

Schlumberger Wireline Services acquired the open-hole logs that required sealed source neutron 
logging and heavier tool strings of combined tools.  The complete list of Schlumberger services is as 
follows:  

 Platform Express with AIT 

 Elemental Capture Spectroscopy log (ECS) 

 Reservoir Saturation Tool: Sigma Saturation Mode 

 Fluid temperature log  

 Sonic Scan including SonicScanAdvancedAnswer, anisotropy analysis, P/S compression and shear 
with summary interpretation 

 FMI with summary fracture interpretation over 1,600 feet of interval   

 Rotary sidewall cores. 

Schlumberger open-hole caliper, gamma, SP, photoelectric cross-section, array induction, neutron, 
density, pulsed neutron sigma, and full waveform sonic logs were run from TD of 4,110 feet up into the 
shallow casing to a depth of 950 feet.  The gamma, thermal neutron, and full waveform sonic logs were 
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continued inside the 14 inch casing to the surface.  The Formation Micro Imager (FMI) resistivity based 
image log was run from 4,110 feet to the base of the shallow casing, but for budgetary reasons, was 
processed only up to 2,000 feet.  The remaining data can be processed at any time, as needed.   

The borehole was drilled with water rather than drilling mud to protect fracture porosity and prevent 
borehole damage due to invasion of fines. This resulted in washout zones when brecciated flow tops 
occurred above dense basalt flow interiors. Although neutron and density logs do not give reliable 
measurements in these zones, sonic logs provide more reliable measures of porosity. Hydrologic testing 
data provide additional constraints on the borehole data in these zones. 

Porosity was measured with the thermal neutron, density and sonic tools, and tied to basalt lithofacies 
and structure through image logs.  All porosity and permeability displays on these preliminary logs are 
uncalibrated, and were not used in calculating injectivity, transmissivity, or storage capacity within the 
targeted composite injection zone. The matrix values for density, neutron and sonic porosity will be 
calibrated with laboratory data from the rotary sidewall cores or from core material from equivalent 
formations at the Hanford site. However, even in this early stage of evaluation, the log signatures provide 
important clues for identification of basalt lithofacies. Both uncalibrated cross-plot density/neutron 
porosity and sonic porosity are essentially zero in the massive basalt flow interiors, and range from zero 
to 3% in the entablature zones (Figure 2-7).  In zones of washout in the brecciated flow tops, the neutron-
density porosity will be less reliable, even when calibrated to core (See Figure 2-8, where the thermal 
neutron curve is labeled TNPHI and the density porosity is labeled DPHZ).  Uncalibrated sonic porosities 
are from 15 to 30% in the brecciated flow tops; and from 15 to 25% in the proposed injection zones 
(Figure 2-9). The Platform Express log is attached as Appendix B.2; The Sonic Scanner log is Attachment 
B.3.  A preliminary montage of Schlumberger logs is included in Appendix B.4.    

Resistivity based image logs provide both structural and stratigraphic data, as well as input for seating 
packers for hydrologic testing, and selecting precise intervals for cutting rotary sidewall cores.  Additional 
remarks on acoustic and resistivity based image logs are included in Appendix B.  The following section 
discusses some of the structural information.  

Image logs provide important data on the horizontal components of stress tensors near the borehole 
through analysis of borehole breakout and drilling induced fractures (TINGAY et al., 2008).  Borehole 
breakout refers to the compressive-stress induced spalling and enlargement of the borehole cross-section; 
spalling is greatest in the direction of the horizontal component of minimum compressive stress (Sh).  
Thus, the long axis of borehole breakout is roughly perpendicular to the horizontal component of 
maximum compressive stress (SH).  

Image logs can aid in the identification of drilling induced fractures.  Drilling induced fractures, in 
contrast to borehole breakout features, are due to tensile failure of the borehole wall and typically develop 
as short, narrow fractures that are sub-parallel or slightly inclined to vertical (Figure 2-10), as “centerline” 
fractures.  Drilling induced fractures may cause minor spalling, but do not usually result in borehole 
enlargement.  The stress concentration around a vertical borehole is at a minimum in the SH direction.  
Thus, drilling induced fractured are parallel to the horizontal component of maximum stress or 
approximately parallel to the SH orientation. 
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Figure 2-9.  Sonic Porosity Log over the Seals and Injection 
Zones.  Note on this display, uncalibrated porosity (black curve) 
increases to the right.  Red indicates proposed injection zones.  
Blue is the Slack Canyon #3 flow top, below the base of the 
Umtanum.   
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Figure 2-10. Drilling Induced Fractures Above 2,900 feet in the Wallula Pilot Borehole, as Imaged by 
the FMI Log.  Natural, short platy cooling fractures are also present.  

Borehole breakout is evidenced in image 
logs by two opposite quadrants of the 
image log having a darker image.  No 
borehole breakout was observed in the 
image logs from the Wallula Pilot 
borehole.  In contrast to the lack of 
breakout, drilling induced fractures are 
common, and are strongly oriented NW-SE 
(Figure 2-11).  The induced fractures are 
parallel to the horizontal component of 
maximum stress or approximately parallel 
to the SH orientation, indicated by the FMI 
data to be NW-SE.  Further analysis of 
these data will be conducted to determine 
formation-specific differences in maximum 
horizontal stress tensor.  A copy of the FMI 
is attached as Appendix B.5.    
 

  

 

Figure 2-11.  Northwest-Southeast Oriented Stress-Induced 
Fractures in the Wallula Pilot Borehole, as Tabulated from 
the FMI Log.  North (zero degrees) is at the top of the 
circle.  These data approximate the azimuth of the 
horizontal component of maximum compressive stress (SH).
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Natural tectonic fractures are generally easy to identify in the image logs from the Wallula borehole 
(Figure 2-12) as identified here by distinct, high dip, sinusoidal low resistive curves that cross the entire 
borehole.  Note the high density of vesicles in this example.  Green sinusoid lines are interpreted as basalt 
flow features; these flows dip to the west at about 20-30 degrees.  Flow stress features can be seen in the 
elongation of some of the larger vesicles.  The natural fractures are dipping to the northeast and striking 
NW-SE. 

 

Figure 2-12.  Natural Fractures in a Highly Vesicular Zone in the Wallula Pilot Borehole 

Natural fractures are common in the Wallula borehole.  The majority are cooling joints and short 
irregular fractures that do not appear to be permeable.  Tectonic natural fractures in the Wallula borehole 
strike dominantly parallel to the horizontal azimuth of maximum stress (Figure 2-13).  The tectonic 
fractures that are parallel to SH are more likely to be open and transmissive than fractures not parallel to 
SH (ZOBACK, 1999). 

Analysis of the P and S modes of the full waveform sonic log data is in progress and will be 
calibrated and integrated with the FMI data to yield more detail on Young’s modulus, Poisson’s ratio and 
other geomechanical properties of the basalts.  Of particular interest is the azimuth of the fast shear mode, 
which is parallel to maximum stress, and does not depend on calibration with matrix velocities to yield 
azimuthal data on stress tensors.  Preliminary analysis by Schlumberger indicates two directions of the 
fast shear mode.  One direction is approximately N45oW, in agreement with the drilling induced and 
tectonic fracture orientation.  The other major orientation of the fast shear is East-West, and is in 
agreement with the azimuth of the short fracture segments that appear to be cooling and basalt flow 
features.  These data may reflect stresses related to basalt emplacement and cooling (Figure 2-14). 
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Figure 2-13.  Rose Plot of Azimuth of Natural 
Fractures as Determined from the FMI Log.  North 
(zero degrees) is at the top of the circle. 

Figure 2-14.  Rose Plot of Fast Shear Azimuth 
from the Full Waveform Sonic.  North (zero 
degrees) is at the top of the circle.  East–West 
azimuth may be related to flow emplacement. 

Structural dip is about two degrees to the northwest, but is greatly overprinted by stratigraphic dip of 
the basalt flow structures.  Dips are shown in the Schlumberger computer generated facies model  
(Figure 2-15) that integrates a number of the wireline logs with the image log to discriminate facies and 
structure.  Dip reversals are shown in the right hand track for the interval from 2,500 feet to 3,400 feet.  

Facies and dips are plotted against borehole depth in the left track.  The center image is the resulting 
model with the borehole intersected by a line representing the point of maximum dip reversal.  
Examination of the image log indicates this dip reversal is stratigraphic rather than fault related.  If any 
faults exist in the well, they would have to have extremely low throw or be parallel to bedding planes. 

Logging data combined with XRF stratigraphy indicate that there are no major faults in the well.  In 
particular, image log analysis indicates that dip reversals are stratigraphic rather than due to faults  
(Figure 2-15).  Regional structural dip, as interpreted by Schlumberger is two degrees to the northwest; 
stratigraphic dips are commonly 10-30o, vary considerably in azimuth and magnitude, and appear to be 
related to basalt emplacement.  

An analysis of drilling induced fractures yields the horizontal azimuth of maximum earth stress.  
Borehole breakout was insufficient to yield a borehole signature.  Tectonic fractures (natural fractures) 
dip northeast and strike northwest-southeast.  Fractures with this NW-SW azimuth may be expected to be 
transmissive but do not represent large storage volumes. 

Shallow sedimentary interbeds of the Ellensburg Formation correlated well with regional data; the six 
foot thick Vantage clay interbed between the Wanapum and the Grande Ronde Formation was the lowest 
recognized regional sedimentary marker. Although several of the sedimentary interbeds behind the 14 
inch casing are marked by washouts and poorer cement bond, relatively good cement bond exits below 
the interbeds and over the basalts that separate the interbeds. 
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Figure 2-15. Computer Generated Facies Model Based on Bedding Dips Interpreted from the FMI.  
These data were combined with other log data to determine basalt “facies.” 

 
Basalt lithologies are dominated by plagioclase and augite. Vein and vesicle filling materials include 

calcite and quartz (a variety of crypto-, micro-, and mega crystalline forms); the most common alteration 
products, as determined from XRD and megascopic identification are illite, zeolites, clinoptilolite, and 
celadonite.  Pyrite is also locally present.  Flow top breccias in the Grande Ronde qualitatively appear to 
contain more abundant alteration products than are present in flow tops of the more shallow basalts.  The 
demonstration of regional correlation of flows by minor element geochemistry and determination of a 
robust basalt stratigraphy was one of the most fundamental activities involved in characterizing the pilot 
borehole.   

Establishing the stratigraphic controls on reservoir and seal potential included the subsurface 
verification of Formation differences observed in outcrop. In particular, thin pahoehoe flows in outcrops 
of the Wanapum are typically oxidized with porous flow tops. In contrast, outcrops of the older Grande 
Ronde flows tend to contain thicker, denser flows and fewer flow top breccias. This same pattern was 
observed in the subsurface.  In addition, the Grande Ronde flows in the Wallula well contained fewer and 
thinner flow top breccias than the Grande Ronde in the Shell 1-10 Darcell Gas Exploration Well about 20 
miles to the northeast (Figure 2-16).  The decreased number and thickness of flow top breccias in the 
Grande Ronde at the Wallula site may be related to the formation of inflated lava flows (forming a lava 
lake) that thicken from immediately east of the Wallula well, westward into the Pasco Basin.  Resistivity-
based image logs in the lower part of the well contain features that are consistent with the flow of 
partially solidified lava within a thick, massive unit.  Feeder dikes for the Grande Ronde outcrop  to the 
east of Wallula, and gravity modeling conducted in association with characterization of the Wallula site 
suggests less depth to basement to the east, compatible with deposition as thin, hot flows that are less 
likely to form deep lava pools and that are more likely to develop multiple brecciated tops. 
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Figure 2-16. Location of the Shell 1-10 Darcell Gas Exploration Well and Other Deep Wells in the 
Region 
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2.3.4 Hydrologic Testing 

As discussed in Wallula Pilot Field Activity Plan (SPANE et al., 2008), the primary objectives of the 
borehole test characterization program were to identify and characterize a suitable basalt interflow zone 
for a subsequent CO2 injection (subject to Washington State Department of Ecology approval) field pilot 
study.  General hydraulic property criteria for injection zone selection include Grande Ronde basalt 
interflow zones below ~2,400 ft, having sufficient:  thickness (≥30 ft), permeability (k ≥ approximately 
500 millidarcy), effective porosity (ne ≥ approximately 0.1), and composite, overlying caprock 
thicknesses (≥ approximately 100 ft).  The depth selection criteria (i.e., shallowest acceptable reservoir 
horizon) is based on facilitating the possible geophysical monitoring/ imaging of the CO2 injected as a 
supercritical fluid, as part of the field test pilot study.  In addition, groundwater within the targeted 
interval was required to have elevated fluoride concentrations that would exceed the secondary and 
primary drinking water standards of 2.0 and 4.0 mg/L, respectively, as a potable water supply. 

As previously discussed, hydrogeologic information was obtained primarily during borehole 
drilling/advancement utilizing the progressive drill-and-test characterization strategy.  This requires use 
of a downhole packer test system conveyed by a test tubing string to isolate the underlying test zone from 
the overlying open borehole section.  The borehole test system utilized for the Wallula pilot hydrologic 
testing program was primarily manufactured by Baski, Inc. and included the following test components: 

 Inflatable packer and associated packer inflation chamber for test zone isolation 

 Downhole, temperature-compensated pressure transducers for test zone monitoring (both real-time 
and memory gauges) 

 Downhole, pneumatic shut-in tool for test zone isolation 

 Multi-line, flat-pack cable (for packer inflation, shut-in tool operation, and real-time pressure 
transducer monitoring 

 Flat-pack cable power winch and reel (for cable deployment),  

 Test tubing-string to convey the downhole test system to the test zone depth 

 Regulated compressed nitrogen bottles for packer inflation and shut-in tool manipulation 
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Figure 2-17.  As-Built Completion for the Wallula Pilot Borehole 

Figure 2-18 show a schematic of the deployment of the downhole test system during borehole 
advancement.  Test data was collected during testing utilizing manufacturer provided software and 
observed and stored on a field lap top computer.  Hydrologic stresses imposed as part of the 
characterization process were produced using a downhole submersible pump within a cross-over, 
expanded section of the test tubing string, as illustrated in Figure 2-19.  Isolation integrity of the test zone 
was evaluated by loading the annular zone above the inflated packer and between the test tubing string 
and 14-in. diameter casing with water at the beginning and end of each test zone characterization period, 
and observing test interval response with the real-time downhole pressure probe system.  Hydraulic 
communication was detected only once following packer inflation for test zone isolation.  This was 
remedied by repositioning the packer seat location a short distance along the borehole. 

In all, 6 interflow test zone characterizations were conducted during active borehole advancement 
(Zones 1 through 5B).  Immediately following completion of drilling activities, 4 additional interflow 
zones were characterized (Zones 6A, 6B, 6C, and 7) using the same downhole test system deployment 
used during borehole advancement.  This was accomplished by simply repositioning the packer test  
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Figure 2-18.  General Deployment of the Downhole Packer Test System during Borehole Advancement 

 

Figure 2-19. Downhole Test System Configuration with Installed Submersible Pump within Cross-Over 
Test Tubing-String Section 

system and sequentially characterizing different composite test sections within the lower section of the 
borehole.  Based on the comparative results of these 10 test interval characterizations, a candidate 
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injection test zone was identified between the general depth interval of ~2,716 and 2,870 ft.  To support 
quantitative characterization of this specific test interval, and to isolated this zone from the underlying 
open borehole section, a Weatherford bridge plug packer was set separately at a depth of 2,913 ft.  A 
downhole memory pressure gauge was attached below the bridge-plug packer for assessing test zone 
isolation during this hydrologic test characterization phase.  Two test sections were characterized 
sequentially within this identified, candidate injection zone depth interval by repositioning the overlying 
downhole test system (Zone 8A:  2,790 - 2,913 ft; Zone 8B:  2,688 - 2,913 ft).  As will be discussed in 
Section 2.3.4.1, Zone 8A contains only a minor amount of the encompassing, composite test zone 
(Zone 8B) transmissivity.  The majority of the test zone transmissivity occurs between the depth interval 
of 2,688 and 2,790 ft. 

Figure 2-20 shows a depiction of depth location for all 12 basalt interflow zone characterizations 
conducted within the Wallula pilot during drilling and/or immediately prior to final well completion.  In 
addition to the 12 basalt interflow zone tests, three low-permeability caprock test intervals (Zones 9, 10A, 
and 10B) were also characterized above the candidate injection zone 8B.  Table 2.4 summarizes the 
characterization activities conducted for the 12 basalt interflow and 3 low-permeability caprock intervals.  
Table 2.5 lists applicable hydrologic parameters and the relative investigative scale for the various 
hydraulic test methods used during the Wallula pilot interflow and caprock zone characterizations.  As 
indicated in Table 2.4, generally several hydrologic test methods were utilized for characterizing an 
individual test interval.  This provides the opportunity for corroborating test parameter estimates over a 
range of investigative areas surrounding the borehole, as indicated in Table 2.5.  A detailed description of 
the performance and analysis of the listed hydrologic test methods is presented in Reidel et al. (2002) and 
Spane (2008).  A brief summary of these test discussions as they relate to the hydrologic characterization 
program conducted at the Wallula pilot borehole, is presented in Appendix C.  Miscellaneous pictures of 
hydrologic test equipment used during testing of Wallula pilot borehole test zones are provided in 
Appendix D. 

Figure 2-21 shows a preliminary transmissivity versus depth profile for the Wallula pilot borehole, as 
determined by field analyses of the 12 interflow zone tests.  The transmissivity profile is reflective of the 
depth interval lengths within the borehole that were tested.  Additional depth profile delineation is 
provided for test zones that were tested sequentially, using a common, fixed, lower borehole depth setting 
(e.g., 6A, 6B, 6C; and 8A and 8B).  In this situation, comparison of smaller test zone length values with 
the larger, composite test zone value provides the means for discriminating the bulk transmissivity 
distribution within the larger test zone interval.  The preliminary field transmissivity values were 
primarily determined by analyzing the test zone hydrologic test results utilizing a homogeneous 
formation, no well skin conceptual model approach.  As indicated, a general decrease in test zone 
transmissivity was exhibited for the site.  More detailed analysis of hydrologic test interval 
characterization is currently on-going, which will include test analyses based on heterogeneous formation, 
well skin, and multi-layer analysis approaches.  The results of the detailed hydrologic analysis will be 
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Figure 2-20.  Depth Location of Wallula Pilot Basalt Interflow Test Zones 

reported in a subsequent document, however, the general decreasing transmissivity trend vs. depth that is 
exhibited in Figure 2-21 is not expected to change substantially.  This general decreasing transmissivity 
trend with depth pattern is consistent with results exhibited for Columbia River basalt interflow zones at a 
number of other (but not all) deep, intensively characterized Hanford Site basalt boreholes, as reported in 
(GEPHART et al., 1979), (SPANE, 1982), (DOE, 1988), and (REIDEL et al., 2002).  This apparent 
permeability-depth dependence is attributed to compaction (i.e., increasing effective stress), increased 
secondary mineral formation with depth, and, in some basinal geologic settings, increasing horizontal to 
vertical stress-field conditions (REIDEL et al., 2005). 

Observed hydraulic head measurements for the Wallula test zones are listed in 
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Table 2.6.  These measurements represent stabilized depth-to-water measurements that are recorded near 
the end or beginning of the hydraulic test zone characterization process.  The hydraulic head 
measurements are based on a final ground-surface elevation survey of 363.99 ft MSL (NAVD 88) that 
was surveyed for the site following well completion.  The reported hydraulic head measurements are 
considered to be preliminary until final test zone analysis and site surveying are completed.  It should also 
be recognized that observed hydraulic head measurements within deep boreholes can be highly influenced 
by the drilling process (over-/under-pressurization, formation thermal disequilibrium), fluid-column 
effects (temperature profile distortions), and other extraneous natural/man-related effects (e.g., barometric 
pressure changes, river-stage fluctuations, distant extraction well pumping, etc.).  This influence of 
antecedent drilling (commonly referred to as borehole history effects) are particularly manifest within low 
to intermediate permeability test formations, where these imposed conditions may require significant 
periods of time for their effect to stabilize or equilibrate, as noted in Pickens et al. (1987).  Methods for 
accounting for some of these effects in hydraulic head calculations and conversions are presented in 
Spane and Mercer (1985), Spane and Thorne (1986) and Spane (1999). 
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Table 2.3.  Borehole Drilling/Test Activity Log 

Test Date Borehole Activity 
Borehole 

Depth, ft bgs(a) Comments 

1/10 - 14/09 Drilling Rig Mobilization 
and Site Development 

- Arrival of Boart Longyear drilling rig; site preparation 
provided by Boart Longyear and Boise White Paper  

1/14 - 15/09 Drilling and Surface 
Conductor Casing  
Installation 

56 Borehole drilling initiated 1/14/09 using 24-in. 
diameter bit; basalt encountered at a depth of 44-ft; 20-
in. surface conductor casing set 0 - 56 ft and casing 
annulus cemented to land surface 

1/15 - 29/09 Drilling of 19-in. Diameter 
Borehole 

56 - 1,108 Drilling of 19-in. diameter borehole using primarily 
conventional circulation and bentonite-based drilling 
fluid; reverse-flood circulation utilized below a depth 
of 190 ft 

1/29 - 2/5/09 Installation/Cementing of 
14-in. Diameter Casing 

0 - 1,108 14-in. diameter welded casing set 0 - 1,108 ft, and 
casing annulus cemented to land surface using tremie-
pipe delivery system 

2/5 - 2/7/09 Drilling of 12.25-in. 
Diameter Borehole 

1,108 - 1,474 Drilling of 12.25-in. diameter borehole using the 
reverse-flood circulation method and using primarily 
water as drilling circulation fluid 

2/7 - 14/09 Zone 1 Characterization 1,108 - 1,474 High capacity hydrologic tests conducted for Boise 
White Paper aquifer storage project; hydrochemical 
and microbiological sampling 

2/14 - 17/09 Drilling of 12.25-in. 
Diameter Borehole 

1,474 - 1,814 Drilling of 12.25-in. diameter borehole using the 
reverse-flood circulation method and using primarily 
water as drilling circulation fluid 

2/17 - 21/09 Zone 2 Characterization 1,700 - 1,814 Baski borehole packer/pressure probe test system used 
to isolate test zone; see Table 2.2 for characterization 
summary 

2/21 - 27/09 Drilling of 12.25-in. 
Diameter Borehole 

1,814 - 2,345 Drilling of 12.25-in. diameter borehole using the 
reverse-flood circulation method and using primarily 
water as drilling circulation fluid 

2/27 - 3/2/09 Zone 3 Characterization 1,895 - 2,345 Baski borehole packer/pressure probe test system used 
to isolate test zone; see Table 2.2 for characterization 
summary 

3/2 - 7/09 Drilling of 12.25-in. 
Diameter Borehole 

2,345 - 2,798 Drilling of 12.25-in. diameter borehole using the 
reverse-flood circulation method and using primarily 
water as drilling circulation fluid 

3/7 - 3/10/09 Zone 4 Characterization 2,516 - 2,798 Baski borehole packer/pressure probe test system used 
to isolate test zone; see Table 2.2 for characterization 
summary 

3/10 - 18/09 Drilling of 12.25-in. 
Diameter Borehole 

2,798 - 3,279 Drilling of 12.25-in. diameter borehole using the 
reverse-flood circulation method and using primarily 
water as drilling circulation fluid 

3/18 - 20/09 Zone 5A Characterization 
Zone 5B Characterization 

 3,159 - 
3,2792,910 - 
3,279 

Baski borehole packer/pressure probe test system used 
to isolate test zones; see Table 2.2 for characterization 
summary 

3/20 - 4/7/09 Drilling of 12.25-in. 
Diameter Borehole 

3,279 - 4,110 Drilling of 12.25-in. diameter borehole using the 
reverse-flood circulation method and using primarily 
water as drilling circulation fluid 
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Table 2.3.  (contd) 

Test Date Borehole Activity 
Borehole 

Depth, ft bgs(a) Comments 

4/7 - 16/09 Zone 6A Characterization 
Zone 6B Characterization 
Zone 6C Characterization 

 3,340 - 4,110 
3,700 - 4,110 
3,510 - 4,110 

Baski borehole packer/pressure probe test system used 
to isolate test zones; see Table 2.2 for characterization 
summary 

4/16 - 18/09 Zone 7 Characterization 2,698 - 4,110 Baski borehole packer/pressure probe test system used 
to isolate test zone; see Table 2.2 for characterization 
summary 

4/18 - 4/19  Detailed Wireline 
Geophysical Survey 

1,108 - 4,110 Detailed wireline geophysical survey suite of open 
borehole section conducted by Schlumberger, Inc. 

4/20 - 24/09 Zone 8A Characterization 
Zone 8B Characterization 

2,790 - 
2,9132,688 – 
2,913 

Baski borehole packer/pressure probe test system and 
underlying Weatherford bridge plug packer used to 
isolate test zone; see Table 2.2 for characterization 
summary 

4/25 Caprock Characterization 
Zone 9  

2,668 - 2,708 Baski borehole packer/pressure probe test system and 
underlying Weatherford bridge plug packer used to 
isolate test zone; see Table 2.2 for characterization 
summary 

4/26 - 27/09 Caprock Characterization 
Zone 10AZone 10B  

2,460 - 
2,5632,510 - 
2,563 

Baski borehole packer/pressure probe test system and 
underlying Weatherford bridge plug packer used to 
isolate test zone; see Table 2.2 for characterization 
summary 

4/28 - 29/09 Wireline Geophysical 
Survey 

1,108 - 4,110 Televiewer survey conducted by Stoller Corporation 

4/29 - 5/1/09 Borehole Plug-Back 
Cementing  

2,985 - 4,110 Lower borehole section cemented back to a depth of 
2,998 ft using tremie-pipe delivery system; tremie-pipe 
inadvertently stuck within borehole at a depth of 
~2,835 ft 

5/1 - 8/09 Remedial Well 
Completion Activities 

2,910 - 2,985 Remedial activities were successful in removing the 
stuck tremie-pipe from the borehole at a depth of 2,835 
ft;  borehole cleaned and cement seal tagged at a depth 
of 2,985; plug-back cementing continued to a depth of 
2,910 

5/8 - 11/09 Well Completion 
Activities 

0 - 2,910 Well completion activities included:  installation of a 
protective sand/gravel layer between 2,716 and 2,910 
ft; and installation of 7-in. diameter casing between 0 
and 2,716 ft 

5/11 - 15/09 Well Casing Cementing 0 - 2,716 7-in. diameter casing annulus cemented to land surface 
using tremie-pipe delivery system 

5/15 - 18/09 Test Zone Development 2,716 - 2,910 Protective sand and gravel layer between 2,716 and 
2,910 ft removed by air-lifting; test zone developed 
using the air-lift pumping method 

5/18 - 19/09 Site Demobilization - Boart/Longyear removed drilling rig and support 
equipment from the site 

(a) ft bgs:  feet below ground surface; ground-surface elevation =  363.99 feet above Mean Sea Level; NAVD 88 
(note:  final vertical well survey conducted following well completion). 
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Table 2.4.  Test Zone Characterization Activity Log 

Test Date Characterization Activity 

Test Interval 
Depth, ft 
bgs(a)(b) Formation Comments 

2/7 - 14/09 Zone 1 
hydrologic testing 
hydrochemical and 
microbiological sampling 

1,108 - 1,474 Wanapum 
Basalt 

High capacity hydrologic tests 
conducted for Boise White 
Paper aquifer storage project; 
tests included a 3-stage, step-
drawdown test and a ~24-hr 
constant-rate pumping test and 
recovery  

2/17 - 21/09 Zone 2 
wireline geophysics 
hydrologic testing 
hydrochemical and 
microbiological sampling 

1,700 - 1,814 Grande Ronde 
Basalt 

Wireline geophysics 
conducted by Stoller 
Corporation; hydrologic tests 
included slug tests, and ~21-hr 
constant-rate pumping test and 
recovery  

2/27 - 3/2/09 Zone 3 
wireline geophysics 
hydrologic testing 
hydrochemical and 
microbiological sampling 

1,895 - 2,345 Grande Ronde 
Basalt 

Wireline geophysics 
conducted by Stoller 
Corporation; hydrologic tests 
included slug tests, and ~19-hr 
constant-rate pumping test and 
recovery  

3/7 - 3/10/09 Zone 4 
wireline geophysics 
hydrologic testing 
hydrochemical and 
microbiological sampling 

2,516 - 2,798 Grande Ronde 
Basalt 

Wireline geophysics 
conducted by Stoller 
Corporation; hydrologic tests 
included slug, DST, and ~27-
hr constant-rate pumping test 
and recovery  

3/18 - 19/09 Zone 5A 
wireline geophysics 
hydrologic testing  

3,159 - 3,279 Grande Ronde 
Basalt 

Wireline geophysics 
conducted by Stoller 
Corporation; due t0 extremely 
low groundwater production 
conditions. testing suspended   

3/19 - 20/09 Zone 5B 
hydrologic testing  

2,910 - 3,279 Grande Ronde 
Basalt 

Hydrologic tests included slug 
and pulse tests 

4/7 - 14/09 Zone 6Awireline geophysics 
hydrologic testing 
hydrochemical and 
microbiological sampling 

3,340 - 4,110 Grande Ronde 
Basalt 

Wireline geophysics 
conducted by Stoller 
Corporation; hydrologic tests 
included slug, DST, and ~94-
hr cyclical pumping test and 
recovery  

4/14 - 15/09 Zone 6B 
a)  hydrologic testing  

3,700 - 4,110 Grande Ronde 
Basalt 

Hydrologic tests included slug 
and pulse tests 

4/15 - 16/09 Zone 6C 
a)  hydrologic testing  

3,510 - 4,110 Grande Ronde 
Basalt 

Hydrologic tests included slug 
and DST tests 

4/16 - 18/09 Zone 7 
a)  hydrologic testing  

2,698 - 4,110 Grande Ronde 
Basalt 

Hydrologic tests included slug 
and DST tests and ~6 hr 
cyclical pumping test 

4/20 - 22/09 Zone 8A 
hydrologic testing  

2,790 - 2,913 Grande Ronde 
Basalt 

Hydrologic tests included a 
slug and DST test   
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Table 2.4.  (contd) 

Test Date Characterization Activity 

Test Interval 
Depth, ft 
bgs(a)(b) Formation Comments 

4/22 - 24/09 Zone 8B 
hydrologic testing 
hydrochemical sampling 

2,688 - 2,913 Grande Ronde 
Basalt 

Hydrologic tests included 
slug, DST and ~15-hr cyclical 
pumping test and recovery 

4/25/09 Zone 9 
caprock hydrologic testing  

2,668 - 2,708 Grande Ronde 
Basalt 

Low-permeability, multi-step 
constant-pressure injection  
test 

4/26/09 Zone 10A 
caprock hydrologic testing  

2,460 - 2,563 Grande Ronde 
Basalt 

Low-permeability, multi-step 
constant-pressure injection  
test 

4/27/09 Zone 10B 
caprock hydrologic testing  

2,510 - 2,563 Grande Ronde 
Basalt 

Low-permeability, multi-step 
constant-pressure injection  
test 

(a) ft bgs:  feet below ground surface; ground-surface elevation = 363.99 feet above Mean Sea Level; NAVD 88 
(note:  final vertical well survey conducted following well completion) 

(b) upper test interval depth indicative of top of packer depth setting or well casing depth; lower test interval depth 
indicates either bottom of borehole at the time of testing (for Zones 1 through 7) or top of lower bridge plug 
packer (for Zones 8 through 10).  Note:  top packer = 4.5 ft in length 

DST = drill-stem test. 
 
Table 2.5.  Summary of Hydrologic Test Methods Used for Wallula Pilot Test Site Characterization 

Investigation 

Test Method 

Hydrologic Parameter(a) Test Scale 

T Kh S Sk WL L Local Intermed. Large 

Slug   x x      

DST(b)          

Step-Drawdown/Recovery          

Constant-Rate Pumping – 
Drawdown & Recovery 

         

Pulse(c)   x x      

Multi-Step, Constant-Head 
Injection(c)   

     x    

Test History Matching(d)      x    

(a) Hydrologic Parameter Nomenclature  
(b) DST  =  Drill Stem Test 
(c) low-permeability, caprock test method 
(d) superposition analysis method for analyzing a sequence of hydrologic tests 
 T     =   test interval transmissivity 
 Kh =  equivalent hydraulic conductivity; equal to T divided by test interval length or aquifer thickness 
   S =  storativity; dimensionless 
 Sk   =   well skin, dimensionless 
 WL    =   well loss 
 L      =   leakage response 
Note:  =  provides quantitative information 
    x =  only provides inferential/qualitative information 
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Figure 2-21.  Wallula Pilot Basalt Interflow Transmissivity versus Borehole Depth 
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Table 2.6.  Preliminary Observed Hydraulic Head Measurements 

Test Zone 
Test Interval Depth, 

ft bgs(a) 
Measurement 

Date 
Observed Hydraulic 

Head(b)ft MSL Comments 
Zone 1 1,108 - 1,474 2/11/09 329  
Zone 2 1,700 - 1,814 2/19/09 329  
Zone 3 1,895 - 2,345 2/28/09 330  
Zone 4 2,516 - 2,798 3/10/09 326  
Zone 
5AZone 5B  

3,159 - 3,279 
2,910 - 3,279 

3/18 - 20/09 ND Test zone transmissivities are too 
low for reliable, stabilized 
hydraulic head measurement  

Zone 6A 
Zone 6B 
Zone 6C  

3,340 - 4,110 
3,700 - 4,110 
3,510 - 4,110 

4/7 - 16/09 ND Test zone transmissivities are too 
low for reliable, stabilized 
hydraulic head measurement 

Zone 7 2,698 - 4,110 4/17/09 329  
Zone 
8AZone 8B  

2,790 - 2,913 
2,688 - 2,913 

4/20 - 22/09 
4/22 - 24/09 

331 
ND 

A depth-to-water measurement 
was not taken for Zone 8B 

ND:   not determined 
(a) ft bgs:  feet below ground surface; ground-surface elevation = 363.99 feet above Mean Sea Level; NAVD 88 

(note:  final vertical well survey conducted following well completion) 
(b) Observed hydraulic head = ground-surface elevation minus depth-to-water measurement taken shortly after test 
zone isolation 

 

Two general observations are evident concerning the preliminary hydraulic head conditions for 
Wallula pilot borehole interflow listed in Table 2.6:   

 An ~5-ft range in observed hydraulic head (i.e., 326 to 331 ft MSL) over the investigative depth,  

 Test zone hydraulic head values that are consistently lower than the operating reservoir elevation 
range of 335 to 340 ft MSL (datum:  NGVD 29/47; 338 to 343 ft MSL NAVD 88) maintained for 
nearby Lake Wallula  

The small range in observed hydraulic head conditions is consistent with other detailed 
characterizations for deep Hanford Site boreholes also situated in Pasco Basin.  It is interesting to note 
that the lowest observed hydraulic head (326 ft MSL) was exhibited for Zone 4, which includes two 
adjacent interflow zones immediately below the Umtanum basalt.  The Umtanum basalt is a regionally 
extensive hydrogeologic unit that can act as secondary caprock horizon, due to the low-permeability 
characteristics and significant thickness of its flow interior section. 

The observed test zone hydraulic head values are 7 to 12 ft lower than the operating reservoir range 
for nearby Lake Wallula, which was created in 1954 due to the construction of McNary Dam.  Because of 
its proximity to the Columbia River/Lake Wallula, hydraulic heads within the Wallula pilot interflow test 
zones were expected to be higher than the operating reservoir elevation.  Because of the preliminary 
nature of the observed hydraulic head values, it is uncertain what hydrologic conditions are responsible 
for the lower-than-expected head values.  Possible explanations include:  lack of complete hydrologic 
equilibration during the past 55 years following Lake Wallula creation, and distant, regional groundwater 
development within this formation section of the Columbia River Basalt.  Groundwater-level monitoring 
is currently on-going for the Wallula well completion interval (i.e., 2,716 - 2,910 ft).  This baseline 
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monitoring data will provide information concerning the temporal, seasonal, and long-term groundwater 
response characteristics for deep basalt formations at the Wallula test site location.  Frequency- and time-
domain analysis of this baseline data will help identify the hydrologic head relationship between deep 
basalt groundwater and nearby Lake Wallula.  A summary of applicable baseline analytical methods is 
presented in Spane (1999, 2002). 

2.3.4.1 Injection Zone Characterization 

The 194-ft open well completion zone of 2,716 to 2,910 contains three Grande Ronde 
flowtop/interflow zones:  Slack Canyon flow #2 (2,720.5 - 2,768.5 ft), Slack Canyon flow #1 (2,797.5 - 
2811.5 ft), and the Ortley (2,837.5 - 2,866.5 ft).  Because of the relatively thin intervening basalt flow 
interior sections between the Slack Canyon flow tops #1 and #2, and between the lower Slack Canyon and 
underlying Ortley basalts, this composite open zone completion is considered to be a single, hydraulically 
communicative, hydrogeologic unit.  Within this 194-ft open well completion interval, the principal zones 
containing effective permeability for transmission of groundwater and subsequent CO2 injection are 
anticipated to be the three flow tops for the previously identified basalt flows.  Collectively, 91 ft of 
brecciated flow top material is present, and is distributed as follows:  48-ft for the Slack Canyon flow top 
#2 (2,720.5 - 2,768.5 ft); 14-ft for the Slack Canyon flow top #1 (2,797.5 - 2,811.5 ft); and 29-ft for the 
Ortley flow top 2,837.5 - 2,866.5 ft). 

As indicated in Table 2.3 and Table 2.4 two depth intervals within and encompassing the open well 
completion zone of 2,716 to 2,910 ft were tested during the course of the open borehole testing.  Zone 8A 
examined the lower section between 2,790 and 2,913 ft, while Zone 8B hydraulically characterized the 
encompassing depth interval 2,688 and 2,913 ft (see Figure 2-22).  A comparative examination of hydro-
logic test results for the two zones indicates that the lower two flow top zones (i.e., the Ortley and Slack 
Canyon flow #1) contain only ~10% or less of the total, completion zone composite transmissivity.  This 
is displayed qualitatively, by the differences exhibited for normalized slug test recovery response results 
for the two zones, shown in Figure 2-23.  For this test response comparison, slower test recovery is asso-
ciated with lower test zone transmissivity.  As indicated in the figure, Zone 8B recovers ~10 times faster 
than indicated for the normalized test response for Zone 8A.  Since Zone 8B encompasses Zone 8A, this 
indicates, by application of the superposition principle (REILLY et al., 1987), that the majority of the Zone 
8B composite transmissivity (i.e., ~90%) occurs within the 48-ft flow top of the Slack Canyon flow # 2 
(2,720.5 - 2,768.5 ft). 

As listed in Table 2.2, a series of hydrologic tests were performed for test Zone 8B.  The hydrologic 
tests were conducted between April 22 and 24, 2009 and included:  cyclic constant-rate pumping tests, 
slug and DST tests.  Figure 2-24 shows the downhole pressure response recorded for the Zone 8 during 
the sequence of slug and DST testing.  Preliminary analysis results for individual hydraulic 
characterization tests have provided the following hydrologic property estimate ranges for Zone B and the 
final well completion zone:  transmissivity, T = 9.8 to 19.8 ft2/day; hydraulic conductivity, K = 0.108 to 
0.218 ft/day; intrinsic permeability, k = 44 to 90 millidarcies; storativity, S = 1.0E-5 (assumed); and well 
skin, Sk = 0 to +6.0.  Figure 2-25 shows an example of an initial field test analysis and associated analysis 
parameters for a slug withdrawal test (SW #1).  This is the first test within the hydrologic test 
characterization sequence performed for Zone 8B that is shown in Figure 2-24.  More quantitative 
analysis of the hydrologic characterization tests conducted for Zone 8B will reduce the hydrologic 
property estimate range currently assigned for the well completion injection zone.  
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The previous discussion assumes that the hydrologic property values are uniform for the three flow 
top horizons intersected within the well completion interval.  However as noted previously, the 
transmissivity distribution within the well completion zone does not appear to be uniform, with ~90% of 
the composite T being associated with the upper 48-ft Slack Canyon flow top #2.  Given this assumed T 
distribution condition within the Wallula completion zone, then an average hydraulic conductivity, K, 
range of 0.184 to 0.371 ft/day is indicated for this upper flow top zone.  This is equivalent to a calculated 
average intrinsic permeability, k, range of 75 to 150 millidarcies for the upper 48-ft flow top interval.  In 
comparison, the lower two flow top intervals within the well completion zone (i.e., Slack Canyon flow #1 
and Ortley flow tops) have a composite effective thickness of 43 ft, and an average calculated K and k 
estimate range of 0.023 to 0.046 ft/day, and 9 to 19 millidarcies, respectively.  

No hydrologic characterization tests were performed on the injection zone immediately following 
well completion activities.  A series of hydrologic tests are being planned for the injection zone, however, 
prior to implementing the active CO2 field pilot injection test study.  The pre-injection hydrologic tests to 
be performed are dependent to available funding to support this characterization element, but may include: 

 Tracer injection and pumpback (for estimating injection zone effective porosity) 

 Dynamic flowmeter/pumping test (for quantifying the permeability distribution within the injection zone) 

 Long-term constant-rate pumping test and recovery (for lateral hydrologic boundary and leakage 
response detection) 
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Figure 2-22. Borehole Hydrologic Test Zones within the Completed Well Injection Zone Horizon 
(2,716 to 2,910 ft) 
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Figure 2-23.  Slug Test Zone Response Comparison 
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Figure 2-24.  Hydrologic Test Characterization Sequence:  Zone 8B 
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Figure 2-25.  Preliminary Zone 8B Slug Test Analysis 
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2.3.4.2 Caprock Zone Characterization 

Three low-permeability flow interior/caprock test intervals (Zones 9, 10A, and 10B) were also 
characterized above the candidate injection zone 8B.  The caprock tests had open borehole test interval 
lengths ranging between 35 and 99 ft (note:  top inflatable packer is 4.5 ft in length; Tables 2.5 and 2.6 
test/depth interval listings are referenced to the top of the top packer depth setting).  Figure 2-26 shows 
the location of the caprock tests in relationship with the well injection zone horizon (i.e., 2,716 to 
2,910 ft).  Multi-step, constant-head injection pressure tests were conducted for all three caprock 
horizons, with surface injection pressures ranging between 0 and a maximum 150 psi.  The multi-step 
injection tests were completed over test periods ranging between 4.5 and 5.5 hours, with individual 
injection steps generally ≥1 hour in duration.  Injection pressure was provided by high-pressure gas 
cylinders and adjusted appropriately using a precision pressure regulator.  Injection rates were calculated 
by monitoring the decline of water within a ½-in. I.D. sight-tube mounted on the side of a 2.45 ft long, 
8-in. I.D., wellhead injection chamber.  This provided injection flow-rate measurement capabilities to 0.1 
mL/min.  A surface sun-screen enclosure was used during the day-light hours to minimize adverse 
thermal effects imposed by direct sun-exposure on the surface injection wellhead test equipment.  A 
picture of the wellhead injection system is shown in Appendix D.   
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Figure 2-26. Caprock Hydrologic Test Zones above the Completed Well Injection Zone Horizon (2,716 
to 2,910 ft) 

Methods utilized in the analysis of the Wallula multi-step, constant-head injection tests are discussed 
in Appendix C.  Preliminary analysis results provided average K estimates for the three caprock intervals 
ranging between ~1.0E-12 to 1.0E-13 m/sec (i.e., ~0.01 to ~0.1 micro-darcies).  This is consistent with low-
permeability, Hanford Site basalt flow interior tests reported in Eslinger (1986).  In this previous study, a 
statistical analysis was performed on 13 individual Grande Ronde basalt flow-interior, borehole field tests 
(for test-section lengths ranging between ~35 and 200 ft).  The results of the statistical study provided a  
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Table 2.7.  Pertinent Information Pertaining to Hydrochemical/Microbiological Sampling 

Sampling 
Date Test Zone 

Test Interval 
Depth, ft 
bgs(a)(b) 

Groundwater 
Volume 

Developed, 
gallons Comments 

2/13/09 Zone 1 1,108 - 1,474 1,798,000(c) Sampling occurred near the 
end of a ~24-hr constant-rate 
pumping test conducted with 
a line-shaft turbine pump 
(@~1,250 gpm 

2/20/09 Zone 2 1,700 - 1,814 79,000 Sampling occurred near the 
end of a ~21-hr constant-rate 
pumping test conducted with 
a submersible pump  

3/1/09 Zone 3 1,895 - 2,345 113,000 Sampling occurred near the 
end of a ~19-hr constant-rate 
pumping test conducted with 
a submersible pump 

3/9/09 Zone 4 2,516 - 2,798 35,500 Sampling occurred near the 
end of a ~~27-hr constant-
rate pumping test conducted 
with a submersible pump 

4/13/09 Zone 6A 3,340 - 4,110 8,800 Sampling occurred near the 
end of a ~94-hr cyclical 
pumping test conducted with 
a submersible pump 

4/23/09 Zone 8B 2,688 - 2,913 3,275 Sampling occurred near the 
end of a ~15-hr cyclical 
pumping test conducted with 
a submersible pump 

(a) ft bgs:    feet below ground surface; ground-surface elevation = 363.99 feet above Mean Sea Level; NAVD 88 
(note:  final vertical well survey conducted following well completion) 

(b) Upper test interval depth indicative of top of packer depth setting or well casing depth; lower test interval 
depth indicates either bottom of borehole at the time of testing (for Zones 1 through 6A) or top of lower bridge 
plug packer (for Zone 8B).  Note:  top packer = 4.5 ft in length 

(c) Does not include additional volume pumped for prior step-drawdown test 
geometric mean value for Grande Ronde Basalt flow interiors of 4.9 x 10-13 m/sec (~0.05 micro-darcies) 
as reported in Eslinger (1986).  These extremely low-permeability values suggest that overlying thick 
basalt flow interior sections (≥50 ft) represent an effective caprock for isolating CO2 injected into 
underlying Wallula completion zone flow tops.  This injection zone isolation is based on the existence of 
pervasive low-permeability caprock conditions (as indicated by test results from Zones 9, 10A, and 10B), 
and assumes the absence of nearby localized, cross-cutting, geologic features, e.g., faults, tectonic 
fractures/joints. 

2.3.5 Hydrochemistry and Isotopic Sampling 

Groundwater samples were collected from six Wallula borehole test zones prior to final well 
completion.  The samples were collected at the end of long-duration, constant-rate pumping or cyclical 
pumping characterization periods primarily using a downhole submersible pump (note:  Zone 1 collected 
using a line-shaft turbine pump).  Collection of the samples at the end of the pumping periods provided 
for maximum test zone development and removal/minimization of potential antecedent drilling or open 
borehole conditions.  Samples were collected during the course of pumping and field analyses performed 
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for the following hydrochemical parameters specific electrical conductance, pH, and alkalinity.  These 
field hydrochemical parameters were used in monitoring and assessing test zone development.  Final 
formal hydrochemical samples were collected at the surface through a diverted discharge line using a 
stainless steel manifold equipped with a “Tee” fitting and a manual valve.  Switching the valve diverted 
flow through the Tee branch into ¼” OD polyethylene tubing.  In most cases, sample water was passed 
directly through an in-line 0.45 µm filter and then into sample bottles containing preservatives where 
appropriate.  For Zones 6A and 8B, the sample water was especially turbid, and several liters of unfiltered 
water were collected in a large carboy and then filtered using a peristaltic pump and in-line filters.  
Duplicate and field blank samples were collected during the sampling of Zone 6A.  Duplicate bottles were 
filled sequentially using the peristaltic pump and in-line filter assembly.  The field blank samples 
consisted of distilled and de-ionized water that had been passed through an in-line filter.  All samples 
were stored in coolers containing ice and were delivered to the analyzing laboratory’s local receiving 
facility as soon as practical (i.e., the same day or the morning of the next day when sampling was 
completed after normal business hours).  Chain of custody paperwork was filled out at the time of sample 
collection, and the forms were signed by appropriate personnel when the samples were transferred to the 
receiving facility. 

Samples were shipped overnight from the receiving facility to General Engineering Laboratories 
(GEL; Charleston, SC) and analyzed using standard analysis protocols (see Appendix E for a listing of the 
methods used and the results).  GEL is accredited by Washington State and is audited annually by the 
Department of Energy’s Consolidated Audit Program (DOECAP).  Sample results were transmitted to 
Battelle in hardcopy and electronic formats, and the values were entered into a database for evaluation.  In 
addition to the sample analyses already performed, samples were also collected for the possible 
characterization of a suite of isotopic and gas analyses including:  dissolved gases, helium-4, stable 
isotopes [C13, C13(CH4), H

2, H2(CH4), O
18/O16, S34], unstable isotopes (H3, C14, Uranium disequilibrium, 

Cl36).  Selected samples will be submitted for this second cycle of hydrochemical test zone 
characterization, and reported at a later date. 

Results from major and trace metal inorganic analyses listed in Appendix E indicates that all Wallula 
pilot sampled test zones are of similar hydrochemical character and can be classified as a relatively dilute, 
sodium-bicarbonate chemical water-type.  The Wallula basalt groundwaters exhibit hydrochemical 
characteristics similar to other geochemically evolved basalt groundwaters within the region.  Basalt 
groundwater typically evolves from a relatively dilute calcium-magnesium bicarbonate hydrochemical 
type near recharge areas and slowly changes to a more mineralized, sodium bicarbonate to sodium 
bicarbonate-chloride groundwater laterally at more distant groundwater-flow system locations and 
vertically with depth.  Discussions pertaining to hydrochemical evolutionary characteristics and 
geochemical controls influencing Columbia River basalt hydrochemistry are presented in a number of 
reports including:  Gephart et al. (1979), Spane et al. (1982), DOE (1988), Whiteman et al. (1994), Spane 
and Webber (1995), and Reidel et al. (2002; 2005).  Generally speaking, the basic geochemical processes 
controlling mineral equilibria and basalt hydrochemical development that are recognized in these previous 
reports include:  hydrolysis of volcanic glass phase reactions within the basalt, calcite and silicate mineral 
precipitation, sulfate reduction, and cation exchange. 
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Consistent with these geochemical processes, basalt groundwaters sampled at the Wallula pilot 
borehole generally exhibit: 

 Elevated pH, fluoride, silica, bicarbonate, and sodium 

 Decreased concentrations of calcium, magnesium, and sulfate 

Of relevance to the pilot study is the elevated pH (9.0 to 9.7) and relatively high fluoride 
concentrations (3.2 to 11.9 mg/L).  Generally, pH and fluoride concentrations increase with increasing 
test zone depth.  While the total dissolved solids concentration level could make this water protected 
under EPA’s SDWA, the State of Washington uses a different standard for permitting sequestration 
projects.  Washington State is one of the most progressive states on CO2 policy and carbon sequestration 
standards.  Accordingly, exceedance of MCLs listed in 40 CFR 141.62 is the standard adopted in 
Washington State for permitting geologic sequestration projects under WAC 173-218-115.  The targeted 
injection zone, consisting of breccia zones associated with three basalt flows between 2,716- 2,910 feet, 
was hydrochemically characterized during sampling of test zone 8B.  Groundwater sampled from this 
zone has a fluoride concentration level of 4.98 mg/L, which exceeds both the secondary and primary 
drinking water standards of 2.0 and 4.0 mg/L, respectively.   

2.3.6 Microbiological Studies 

Our knowledge of the deep subsurface biosphere has grown in 20 years to include an understanding 
of the conditions that determine microbial distribution, quantity of biomass, diversity, and activity 
(FREDRICKSON and BALKWILL, 2006).  Subsurface microbes are metabolically active and alter the water 
and rock chemistry where they live. In turn, they are responsive to the abiotic conditions of these systems 
and are structured along the chemical and physical gradients that are imposed upon them. 

Computational studies that consider how CRB groundwater and CO2 alter basalt minerals predict a 
decrease in pH from 7.6 to 4 with a corresponding release of cations from basalt minerals (MCGRAIL et 
al., 2006) after injection of supercritical CO2.  With time and distance from the injection well, CO2 
changes from a supercritical free phase to carbonic acid dissolved in water to aqueous bicarbonate ion and 
ultimately to solid carbonate minerals. 

Injection of supercritical CO2 into the Columbia River basalts (CRB) and the associated pH changes, 
rock-water reactions, and temporary increase in solution products (e.g., cations of Fe, Al, Mg, Ca) in 
surrounding strata will impose pH and cationic gradients on microbial communities. New microbial 
communities will live in the low pH and high dissolved cation concentrations derived from CO2-induced 
alteration of basalts.  These cells will be situated along a continuum of precipitated carbonate minerals as 
the system buffers the CO2.  The overall objective of the microbial studies work conducted on the Wallula 
pilot is to better understand how subsurface microbial communities respond to supercritical CO2 injection 
and to understand this response in the context of geochemical and mineralogical profiles that result from 
chemical reactions of basalt with CO2 and re-precipitation of carbonate minerals.  Several questions 
relevant to the biogeochemistry of supercritical CO2 storage in deep basalts that are hoped to be answered 
post-injection that include: 

 How will natural subsurface microbial communities be restructured in response to the chemical and 
physical gradients associated with supercritical CO2 storage? 
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 Are there specific microbes that are adapted to survive conditions consistent with supercritical CO2 
alteration of basalt minerals? 

 Do microbes that become established in subsurface strata exposed to supercritical CO2 and the 
associated alteration products play a role in plugging fractures or pore space?  

 Can microbes facilitate mineral dissolution and precipitation reactions that neutralize CO2 induced 
acidity? 

The changes in chemistry corresponding to supercritical CO2 emplacement may stress microbes 
native to the formation.  Exposure to supercritical CO2 may be lethal to some microbes; however, some 
can survive such exposure (MITCHELL et al., 2008; MITCHELL et al., 2009) and certainly at some distance 
from the injected supercritical fluid more general survival and adaptation would be expected.  To evaluate 
survival and adaption patterns post-injection, part of the drilling and characterization program for the 
Wallula Pilot included collection of microbial cells from water samples from five test intervals in the 
CRB, as illustrated in Figure 2-27.  The cells were collected by filtering water that had been produced 
from the selected intervals in the basalts, and they were matched with washed samples of basalt cuttings 
that were obtained from comparable depths in the borehole.  The samples were also matched with 
samples used to determine the water chemistry, hydrological features of the basalt interflow zones, and 
the mineralogical characteristics of the basalts. 

 

Community profiles by terminal restriction 
fragment length polymorphism 

A B

 

Figure 2-27. Five intervals were packed off in the Wallula pilot well and sampled for free-living 
microbial cells in groundwater (red bars in A) and terminal restriction fragment length 
polymorphism (t-RFLP) profiles from the five respective intervals (B).  Peaks appearing 
along the x-axis of the five t-RFLP plots represent amplified DNA fragments that 
correspond to distinct microbial taxa (species) filtered from the groundwater at different 
depths in the well. 
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The presence of microbes was confirmed at all five depths sampled in the well.  Attempts were made 
to detect both bacteria and archaea (two distinct types of microbes); however, only bacterial DNA could 
be extracted and amplified.  It is possible that the method used to extract DNA was not suitable for 
archaea.  Microbial community diversity analyses (terminal restriction fragment length polymorphism) 
indicated the presence of diverse microbial communities at and above the depths where CO2 injection will 
occur.  Microbial communities found in the Wanapum and the upper Grande Ronde strata are somewhat 
similar to each other and distinct from microbes found in the lower Grande Ronde and Wanapum layers.  
Quantitative polymerase chain reaction, a molecular method used to enumerate selected genes in a 
sample, was used to detect and quantify the 16S rRNA gene.  This gene is present in all living cells and as 
such is a signature of cell viability.  Our determinations of the quantity of 16S rRNA gene copies in the 
cells filtered from the water samples indicated that free-living biomass at the different depths ranged from 
3 x 103 to 9 x 105 cells per mL.  This free biomass (i.e., that which is planktonic in an aquifer and not 
attached to the solid substrate) is often considered to be less than 1% of the total biomass in the 
subsurface (LEHMAN et al., 2001).  Thus, based on prior subsurface microbiology studies it is not 
unreasonable to expect that considerably more cells may exist that are attached to the basalt than are free-
living or planktonic in the water. 

Additional work is in progress to determine the types of bacteria present in the DNA extracted from 
the cells at different depths by comparing the DNA signature sequence data obtained from the 16S rRNA 
gene to that of known cells.  This information will provide limited insight into the metabolic capabilities 
that might be expected of the bacteria in the basalt aquifers. 
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3.0 Injection Discussion and Planning 

3.1 Target Formation Description 
Based on characterization results obtained during drilling, three basalt breccia zones were identified 

between the depth interval of 2,716 and 2,910 feet (Table 2.1), as being suitable injection reservoir for a 
subsequent CO2 injection pilot study.  The targeted injection reservoir lies stratigraphically below the 
massive Umtanum Member of the Grande Ronde Basalt, whose flow-interior section possesses regionally 
recognized low-permeability characteristics.  The identified composite injection zone reservoir provides a 
unique and attractive opportunity to scientifically study the reservoir behavior of three inter-connected 
reservoir intervals below primary and secondary caprock confining zones. 

3.2 Injection Simulation Analysis 
Simulations of a pilot-scale CO2 injection into the flow tops of individual basalt flows in the Grande 

Ronde Basalt at Wallula, Washington were performed using the STOMP-H2O-CO2-NaCl model 
simulator (WHITE and OOSTROM, 2006).  The model for the CO2 injection simulations included three 
injection horizons:  the Ortley flow top (OFT), the Slack Canyon #1 flow top (SCFT1) and the Slack 
Canyon #2 flow top (SCFT2).  The injection zone flow top intervals possess moderately high 
permeabilities and are overlain by two thick flow interior/caprock intervals (i.e., the Umtanum and Slack 
Canyon #3) exhibiting low-permeability, confining-layer conditions.  Separating the individual injection 
zone flow tops are relatively thin, intervening flow interiors have expected low permeability conditions.   

3.2.1 Hydraulic Properties 

Hydraulic properties for each model layer were determined from hydraulic test results described in 
Section 2.3.4.  Horizontal hydraulic conductivities for each layer are shown in Table 3.1.  The hydraulic 
conductivity for the SCFT2 is the highest, at 6.35 x 10-5 cm/sec, while hydraulic conductivities for the 
SCFT1 and OFT are 8 times lower, at 8.2 x 10-6 cm/sec.  Vertical hydraulic conductivities were assumed 
to be one order of magnitude lower than the horizontal hydraulic conductivities.  Flow tops were assumed 
to have 10% porosity and flow interiors to have 1% porosity. 

Unsaturated flow properties of the basalt flows intersected by the Wallula pilot borehole have not 
been measured and were assumed for each of the materials (WHITE et al., 2006), as listed in Table 3.2.  
The unsaturated hydraulic properties for the flow tops are similar to those of gravel, whereas the flow 
interiors were assigned higher air-entry pressure to reflect the smaller pore size inherent for their lower 
permeability. 
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Table 3.1.  Hydraulic Properties and Depth of Basalt Flows at Wallula 

Abbr. Model Layer Top, ft 
Bottom, 

ft 
Thick-
ness, ft K, cm/sec 

Porosity, 
% 

UFI Umtanum flow interior (secondary seal) 2442.5 2577.5 135 1.00x10-12 1 

SCFT3 Slack Canyon #3 porosity zone (no injection) 2577.5 2645.5 68 1.47x10-4 10 

SCFI3 Slack Canyon #3 flow interior (primary seal) 2645.5 2720.5 75 3.00x10-12 1 

SCFT2 Slack Canyon #2 flow top porosity zone 
(injection) 

2720.5 2768.5 48 6.53x10-5 10 

SCFI2 Slack Canyon #2 flow interior (seal) 2768.5 2797.5 29 3.00x10-11 1 

SCFT1 Slack Canyon #1 flow top porosity zone 
(injection) 

2797.5 2811.5 14 8.20x10-6 10 

SCFI1 Slack Canyon #1 flow interior (seal) 2811.5 2837.5 26 3.00x10-11 1 

OFT Ortley flow top porosity zone (injection) 2837.5 2866.5 29 8.20x10-6 10 

OFI Ortley flow interior (lower confining zone) 2866.5 2930.5 64 1.00x10-12 1 

Table 3.2.  Brooks-Corey Function Parameters 

 
Air-Entry 

Pressure, cm  
Residual 

Saturation 

UFI 154 4.033 0.01 
SCFT3 54 4.033 0.01 
SCFI3 154 4.033 0.01 
SCFT2 54 4.033 0.01 
SCFI2 154 4.033 0.01 
SCFT1 54 4.033 0.01 
SCFI1 154 4.033 0.01 
OFT 54 4.033 0.01 
OFI 154 4.033 0.01 

    
A hydrostatic gradient of 0.435 psi/ft was assumed based on observed formation pressure versus 

depth measurements exhibited for a deep Hanford Site characterization borehole, RRL-2, as reported in 
Strait and Spane (1982).  Formation temperature was assumed to be 94.59 °F at a depth of 2930.5 ft, with 
a geothermal gradient of -0.147 °F/ft, based on observed measurements within the Wallula pilot borehole. 

Two-dimensional simulations with a cylindrical coordinate grid were developed for the model 
simulations.  The model domain extended from 2930.5 ft in depth to 2442.5 ft in depth (488 ft total), with 
a radial width of 1000 ft surrounding the injection well.  A vertical grid spacing of 2 ft was utilized, with 
a radial grid spacing set at 5 ft .  Homogeneous layers were assumed throughout(Figure 3-1).  Simulations 
were limited in scope to include only multiphase flow behavior and did not include chemical reactions 
with the basalts.  Reactive transport simulations are in progress and will be discussed in subsequent 
publications. 
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Figure 3-1.  Lithologic Units for Simulation of Pilot-Scale CO2 Injection at Wallula 

3.2.2 Simulation Results 

The total mass of CO2 modeled for the injection simulations was 1000 metric tons (MT), which was 
injected over a time period of either 14  or 30 days.  For possible pilot study design considerations, three 
different injection scenarios were considered:  

 Scenario 1:  simultaneous injection into the OFT, SCFT1 and SCFT2 over a period of 14 days,  

 Scenario 2:  injection into only the SCFT2 over a period of 14 days, and  

 Scenario 3:  injection into only the OFT over a period of 30 days. 

Results from the various injection simulation scenarios will be utilized in the final design of the CO2 
injection field pilot study.  A brief description of the three scenario injection simulations is provided 
below. 

3.2.2.1 Scenario 1:  Injection into OFT, SCFT1 and SCFT2 

Simulation results for the composite, open-borehole injection into the OFT, SCFT and SCFT2 
(Scenario 1) indicate that most of the injected CO2 flows into the SCFT2 (Figure 3-2).  This zonal 
preferential injection of CO2 is due to the higher permeability exhibited by SCFT2.  The density of the 
injected supercritical CO2 is 66% of that exhibited by groundwater at the prevailing formation 
temperature and pressure conditions.  Because supercritical CO2 does not displace all of the groundwater 
within the formation pore space, the average fluid-density contrast is 75-100% of that exhibited by the 
initial formation water (Figure 3-3).  The radius of the injected supercritical CO2 from the Wallula pilot 



 

3.4 

well increases from 100 ft after the active two weeks of injection, to 180 ft one year after the start of 
injection (Figure 3-4, Figure 3-5).  The simulated increase in downhole pressure within the injection 
zone/well bore is less than 110 psi (Figure 3-6).  One year after the start of injection, 18% of the injected 
CO2 has dissolved into the aqueous-groundwater phase (Figure 3-7). 

 

Figure 3-2. CO2 Saturation in the Ortley, Slack Canyon #1 and Slack Canyon #2 Flow Tops, 
immediately after 1000 MT Supercritical CO2 Injection. 
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Figure 3-3. Fluid Density (kg/m3) in the Ortley, Slack Canyon #1 and Slack Canyon #2 Flow Tops, 
Immediately after 1000 MT Supercritical CO2 Injection 

 

 

Figure 3-4. CO2 Saturation in the Ortley, Slack Canyon #1 and Slack Canyon #2 Flow Tops, 1 Year 
After Start of 1000 MT Supercritical CO2 Injection. 
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Figure 3-5. Radii Containing 50%, 90% and 100% of 1000 MT of Supercritical CO2 Injected into the 
Ortley, Slack Canyon #1 and Slack Canyon #2 Flow Tops 

 

 

Figure 3-6. Increase in Well Pressure During Injection of Supercritical CO2 into the Ortley, Slack 
Canyon #1 and Slack Canyon #2 Flow Tops 
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Figure 3-7. Phase distribution of 1000 MT of Supercritical CO2 injected into the Ortley, Slack Canyon 
#1 and Slack Canyon #2 Flow Tops 

3.2.2.2 Scenario 2:  Injection into Slack Canyon #2 Flow Top (SCFT2) 

Because most of the CO2 injected in the previous Scenario 1 ended up in the SCFT2, a simulation 
assuming all CO2 is injected directly into the SCFT2 does not produce significantly different results 
(Figure 3-8).  The density of the injected supercritical CO2 is 66% of that exhibited by groundwater at 
prevailing formation temperature and pressure conditions.  Because supercritical CO2 does not displace 
all of the groundwater within the formaton pore space, the average fluid density contrast is 75-100% of 
initial formation water (Figure 3-9).  The radius of the injected supercritical CO2 from the Wallula pilot 
well increases from 100 ft after the active two weeks of injection, to 180 ft one year after the start of 
injection (Figure 3-10, Figure 3-11).  The simulated increase in downhole pressure within the injection 
zone/well bore is less than 120 psi (Figure 3-12).  One year after the start of injection, 18% of the injected 
CO2 has dissolved into the aqueous-groundwater phase (Figure 3-13). 
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Figure 3-8. CO2 Saturation in the Slack Canyon #2 Flow Top, Immediately after 1000 MT Supercritical 
CO2 Injection 

 

Figure 3-9. Fluid Density (kg/m3) in the Slack Canyon #2 Flow Top, Immediately after 1000 MT 
Supercritical CO2 Injection 
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Figure 3-10. CO2 Saturation in the Slack Canyon #2 Flow Top, 1 Year After Start of 1000 MT 
Supercritical CO2 Injection 

 

Figure 3-11. Radii Containing 50%, 90% and 100% of 1000 MT of Supercritical CO2 Injected into the 
Slack Canyon #2 Flow Top 
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Figure 3-12. Increase in Well Pressure During Injection of Supercritical CO2 into the Slack Canyon #2 
Flow Top 

 

Figure 3-13. Phase Distribution of 1000 MT of Supercritical CO2 Injected into the Slack Canyon #2 
Flow Top 

3.2.2.3 Scenario 3:  Injection into Ortley Flow Top (OFT) 

A simulation assuming all CO2 is injected into the Ortley Flow Top produces a similar predicted 
plume radius to injection into the SCFT2 (Scenario 2; Figure 3-14).  Although the OFT is thinner than the 
SCFT2 with identical porosity, the lower permeability of the OFT results in a more compact CO2 plume.  
As for Scenarios 1 and 2, the density of the injected supercritical CO2 is 66% of that exhibited by 
groundwater at prevailing formation temperature and pressure conditions.  Because supercritical CO2 
does not displace all of the groundwater in the formation pore space, the average fluid density contrast is 
80-100% of initial formation water (Figure 3-15).  The radius of the injected supercritical CO2 from the 
Wallula pilot well increases from 100 ft two weeks after the start of injection, to 120 ft one year after the 
start of injection (Figure 3-16, Figure 3-17).  Most of the supercritical CO2 mass appears to be stable after 
1 year, but a part of the plume continues to  spread after this time.  Because of the lower permeability, the 
simulated increase in downhole pressure within the injection zone/well bore is ~ 600 psi (Figure 3-18), 
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five times greater than for injection into the SCFT2.  One year after the start of injection, 10% of the 
injected CO2 has dissolved into the aqueous-groundwater phase (Figure 3-19).  

 

 

Figure 3-14. CO2 Saturation in the Ortley Flow Top, immediately after 1000 MT Supercritical CO2 
Injection 
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Figure 3-15. Fluid Density (kg/m3) in the Ortley Flow Top, Immediately after 1000 MT Supercritical 
CO2 Injection 

 

Figure 3-16. CO2 Saturation in the Ortley Flow Top, 1 Year After Start of 1000 MT Supercritical CO2 
Injection 
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Figure 3-17. Radii Containing 50%, 90%, and 100% of 1000 MT of Supercritical CO2 Injected into the 
Ortley Flow Top 

 

Figure 3-18. Increase in Well Pressure During Injection of Supercritical CO2 into the Ortley Flow Top 
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Figure 3-19.  Phase Distribution of 1000 MT of Supercritical CO2 Injected into the Ortley Flow Top 

3.3 Injection Procedures 
The principal focus of injection phase is to: 1) safely inject liquid CO2 and several tracers 

incorporated in the CO2 into basalt interflows within the well completion zone (2,716 to 2,910 ft), 2) 
delineate the extent of the injected CO2 plume within the host injection reservoir zone, and 3) assess both 
test formation and well annular pressure responses for potential hydrologic leakage response effects (i.e., 
hydraulic communication) from the extended CO2 injection, as monitored using geophysical sensors and 
standard hydrologic pressure monitoring systems.  Baseline conditions that were established during the 
pre-injection characterization phase will serve as the basis for delineating plume migration during and 
following the active CO2 injection phase. 

Prior to initiation of CO2 injection, the candidate injection interflow zone will be isolated within the 
completed well with a downhole packer-downhole shut-in valve test system.  This packer test system is 
similar to the packer test system that was successfully deployed during the detailed borehole 
characterization phase of the Wallula pilot borehole.  During the borehole characterization phase, 15 test 
zones within the open borehole were successfully isolated and characterized.  The main difference in 
packer deployment from the previous borehole characterization phase is that during CO2 injection, the 
packer will be set within the 7-in. cemented casing string immediately above the open borehole injection 
horizon.  Salient downhole test system components include:  inflatable packer, real-time downhole 
pressure probes (to monitor injection reservoir and overlying annular pressures), and a downhole shut-in 
tool valve assembly for test zone isolation at reservoir depth.  The associated pressure responses at the 
injection well during the active CO2 injection phase will be monitored and analyzed for indications of 
possible changes in injection zone hydraulic and storage properties and diagnostic formational leakage 
response characteristics.  As noted previously, the pressure responses will be monitored in real-time, 
using sensitive, programmable, downhole pressure transducers for maximum monitoring surveillance 
flexibility.  Pressure measurements will be observed and stored both at the injection well site and 
telemetered to a data acquisition system located at Battelle. 

The CO2 will be transported by rail from the source/supplier directly to a side rail spur immediately 
adjacent to the field pilot study area.  A scaffold system will be used to convey the CO2 the short distance 
to surface storage container/vessels.  The CO2 will be maintained at a relatively uniform temperature 
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within the storage vessel during the entirety of the injection phase.  Efforts will be implemented to 
maintain a continuous, constant CO2 injection rate; although a systematic, pulsed, injection option is 
possible, due to CO2 supply disruptions.  The CO2 injection rate selected for the field pilot study will be 
based on the finalized estimated injection zone hydraulic and storage properties obtained during the 
borehole and pre-injection characterization phase.  Based on preliminary numerical modeling simulations 
and preliminary injection reservoir hydraulic property estimates, the active CO2 injection phase will likely 
be completed within a 2 week period, assuming no delays in delivery of CO2 to the site.  A suite of 
partitioning and conservative hydrochemical tracers will also be incorporated and administered at the 
beginning and near the end of the injection phase and monitored for detection through geochemical 
sampling. 

3.4 Monitoring Program 
This section will provide a brief overview of the planned monitoring program for the Wallula pilot.  

At least 30 days prior to injection, a Field Activity Plan will be issued providing detailed procedures to be 
followed both during and after the CO2 injection has been completed at the site. 

3.4.1 Atmospheric Monitoring 

An Eddy covariance system will be installed at the field site to detect the very unlikely event of 
leakage of CO2 from the subsurface.  The technique provides coverage over a broader monitoring area 
than is possible with soil gas probes (see 3.4.2 Soil Monitoring) but has inherently lower sensitivity.  The 
eddy covariance (correlation) method is an established micrometeorological technique that has been used 
for years to measure the flux of heat and other scalars between the atmosphere and the earth’s surface. In 
the open-path eddy covariance method, CO2 flux is determined by simultaneously measuring wind speed 
and direction, temperature, humidity, and the atmospheric concentrations of CO2, which are then used to 
compute CO2 flux (the amount of CO2 released per unit area per unit time).  In this method, CO2 
concentrations are measured using an open-path infrared gas analyzer.  A datalogger records 
synchronized data from the sensors and the results of an online CO2 flux calculation. 

3.4.2 Soil Monitoring 

Although reservoir simulations indicate that it is physically impossible for any CO2 to reach the 
surface during or after CO2 injection, a dedicated soil gas probe will be installed within the projected CO2 
bubble radius around the test well.  Vadose zone soil gas samples would begin being collected monthly as 
early as possible ahead of CO2 injection (to establish background variability) and would continue on a 
regular basis until site closure.  Soil-gas samples would be analyzed for CO2, tracers introduced with the 
CO2, and other target analytes (such as CH4). 

3.4.3 Water Chemistry 

The packer test system discussed in Section 3.3 will be used to periodically collect fluid and/or gas 
samples from the test zone.  Water chemistry analysis will be performed to determine critical parameters 
needed to track progression towards geochemical conditions suitable for carbonate mineral precipitation 
and for comparison with pre-injection reactive transport simulations.  Parameters to be measured include: 
pH, Eh, dissolved O2, temperature, conductivity, major, minor, and minor trace elements, stable isotopes, 
tracers, colloids, and microbes. 
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3.4.4 Pre-closure Characterization 

A residence time of 12 to 24 months is anticipated for the injected CO2 to reside and react with the 
basalt reservoir before initiating pre-closure characterization activities.  The primary objective of this 
phase is to characterize the in-situ geochemical reactions of the injected CO2 within the reservoir host 
rock horizon and to assess any potential changes to hydraulic and storage characteristics within the 
injection interflow zone.  The pre-closure characterization phase will be implemented following 
completion of the designed injection residence period.  Pre-closure characterization activities include:  
drilling at least one deviated geochemical coreholes, conducting a suite of wireline borehole geophysical 
surveys, and performing a series of comparative hydrologic tests. 

The slant or deviated geochemical corehole(s) will be drilled after removal of the downhole packer 
monitoring system.  The corehole(s) will be deviated at an angle (using an installed borehole wedge) that 
will ensure intersecting the injection zone horizon at to-be-determined radial distances from the injection 
well.  The primary objective of this pre-closure characterization activity is to retrieve injection zone basalt 
cores for detailed geochemical characterization of potential secondary mineralization that may be 
associated with the CO2 injection process.  This is a key pre-closure characterization activity for verifying 
and assessing in-situ CO2 reaction/mineralization rates. 

Selected wireline borehole geophysical surveys will be conducted within the borehole prior to 
corehole drilling.  The post-injection geophysical surveys selected will be based on an evaluation of 
wireline survey results conducted during the pre-injection phase characterization.  The pre-closure 
wireline geophysical information will be compared with the results obtained during the pre-injection 
characterization phase to evaluate potential formational property changes in the area immediately 
surrounding the borehole due to the CO2 injection. 

Additionally, the series of detailed hydrologic tests conducted during the pre-injection phase will be 
repeated during the pre-closure characterization.  The associated pressure responses will be monitored in 
similar fashion.  The pre-closure tests will be compared to pre-injection results to assess potential 
formational property changes (i.e., transmissivity, storativity, leakage) over the local and intermediate-
scale distance. 
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4.0 Public Outreach 

Stakeholder and public engagement is a critical component of any geologic sequestration project.  
Success or failure of public engagement on geologic sequestration projects has direct ramifications for 
application of the technology not only in the immediate region of the project, but national and 
international impacts as well.  Effective engagement of a broad spectrum of people and organizations is 
needed. 

The objective of the stakeholder engagement efforts undertaken by the Wallula Pilot Project team is 
to build understanding of the project’s objectives, conduct, and potential benefits with local and regional 
stakeholder groups and the public.  First, a brief historical background is provided of stakeholder 
activities and events that have impacted the project. 

4.1 Historical Background 
In April of 2007, Battelle Pacific Northwest Division and the Big Sky Regional Carbon Partnership 

were invited by the Port of Walla Walla to conduct a field pilot study on Port-owned land regarding CO2 
sequestration in basalt formations.  The demonstration site was at that time under consideration by 
industry for construction of a 750-MW IGCC power plant that would require CCS.  The site is located in 
a rural area, zoned heavy industrial, with agricultural and livestock management the principal businesses 
in the surrounding region.  As a result of this invitation from the Port, Battelle staff stopped further search 
efforts at locating a field site in the NW to conduct the pilot. 

Battelle staff engaged in extensive stakeholder engagement activities, beginning in late July 2007.  
Meetings were held in Seattle with the Northwest Energy Coalition and Climate Solutions, important 
NGO groups, and various newspaper editors.  Numerous laboratory and field site tours were held that 
included visits from the Northwest Energy Coalition, Department of Ecology, Council on Trade & 
Economic Development, and several newspaper and magazine reporters.  A public meeting was held on 
October 11, 2007 in Walla Walla to give an overview of the pilot project.  Approximately 40 people 
attended and no opposition to the pilot project was voiced at that time. 

In December 2007, support for the IGCC plant was terminated by the major financial backer and a 
land purchase option contract between the Port and the developer expired.  Shortly thereafter, local public 
opposition to the proposed IGCC plant began to rapidly increase.  As a result of these external events, 
Battelle was requested to seek an alternative site.  In April 2008, Battelle staff began efforts to find an 
alternative location to conduct the pilot study that would preserve investments made in the surface 
seismic survey conducted in December 2007. 

In May of 2008, Battelle staff contacted management at the Boise White Paper mill located 
approximately ½ mile from the Port property site.  Negotiations to conduct the pilot on their property 
were successfully concluded in August of 2008 with the signing of a Land Use Agreement.  Part of that 
agreement was to develop and execute a formal stakeholder engagement plan.  This included hiring an 
Outreach Coordinator to lead the effort.  The engagement plan was formulated and revised through 
August and September of 2008.  The objectives of the stakeholder engagement plan included: 

 Developing basic project information materials with key messages about the project, including 
information for citizens, interest groups, elected officials, and media 



 

4.2 

 Identifying people and organizations in the local area that will have an interest in the pilot project, 
and proactively approaching them to explain the purpose, process, and expected outcomes, and to 
learn about their questions and concerns 

 Working to resolve issues raised by stakeholders, and keeping them informed as the pilot project 
proceeds to try to address their concerns and help them appreciate the potential contribution of this 
technology to clean energy and climate change goals. 

 Identifying and engaging with broader set of stakeholders with a statewide and regional view about 
the potential of emerging technology to address energy and climate change goals, as a foundation for 
permitting, sharing results, and potential future application of the technologies in areas beyond the 
Wallula community. 

Execution of the engagement plan began in October of 2008.  A fact sheet and question and answer 
sheet were drafted.  Meetings with community leaders were conducted to describe the new partnership 
and emphasize the distinctions between the pilot project and prior commercial interests in the area.  The 
outreach team also met with key media leads before the partnership between Battelle and the paper mill 
was announced to answer any questions and clarify any misconceptions.  After the announcement, the 
team met with dozens of stakeholders and several community groups representing a broad range of 
interests to describe the project and answer questions.  The outreach coordinator from both Battelle and 
the paper mill attended as well as senior management from the paper mill and a technical CCS lead from 
Battelle.  These discussions were frank and a commitment was made to share correspondence between 
Battelle/paper mill staff and the State regulator to demonstrate the team’s interest in being transparent.  In 
addition to interviews and small meetings/focus groups with stakeholders, an open house and tours were 
provided.  Geology classes from a local college toured CCS laboratories and the drilling site.  This 
engagement resulted in summer interns being hired and increasing the community’s awareness and 
understanding of CCS. 

The outreach team emphasized the win-win attributes of the project and how the paper mill was being 
proactive to investigate the feasibility of capturing and storing its CO2 onsite.  Through the various 
community engagement approaches and accurate media coverage, there was a much better understanding 
of the pilot’s objective and improved public trust.  Battelle staff plan to continue a vigorous stakeholder 
engagement effort moving forward into the next phase of the pilot project. 
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Geologist Logs 
 
 

 Data collected from the basalt pilot borehole include rock cuttings and well-site geologist 
descriptions.  The reverse circulation drilling method produced optimal rock chip sizes for observation of 
important textural rock characteristics.  Onsite geologists collected rock cuttings every 10 feet (more 
frequently in zones of interest), and following written, standardized procedures (REP) recorded 
macroscopic and microscopic lithology descriptions, as well as degree of fractured surfaces observed.  
Cuttings tended to be smaller in dense flow interiors and larger in zones with tectonic or cooling fractures.  
Basalt lithologies are dominated by plagioclase and augite.  Vein and vesicle filling materials include 
calcite and quartz (a variety of crypto-, micro-, and mega crystalline forms); the most common alteration 
products, as determined from XRD and megascopic identification are illite, zeolites, clinoptilolite, and 
celadonite.  Pyrite is also locally present.   
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Figure  A.1.   Geologist Log from 0-40 ft Below Ground Surface (bgs) 
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Figure  A.2.   Geologist Log from 40-80 ft bgs 
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Figure  A.3.   Geologist Log from 80-120 ft bgs 



 

A.6 

Figure  A.4.   Geologist Log from 120-160 ft bgs 



 

A.7 

Figure  A.5.   Geologist Log from 160-200 ft bgs 



 

A.8 

Figure  A.6.   Geologist Log from 200-235 ft bgs 



 

A.9 

Figure  A.7.   Geologist Log from 235-275 ft bgs 



 

A.10 

Figure  A.8.   Geologist Log from 275-315 ft bgs 



 

A.11 

Figure  A.9.   Geologist Log from 315-355 ft bgs 



 

A.12 

Figure  A.10.   Geologist Log from 355-395 ft bgs 



 

A.13 

Figure  A.11.   Geologist Log from 395-440 ft bgs 



 

A.14 

Figure  A.12.   Geologist Log from 440-480 ft bgs 



 

A.15 

Figure  A.13.   Geologist Log from 480-520 ft bgs 



 

A.16 

Figure  A.14.   Geologist Log from 520-560 ft bgs 



 

A.17 

Figure  A.15.   Geologist Log from 560-600 ft bgs 



 

A.18 

Figure  A.16.   Geologist Log from 600-640 ft bgs 



 

A.19 

Figure  A.17.   Geologist Log from 640-680 ft bgs 



 

A.20 

Figure  A.18.   Geologist Log from 680-720 ft bgs 



 

A.21 

Figure  A.19.   Geologist Log from 720-760 ft bgs 



 

A.22 

Figure  A.20.   Geologist Log from 760-810 ft bgs 



 

A.23 

Figure  A.21.   Geologist Log from 810-890 ft bgs 



 

A.24 

Figure  A.22.   Geologist Log from 890-970 ft bgs 



 

A.25 

Figure  A.23.   Geologist Log from 970-1050 ft bgs 



 

A.26 

Figure  A.24.   Geologist Log from 1110-1190 ft bgs 



 

A.27 

Figure  A.25.   Geologist Log from 1110-1270 ft bgs 



 

A.28 

Figure  A.26.   Geologist Log from 1270-1350 ft bgs 



 

A.29 

Figure  A.27.   Geologist Log from 1350-1430 ft bgs 



 

A.30 

Figure  A.28.   Geologist Log from 1430-1510 ft bgs 



 

A.31 

Figure  A.29.   Geologist Log from 1510-1590 ft bgs 



 

A.32 

Figure  A.30.   Geologist Log from 1590-1670 ft bgs



 

A.33 

Figure  A.31.   Geologist Log from 1670-1750 ft bgs



 

A.34 

Figure  A.32.   Geologist Log from 1750-1830 ft bgs



 

A.35 

Figure  A.33.   Geologist Log from 1830-1910 ft bgs



 

A.36 

Figure  A.34.   Geologist Log from 1910-1990 ft bgs



 

A.37 

Figure  A.35.   Geologist Log from 1990-2070 ft bgs



 

A.38 

Figure  A.36.   Geologist Log from 2070-2150 ft bgs 



 

A.39 

Figure  A.37.   Geologist Log from 2150-2230 ft bgs



 

A.40 

Figure  A.38.   Geologist Log from 2230-2310 ft bgs



 

A.41 

Figure  A.39.   Geologist Log from 2310-2390 ft bgs



 

A.42 

Figure  A.40.   Geologist Log from 2390-2470 ft bgs



 

A.43 

Figure  A.41.   Geologist Log from 2470-2550 ft bgs 



 

A.44 

Figure  A.42.   Geologist Log from 2550-2630 ft bgs 



 

A.45 

Figure  A.43.   Geologist Log from 2630-2710 ft bgs 



 

A.46 

Figure  A.44.   Geologist Log from 2710-2790 ft bgs



 

A.47 

Figure  A.45.   Geologist Log from 2790-2870 ft bgs 



 

A.48 

Figure  A.46.   Geologist Log from 2870-2950 ft bgs 



 

A.49 

Figure  A.47.   Geologist Log from 2950-3030 ft bgs 



 

A.50 

Figure  A.48.   Geologist Log from 3030-3110 ft bgs 



 

A.51 

Figure  A.49.   Geologist Log from 3110-3190 ft bgs



 

A.52 

Figure  A.50.   Geologist Log from 3190-3270 ft bgs 



 

A.53 

Figure  A.51.   Geologist Log from 3270-3350 ft bgs 



 

A.54 

Figure  A.52.   Geologist Log from 3350-3430 ft bgs 



 

A.55 

Figure  A.53.   Geologist Log from 3430-3510 ft bgs 



 

A.56 

Figure  A.54.   Geologist Log from 3510-3590 ft bgs 



 

A.57 

Figure  A.55.   Geologist Log from 3590-3670 ft bgs 



 

A.58 

Figure  A.56.   Geologist Log from 3670-3750 ft bgs 



 

A.59 

Figure  A.57.   Geologist Log from 3750-3830 ft bgs



 

A.60 

Figure  A.58.   Geologist Log from 3830-3910 ft bgs 



 

A.61 

Figure  A.59.   Geologist Log from 3910-3990 ft bgs 



 

A.62 

Figure  A.60.   Geologist Log from 3990-4070 ft bgs 



 

A.63 

Figure  A.61.   Geologist Log from 4070-4110.5 ft bgs                          
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     Table A.1.   Rotary Sidewall Core Samples  



 

 

Appendix A.3 

XRF Data 
  MAJOR OXIDES  (weight percent) 
Formation Unit Ident. SiO2 TiO2 Al2O3 FeO* MnO CaO MgO K2O Na2O P2O5 TOTAL 
             

SMB 
Ice Harbor Member, basalt of Goose 
Island 47.85  3.809  11.83  16.99  0.280  9.06  4.32  1.28  2.71  1.859  99.99  

SMB 
Ice Harbor Member, basalt of Goose 
Island 47.98  3.703  11.54  17.69  0.288  8.76  4.18  1.34  2.70  1.824  99.99  

SMB 
Ice Harbor Member, basalt of 
Martindale 48.40  3.376  13.35  14.28  0.211  10.42  6.07  0.51  2.62  0.767  99.99  

SMB 
Ice Harbor Member, basalt of 
Martindale 48.50  3.390  13.07  14.71  0.215  10.18  5.81  0.69  2.64  0.812  99.99  

SMB Elephant Mtn. Member 52.14  3.484  12.86  14.70  0.215  8.56  4.10  1.12  2.26  0.552  99.99  
SMB Elephant Mtn. Member 51.51  3.381  13.18  14.79  0.219  8.53  4.13  1.28  2.43  0.530  99.98  
SMB Elephant Mtn. Member 51.43  3.505  13.23  14.36  0.206  8.70  4.02  1.40  2.60  0.555  100.01  
SMB Pomona Member 54.90  1.606  14.51  10.41  0.168  9.93  6.41  0.81  2.53  0.240  101.51 
SMB Pomona Member 53.20  1.635  14.51  10.61  0.175  10.43  6.90  0.73  2.48  0.229  100.90 
SMB Pomona Member 54.39  1.694  14.19  10.90  0.192  8.68  4.70  1.15  3.01  0.287  99.19  
SMB Umatilla Member, basalt of Sillusi. 55.45  2.700  13.77  11.98  0.172  6.27  2.33  2.65  3.69  0.980  99.99  
SMB Umatilla Member, basalt of Sillusi. 55.35  2.589  13.82  11.91  0.162  6.27  2.29  2.81  3.78  1.030  100.01  
SMB Umatilla Member, basalt of Umatilla 54.12  3.040  13.56  12.71  0.185  6.52  2.99  2.44  3.60  0.830  100.00  
SMB Umatilla Member, basalt of Umatilla 54.29  3.070  13.65  12.31  0.182  6.59  2.97  2.45  3.64  0.830  99.98  

WB 
Priest Rapids Member, basalt of 
Rosalia 50.40  3.533  12.97  14.82  0.239  8.91  4.36  1.11  2.87  0.820  100.03 

WB 
Priest Rapids Member, basalt of 
Rosalia 49.99  3.595  12.74  14.85  0.242  9.32  4.61  1.13  2.87  0.763  100.11 

WB 
Priest Rapids Member, basalt of 
Rosalia 49.82  3.300  14.15  12.67  0.210  10.31  4.83  1.10  2.83  0.770  99.99  

WB 
Fr.Spr. Member, basalt of Sentinel 
Gap 51.59  13.19  3.110  14.50  0.217  8.61  4.18  1.40  2.92  0.614  100.33 

A.66 



 

  MAJOR OXIDES  (weight percent) 
Formation Unit Ident. SiO2 TiO2 Al2O3 FeO* MnO CaO MgO K2O Na2O P2O5 TOTAL 
             

WB 
Fr.Spr. Member, basalt of Sentinel 
Gap 51.93  13.13  3.085  14.42  0.218  8.31  4.36  1.33  3.21  0.612  100.61 

WB 
Fr.Spr. Member, basalt of Sentinel 
Gap 51.65  13.03  3.068  14.80  0.231  8.17  4.42  1.30  3.12  0.614  100.40 

WB 
Fr.Spr. Member, basalt of Sand 
Hollow 52.65  3.053  14.29  12.39  0.184  9.07  3.83  1.16  2.74  0.627  99.99  

WB 
Fr.Spr. Member, basalt of Sand 
Hollow 52.62  3.165  14.76  11.64  0.177  9.33  3.73  1.11  2.83  0.632  99.99  

WB 
Fr.Spr. Member, basalt of Sand 
Hollow 50.98  3.026  13.99  14.25  0.217  8.83  4.58  1.01  2.52  0.601  100.00  

WB Fr.Spr. Member, Ginkgo 51.62  3.133  13.27  14.62  0.231  8.33  3.96  1.27  3.02  0.699  100.15 
WB Fr.Spr. Member, Ginkgo 51.71  3.108  13.23  14.90  0.230  8.19  4.19  1.26  3.14  0.679  100.64 
WB Fr.Spr. Member, Ginkgo 51.40  3.102  13.19  14.90  0.228  8.22  4.23  1.19  3.18  0.675  100.32 
GRB N2 MSU  Sentinel Bluffs Member 55.89 14.61  1.673 11.05 0.187 4.91 8.40  3.14 1.22 0.285 100.00  
GRB N2 MSU  Sentinel Bluffs Member 54.49  14.42  1.665  11.36  0.197  5.07  9.03  2.98  0.99  0.272  100.47  
GRB N2 MSU  Sentinel Bluffs Member 54.49 14.42  1.665 11.36 0.197 5.07 9.03  2.98 0.99 0.272 100.00  
GRB N2 MSU  Sentinel Bluffs Member 54.32  14.57  1.698  11.30  0.194  5.28  9.04  3.15  0.99  0.270  100.81  
GRB N2 MSU  Sentinel Bluffs Member 54.05  13.84  1.844  12.37  0.208  4.77  8.63  3.07  1.02  0.278  100.08  
GRB N2 MSU  Sentinel Bluffs Member 54.40  13.99  1.888  12.27  0.202  4.90  8.62  3.10  1.03  0.284  100.68  
GRB N2 MSU  Sentinel Bluffs Member 54.93  13.90  1.962  12.21  0.206  4.55  8.41  3.28  1.01  0.306  100.76  
GRB N2 MSU  Sentinel Bluffs Member 54.65  13.91  1.918  12.29  0.211  4.49  8.44  3.21  1.01  0.302  100.43  
GRB N2 MSU  Sentinel Bluffs Member 54.38  13.85  1.920  12.36  0.208  4.49  8.38  3.22  1.10  0.302  100.21  
GRB N2 MSU  Sentinel Bluffs Member 54.92  13.87  1.963  12.32  0.204  4.61  8.35  3.25  1.10  0.303  100.89  
GRB N2 MSU  Sentinel Bluffs Member 54.45  13.74  1.960  12.12  0.206  4.63  8.33  3.15  1.14  0.307  100.03  
GRB N2 MSU  Sentinel Bluffs Member 54.18  13.75  1.922  12.20  0.210  4.51  8.35  3.10  1.14  0.302  99.66  

GRB N2 MSU 
 Umtanum Member/Winterwater 
Member 55.52  13.52  2.147  12.72  0.214  3.40  7.15  3.37  1.63  0.378  100.05  

GRB N2 MSU 
 Umtanum Member/Winterwater 
Member 55.79  13.45  2.191  12.64  0.210  3.43  7.17  3.38  1.62  0.384  100.27  

GRB N2 MSU 
 Umtanum Member/Winterwater 
Member 56.02  13.43  2.162  12.55  0.205  3.40  7.10  3.43  1.56  0.385  100.24  

GRB N2 MSU Slack Canyon 53.43  1.169  15.22  9.76  0.176  10.28  6.25  0.54  2.92  0.262  100.01  
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  MAJOR OXIDES  (weight percent) 
Formation Unit Ident. SiO2 TiO2 Al2O3 FeO* MnO CaO MgO K2O Na2O P2O5 TOTAL 
             
GRB N2 MSU Slack Canyon 54.14  1.154  15.02  9.15  0.226  10.19  6.19  0.76  2.91  0.266  100.01  
GRB N2 MSU Slack Canyon 53.10  1.098  15.27  9.46  0.172  10.61  6.57  0.52  2.94  0.250  99.99  
GRB N2 MSU Slack Canyon 53.86  1.175  14.83  9.62  0.183  10.16  6.15  0.80  2.95  0.273  100.00  
GRB N2-R2 
MSU Ortley Member/Grouse Creek 56.06  13.82  2.122  13.08  0.213  7.45  3.74  1.54  3.05  0.370  101.135 
GRB N2-R2 
MSU Ortley Member/Grouse Creek 57.41  14.21  2.130  13.13  0.212  7.36  3.81  1.54  2.95  0.370  102.822 
GRB N2-R2 
MSU Ortley Member/Grouse Creek 56.91  13.75  1.915  11.80  0.190  7.07  3.40  1.74  3.35  0.335  100.46  
GRB R2 Wapshilla Ridge Member 57.30  2.460  14.68  11.73  0.107  5.61  2.14  1.79  3.74  0.441  100.00  
GRB R2 Wapshilla Ridge Member 54.00  2.629  14.05  13.97  0.145  6.67  2.43  1.95  3.65  0.499  100.00  
GRB R2 Wapshilla Ridge Member 54.19  2.64  14.04  13.74  0.147  6.70  2.46  1.96  3.63  0.499  100.00  
GRB R2 Wapshilla Ridge Member 54.33  2.241  13.66  13.09  0.188  7.36  3.52  1.64  3.47  0.501  100.00  
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B.1     Cement Bond Logs 
 
B.2 Platform Express Log 
 
B.3  Sonic Scanner Log
 
B.4     Montage Log
 
B.5     FMI Log  

Wireline Logs 

One of the objectives in the characterization of the Wallula Pilot borehole is to establish best 
practices for logging basalt wells. Helm-Clarke et al. (2004) provide a very good starting point 
for selection of logging tools for basalts. The following section contains brief notes on logs run in 
the Wallula pilot. It should be noted that some logs, such as nuclear magnetic resonance tools 
provide data on lithologies that have matrix porosity. Since matrix porosity is largely confined to 
sedimentary interbeds and flow tops, the majority of the log interval would not make use of NMR 
capabilities, and NMR was not run in the Wallula pilot.  

Gamma  

Gamma radiation can be measured either as a whole or in a spectral gamma log to show the 
primary elemental sources of gamma radiation.  Gamma radiation is emitted by one of three 
elements; Uranium-238, Thorium-232, and Potassium-40. Basalts have very low abundances of 
all three; gamma activity in basalts is usually a result of potassium or clays and other 
phyllosilicates in sedimentary interbeds. Radiation is measured in units of GAPI, a standard set 
by the American Petroleum Institute and indicates a count of decay events over time.  GAPI units 
are normalized to 200 through use of a calibration pit at the Institute and portable radiation 
sources (Sclumberger, 1989). Observed range of gamma radiation in the logged interval was 
between 10 and 72 GAPI. This is a little higher than in basalts reported by Helm-Clarke et al 
(2004)  

Spontaneous Potential  

The spontaneous potential (SP) log measures differences in electrochemical potentials (mV) 
which are usually referenced to an electrode at ground surface.  The magnitude of the 
electrochemical potential is a function of the chemical activities of formation water and mud 
filtrate. SP logs display a “lazy” curve without the high resolution of other logs, provide a very 



similar response as resistivity logs in basalts, and are most commonly used in sand-shale 
dominated lithologies of the Gulf Coast. These “low technology” logs may be particular value in 
logging basalt geology. Water based drilling is preferred in basalts to avoid damaging porosity 
and permeability structure, but can result in extensive washouts  potential sequestration target 
breccias that are located above slow drilling, dense basalt flow interiors. The large, irregular 
borehole size degrades logging quality of neutron, density, and other tools that require that 
wireline sensors be close to or in contact with the borehole wall. In contrast, the SP curve is 
unaffected by hole size and may provide bounds for calibration of some of the other tools.   

Density  

The density log measures the bulk density of the formation and reflects changes in the rock 
composition, the porosity, and the contained fluid,  and is recorded as grams per cubic centimeter 
(g/cm3 )  Average basalt density is listed as 2.88 g/cm3 (Carmichael 2000) and Columbia River 
Flood Basalts average 2.72 – 2.88 g/cm3 (DOE 1988).  High and low observed values were 1.55 
and 2.92 g/cm3. 

Photoelectric Cross Section 

The photoelectric (a.k.a. PE or PEF) log is typically recorded as part of the density log 
measurement.  The photoelectric cross-section is a measure of the adsorption of low-energy 
gamma rays by the formation.  According to the, the photoelectric log measures the photoelectric 
adsorption factor, Pe, of the formation which is defined as (Z/10)3.6, where Z is the average atomic 
number of the formation (Schlumberger Oilfield Glossary, 1989.  Fluids have very low atomic 
numbers so Pe is primarily a measure of rock matrix properties.  Quartz has a relatively low Pe 
(1.8) while calcite has higher Pe (5). And Illite has a value of 3.5.  The PE cross section values in 
the deep open hole section of the Wallula Pilot borehole generally varied between 4 and 5, with 
lower values in the flow tops.    

The Sigma Saturation Log 

Pulsed neutron logs, such as the Schlumberger RST (reservoir saturation) tool, provide 
measurements of formation capture cross-section porosity and carbon/oxygen spectroscopy.  The 
tool records thermal decay time and has been adapted from oilfield use to the detection and 
quantification of reservoir saturations of injected CO2.  The Sigma log, which uses time-lapse 
RST logs, is one of the few tools able to quantify residual saturations of CO2.  The residual 
saturation trapping mechanism has important implications for sequestration: if CO2 is injected 
near the base of a thick (100s of feet) porous reservoir, much of the CO2 might become stranded 
or permanently sequestered after moving upward through a distance equivalent to about 10 or 20 
pore volumes. The Pulsed Neutron Sigma log acquired at Wallula serves as a baseline, and has no 
instructive value until the next Sigma log is run in the wellbore at the end of the 1.5-2 year, post 
injection observation time.  

Resistivity Log 

The AIT Array Induction Imager Tool measures open hole formation conductivity as a 
function of both depth and distance from the borehole. Resistivity is the inverse of conductivity 



and measures the resistance to electrical transmission.  It is measured on a logarithmic scale from 
2 to 20,000 in units of ohm meters, ohm-m. (Sclumberger, 1989)  Resistivity within the well was 
highly variable and ranged between 14 and 9000 ohm-m. 

Compensated Neutron Log 

Neutron logging tools generate high-energy neutrons, typically from an americium-beryllium 
source, that radiate into a formation and collide with the nuclei of atoms that they encounter.  
These collisions result in a reduction in energy that is measured by one or several detectors on the 
neutron logging tool.  The greatest energy loss is caused by collisions with nuclei of like mass 
within the formation (principally hydrogen atoms), such that the neutron log effectively measures 
hydrogen contained in both the pore fluids and in bound water (as in clays). The neutron log is 
affected by washout zones in the well bore.  

Elemental Capture Spectroscopy  

The ECS Elemental (neutron) Capture Spectroscopy tool uses an americium beryllium (AmBe) 
neutron source and a bismuth germanate (BGO) sensor to measure relative elemental yields based 
on neutron-induced capture gamma ray spectroscopy. The primary elements measured in both open 
and cased holes are silicon, iron, calcium, sulfur, titanium, gadolinium, chlorine, barium, and 
hydrogen. Processing uses the gamma ray energy spectrum to produce dry-weight elements, 
lithology, and matrix properties. Spectral deconvolution of the composite gamma ray energy 
spectrum uses a set of elemental standards to produce relative elemental yields. These relative 
yields are then converted to dry-weight elemental concentration logs for the elements Si, Fe, Ca, S, 
Ti, and Gd using an oxide-closure method. Matrix properties and quantitative dry-weight lithologies 
are then calculated from the dry-weight elemental fractions using the Schlumberger’s SpectroLith 
empirical relationship database. Although Schlumberger’s original calibrations and oxide-closure 
models were developed for sedimentary rocks, calibrations and models have been developed for 
specific types of oceanic and continental basalts (Helm-Clarke et al. 2004), but may need to be 
updated and customized for the Columbia River Basalt Group. Geochemical logging appears to 
have undeveloped potential for subsurface characterization of basalts in our regions.      

Formation Micro Imager 

The Schlumberger resistivity-based image logging tools have four arms that press resistivity-
measuring sensors against the rock wall of the borehole.  This tool provides up to 80% coverage 
of the borehole (for an 8" diameter hole).  More resistive areas corresponding to low porosity are 
conventionally assigned a light yellow color.  Darker brown areas are less resistive and indicate 
clays or microporosity with bound water, or open porosity filled with water.  The data provide 
texture and azimuthal oriented fracture and stratigraphic dip data with a 1/8 inch resolution.  
These data are extremely powerful in determining maximum and minimum horizontal stress 
tensors, dip and strike orientation of bedforms and structure, such as flow bedding, faults, natural 
and healed fractures, as well as textures such as breccias, vesicles, and massive basalt texture that 
help identify a multitude of lithofacies and porosity types.  Image log data are important for 
building reservoir models for both basalt and sedimentary sequestration projects. Figure B.1 is an 
image log segment from the Umtanum Flow of the Grande Ronde Formation. Vesicle layers are 
obvious between 2566 and 2567 feet in both the static image on the left and the enhanced image 



on the right.  Green lines are bedding planes of lava shear flow features; near vertical fractures 
include both natural short entablature segments and drilling induced tensile fractures.  Red, 
yellow and magenta are statistically computed facies. As indicated in the far right track, these 
lava flows have a stratigraphic dip of about 35 degrees to the southwest, but dip to the west above 
2566 feet. Lava flows show locally variable azimuths and high dips associated with leading flow 
edges.   

 

Figure B.1. Segment of Resistivity Based Image Log from 2565-2563 feet in the Umtanum 
Member of the Grande Ronde Formation.  Cooling fractures and vesicle zones are 
evident in this entablature interval.  

Acoustic Imaging 

The Mt Sopris multi-echo acoustic televiewer (ATV), used by Stoller Inc., is a borehole 
geophysical probe that generates high-resolution, magnetically oriented acoustic reflectivity 
images of the borehole wall. Acoustic waves from the tool are reflected at interfaces that have 
sufficient changes in acoustic impedance. These changes may be caused by changes in lithology, 
porosity, basalt flow features, fractures, or faults. Acoustic pressure waves of the reflected signal 
are detected by the tool, and are recorded as travel time and amplitude. Travel-time data can be 
used to generate high-resolution acoustic images of almost 100% of the borehole wall; an 
associated caliper log can record changes in borehole size at a resolution of less than one tenth of 
an inch.  

ATV data are oriented to magnetic north, allowing orientation of features can be determined. 
This tool can also determine the deviation of the borehole from vertical and the three-dimensional 
location of the borehole. Effective imaging of the features in the open hole requires that the tool 
be centered within the borehole: in cased hole, the casing must be centered in the borehole. 1 
ATV data were collected from 4110 feet to 1100 feet, within the lowermost part of 14 inch 

                                                      
1 http://water.usgs.gov/ogw/bgas/multi-echo_atv/ 



casing. Although the ATV tool and the resistivity based image log both adequately image induced 
and tectonic fractures, in general the ATV images of the Wallula wellbore are overwhelmed by 
tool marks created by rotation of the drill and do not image stratigraphic and textural features as 
well. The ATV images may be improved by additional processing. An example of tool marks 
imaged by the ATV is shown in Figure B.2. These marks obscure the stratigraphy and flow 
features, although vesicle zones can be distinguished as thin horizontal bands of black dots.    

 

Figure B.2. Acoustic Televiewer Image of Tool Marks on the Sides of the 12 ¼ inch Wellbore 
at 3700 feet.  Narrow aperture, open natural fractures are present between 3700 
and 3800 feet.   



Appendix B.1 
 

Cement Bond Logs 
 







Appendix B.2 
 

Platform Express Log 
 



          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

R
un 1

R
un 2

R
un@

@
@

@ @ @ @

W
itnessed B

y
R

ecorded B
y

Location
U

nit N
um

ber
T

im
e

Logger O
n B

ottom
T

im
e

C
irculation S

topped 
M

axim
um

 R
ecorded T

em
peratures

R
M

F
 @

 M
R

T
R

M
 @

 M
R

T
R

M
C

S
ource  R

M
F

R
M

C
 @

 M
easured T

em
perature

R
M

F
 @

 M
easured T

em
perature

R
M

 @
 M

easured T
em

perature
S

ource O
f S

am
ple

P
H

F
luid Loss

V
iscosity

D
ensity

MUD T
ype F

luid In H
ole

B
it S

ize
C

asing S
chlum

berger
C

asing D
riller  S

ize @
 D

epth
T

op Log Interval
B

ottom
 Log Interval

S
chlum

berger D
epth

D
epth D

riller
R

un N
um

ber
Logging D

ate

@

    5.50 ft

above P
erm

. D
atum

31E
R

ange

W
ashington

@

@ @ @ @

C
H

A
R

LO
T

T
E

 S
U

LLIV
A

N
B

E
N

 G
R

A
U S
A

C
R

A
M

E
N

T
O

3152
10:35

18−
A

pr−
2009

@
@

@ @
64  degF

@
23.100 ohm

.m
M

U
D

 T
A

N
K

8.4 lbm
/gal

F
R

E
S

H
 W

A
T

E
R

12.250 in
1108 ft

1108 ft
@

14.000 in
1108 ft
4103 ft
4105 ft
4105 ft
T

W
O

18−
A

pr−
200 9

W
itnessed B

y
R

ecorded B
y

Location
U

nit N
um

ber
T

im
e

Logger O
n B

ottom
T

im
e

C
irculation S

topped 
M

axim
um

 R
ecorded T

em
peratures

R
M

F
 @

 M
R

T
R

M
 @

 M
R

T
R

M
C

S
ource  R

M
F

R
M

C
 @

 M
easured T

em
perature

R
M

F
 @

 M
easured T

em
perature

R
M

 @
 M

easured T
em

perature
S

ource O
f S

am
ple

P
H

F
luid Loss

V
iscosity

D
ensity

MUD T
ype F

luid In H
ole

B
it S

ize
C

asing S
chlum

berger
C

asing D
riller  S

ize @
 D

epth
T

op Log Interval
B

ottom
 Log Interval

S
chlum

berger D
epth

D
epth D

riller
R

un N
um

ber
Logging D

ate

D
.F

.

G
.L.

    5.50 ft
K

.B
.

K
E

LLY
 B

U
S

H
IN

G
D

rilling M
easured F

rom
:

above P
erm

. D
atum

F
LA

N
G

E
 T

O
P

Log M
easured F

rom
:

7
T

ow
nship

10
S

ection

E
lev.:

G
R

O
U

N
D

 LE
V

E
L

P
erm

anent D
atum

:

E
lev.:

A
P

I S
erial N

o.

County:

Field:

Location:

Well:

Company:

Walla Walla

Wildcat

SOUTHWEST 1/4 OF SECTION 10

Wallula Basalt Pilot #1

Battelle Pacific Northwest Lab

LOCATION

S
O

U
T

H
W

E
S

T
 1/4 O

F
 S

E
C

T
IO

N
 10

G
R

 / S
P

 / M
C

F
L

A
R

R
A

Y
 IN

D
U

C
T

IO
N

 / N
E

U
T

R
O

N
 / D

E
N

S
IT

Y

P
LA

T
F

O
R

M
 E

X
P

R
E

S
S

W
ashington

W
alla W

alla
W

ildca
t

W
allula B

asalt P
ilot #1

B
attelle P

acific N
orthw

est Lab

S
tate:

C
ounty:

F
ield:

W
ell:

C
om

pany:



                                                        
                                                        
                                                        
                                                        
                                                        

RUN 1 RUN 2

THANK YOU FOR USING SCHLUMBERGER!!

STOP STOPSTART STARTLOGGED  INTERVAL LOGGED  INTERVAL
FLUID LEVEL: FLUID LEVEL:

17C0−154PROGRAM VERSION: PROGRAM VERSION:
AZJT00051SERVICE ORDER #: SERVICE ORDER #:

EQUIPMENT   DESCRIPTION
RUN 1 RUN 2

DOWNHOLE  EQUIPMENT

28.6EDTC−B 

31.5LEH−QT 
LEH−QT

28.6Mud Tempe 
MDSB_EDTC 

SURFACE  EQUIPMENT
GSR−U/Y
NCT−B
CNB−AB
NCS−VB

WITM (EDTS)−A

DOWNHOLE  EQUIPMENT

44.1EDTC−B 
EDTH−B
EDTC−B

47.0LEH−QT 
LEH−QT

44.1Mud Tempe 
MDSB_EDTC 

SURFACE  EQUIPMENT
GSR−U/Y
NCT−B
CNB−AB
NCS−VB

WITM (EDTS)−A

PLATFORM EXPRESS DATA MERGED
TOOLS RAN AT 1800 FT/HR
ICV CALCULATED USING FCD = 9.625"
DENSITY: 2.71 G/CC
MATRIX: LIMESTONE
BOWSPRING RAN ON NEUTRON TOOL

TOOL STRING RAN AS PER TOOL SKETCH
REMARKS:  RUN NUMBER 1 REMARKS:  RUN NUMBER 2
OS5: OS5:
OS4: OS4:
OS3: OS3:
OS2: OS2:
OS1: OS1:
OTHER SERVICES1 OTHER SERVICES2

DISCLAIMER
THE USE OF AND RELIANCE UPON THIS RECORDED−DATA BY THE HEREIN NAMED COMPANY (AND ANY OF ITS
AFFILIATES, PARTNERS, REPRESENTATIVES, AGENTS, CONSULTANTS AND EMPLOYEES) IS SUBJECT TO THE TERMS
AND CONDITIONS AGREED UPON BETWEEN SCHLUMBERGER AND THE COMPANY, INCLUDING: (a) RESTRICTIONS ON
USE OF THE RECORDED−DATA; (b) DISCLAIMERS AND WAIVERS OF WARRANTIES AND REPRESENTATIONS REGARDING
COMPANY’S USE OF AND RELIANCE UPON THE RECORDED−DATA; AND (c) CUSTOMER’S FULL AND SOLE RESPONSIBILITY
FOR ANY INFERENCE DRAWN OR DECISION MADE IN CONNECTION WITH THE USE OF THIS RECORDED−DATA.
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ALL LENGTHS IN FEET
MEASUREMENTS RELATIVE TO TOOL ZERO

MAXIMUM STRING DIAMETER 4.63 IN

0.5BNS−CCS 
TOOL ZERO

0.0Tension 
Accelerom 

HTEN HMAS HV 
DF ACCZ 

2.4HRDD−BS 
HRDD−SS 
HRDD−LS 

2.8HILT cali 
3.3MCFL 

8.7HRCC cart 

ALL LENGTHS IN FEET
MEASUREMENTS RELATIVE TO TOOL ZERO

MAXIMUM STRING DIAMETER 8.88 IN

16.0HAIT−H 
AHIS−BA
AHRM−A

TOOL ZERO
0.0Tension 

Mud Resis 
Accelerom 

HTEN HMAS HV 
DF ACCZ 

0.1SP SENSOR 

7.9Power Sup 
Temperatu 

Induction 

2.5 IN
Standoff

2.5 IN
Standoff

MD
Production String Well Schematic Casing String

MDOD ID OD ID

(in) (ft) (ft) (in)

0.0

22.1HILTB−FTB 
HGNSD−B
HMCA
HGNH 2760
NLS−KL
NSR−F 2289
HACCZ 715
HCNT
HGR
HRCC−B
HRMS−B
HRGD−B
GLS−VJ 5086
MCFL Device
HILT Nucl. LS 42767
HILT Nucl. SS 42767
HILT Nucl. BS 42767
BOW−SPR
NPV−N

28.6EDTC−B 
EDTH−B
EDTC−B
EDTG−A/B

8.7HRCC cart 

12.7HGNS sens 

15.0HGNS Neut 
15.5HGNS Neut 

21.4HGNS Gamm 

22.1HMCA 
HGNS HTEM 

22.1EDTCB Ele 
TelStatus 

23.2Gamma Ray 

25.1CTEM 

28.6Mud Tempe 

16.0HAIT−H 

18.0AH−107 
AH−107

24.6ECS−A 
ECS−A 31
NSR−F 2573
ECSD−A 31
ECSH−A 31

28.1ECC−B 
ECH−A 22
ECC−B 32

37.6HILTB−FTB 
HGNSD−B
HMCA
HGNH 2760
NLS−KL
NSR−F 2289
HACCZ 715
HCNT
HGR
BOW−SPR
NPV−N

EDTC−B
EDTG−A/B

23.4Detector 

26.4ECC Statu 

28.1HGNS sens 

30.5HGNS Neut 
31.0HGNS Neut 

36.8HGNS Gamm 
37.6HMCA 

HGNS HTEM 
37.6EDTCB Ele 

TelStatus 
38.7Gamma Ray 

40.6CTEM 

0

0



4110.0 12.250 Borehole Segment Bottom

ALL DEPTHS ARE DRILLERS DEPTHS

0.0 13.325 Casing String

1108.0 13.325 Casing Shoe

1108.0 12.250 Borehole Segment
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OP System Version: 17C0−15 4

HAIT−H SRPC−3779−Q1_2009_OP17 HILTB−FTB SRPC−3779−Q1_2009_OP17
EDTC−B 17C0−154

Integrated Hole/Cement Volume Summary
  Hole Volume = 3083.21 F3 

  Cement Volume = 1568.71 F3  (assuming  9.63 IN  casing O.D.)

  Computed from   4105.0 FT  to   1108.0 FT  using data channel(s) HCAL  

Input DLIS Files
DEFAULT MERGE_TLD_MCFL_CNL_03 6 FN:1 PRODUCER 18−Apr−2009 19:5 4 4104.0 FT 27.0 FT

Output DLIS File s
DEFAULT AIT_TLD_MCFL_CNL_041PU P FN:39 PRODUCER 18−Apr−2009 20:5 3 4105.0 FT 27.5 FT

HILT Caliper (HCAL )
(IN)10 20

Computed
Micro

Inverse
(HMIN)

(OHMM)
150 50

Std. Res. Formation Density (RHOZ )
(G/C3)2 3

Std. Res. Invaded Zone Resistivit y
(RXOZ)
(OHMM)2 20000

SP (SP)
(MV)−100 0

Env.Corr.Thermal Neutron Porosit y
(TNPH)

(V/V)0.45 −0.15

PIP SUMMARY

Integrated Hole Volume Major Pip Every  100 F3
Integrated Cement Volume Major Pip Every  100 F3

Time Mark Every  60 S

0 0.6 1.2 1.8 2.4 3 3.6 4.2 4.8 5.4 6

Cable Speed (KF/HR)  4105 − 27 FT

0
7.

5
15

22
.5

%
 T

im
e

Input DLIS Files

MAXIS Field Log

MAIN PASS 2 IN=100 FT
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AIT−H 20 Inch Investigation (AHT20 )
(OHMM)2 20000

AIT−H 90 Inch Investigation (AHT90 )
(OHMM)2 20000

Bit Size (BS )
(IN)10 20

Std. Res. Density Porosity (DPHZ )
(V/V)0.45 −0.15

Gamma Ray (GR_EDTC )
(GAPI)0 150

Density Correction
(HDRA)
(G/C3)−0.75 0.25

Computed
Micro

Norma l
(HMNO)
(OHMM)

150 50

150 50

Std. Res. Formatio n
Pe (PEFZ)
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OP System Version: 17C0−154

 Format: 2in       Vertical Scale:   2" per 100 ’  Graphics File Created: 18−Apr−2009 20:5 3

AIT−H 20 Inch Investigation (AHT20 )
(OHMM)2 20000

AIT−H 90 Inch Investigation (AHT90 )
(OHMM)2 20000

Bit Size (BS )
(IN)10 20

Std. Res. Density Porosity (DPHZ )
(V/V)0.45 −0.15

Gamma Ray (GR_EDTC )
(GAPI)0 150

HILT Caliper (HCAL )
(IN)10 20

Density Correction
(HDRA)
(G/C3)−0.75 0.25

Computed
Micro

Norma l
(HMNO)
(OHMM)

150 50

Computed
Micro

Inverse
(HMIN)

(OHMM)
150 50

Std. Res. Formatio n
Pe (PEFZ)

(−−−−)0 10

Std. Res. Formation Density (RHOZ )
(G/C3)2 3

Std. Res. Invaded Zone Resistivit y
(RXOZ)
(OHMM)2 20000

SP (SP)
(MV)−100 0

Env.Corr.Thermal Neutron Porosit y
(TNPH)

(V/V)0.45 −0.15

.
From

HMNO to
HMIN

PIP SUMMARY

Integrated Hole Volume Major Pip Every  100 F3
Integrated Cement Volume Major Pip Every  100 F3

Time Mark Every  60 S

4100

4000

3900
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Changed Parameter Summary

DLIS Name New Value Previous Valu e Depth & Time
CCCO YES NO   1100.5 20:54:48

OP System Version: 17C0−15 4

HAIT−H SRPC−3779−Q1_2009_OP17 HILTB−FTB SRPC−3779−Q1_2009_OP17
EDTC−B 17C0−154

Integrated Hole/Cement Volume Summary
  Hole Volume = 3083.21 F3 

  Cement Volume = 1568.71 F3  (assuming  9.63 IN  casing O.D.)

  Computed from   4105.0 FT  to   1108.0 FT  using data channel(s) HCAL  

DEFAULT AIT_TLD_MCFL_CNL_041PU P FN:39 PRODUCER 18−Apr−2009 20:5 3 4105.0 FT 27.5 FT

AIT−H 60 Inch Investigation (AHT60 )
(OHMM)2 20000

AIT−H 90 Inch Investigation (AHT90 )
(OHMM)2 20000

Computed

Std. Res. Invaded Zone Resistivit y
(RXOZ)
(OHMM)2 20000

SP (SP)
(MV)−100 0

Tension (TENS )
(LBF)10000 0

Env.Corr.Thermal Neutron Porosit y
(TNPH)

(V/V)0.45 −0.15

PIP SUMMARY

Integrated Hole Volume Major Pip Every  100 F3
Integrated Cement Volume Major Pip Every  100 F3

Time Mark Every  60 S

Input DLIS Files
DEFAULT MERGE_TLD_MCFL_CNL_03 6 FN:1 PRODUCER 18−Apr−2009 19:5 4 4104.0 FT 27.0 FT

Output DLIS File s
DEFAULT AIT_TLD_MCFL_CNL_041PU P FN:39 PRODUCER 18−Apr−2009 20:5 3

OP System Version: 17C0−154

HAIT−H SRPC−3779−Q1_2009_OP17 HILTB−FTB SRPC−3779−Q1_2009_OP17
EDTC−B 17C0−154

Input DLIS Files
DEFAULT MERGE_TLD_MCFL_CNL_03 6 FN:1 PRODUCER 18−Apr−2009 19:5 4 4104.0 FT 27.0 FT

Output DLIS File s
DEFAULT AIT_TLD_MCFL_CNL_041PU P FN:39 PRODUCER 18−Apr−2009 20:5 3 4105.0 FT 27.5 FT

MAXIS Field Log

MAIN PASS 5 IN=100 FT



100

AIT−H 10 Inch Investigation (AHT10 )
(OHMM)2 20000

AIT−H 20 Inch Investigation (AHT20 )
(OHMM)2 20000

AIT−H 30 Inch Investigation (AHT30 )
(OHMM)2 20000

Bit Size (BS )
(IN)10 20

Std. Res. Density Porosity (DPHZ )
(V/V)0.45 −0.15

Gamma Ray (GR_EDTC )
(GAPI)0 150

HILT Caliper (HCAL )
(IN)10 20

Density Correction
(HDRA)
(G/C3)−0.75 0.25

Computed
Micro

Norma l
(HMNO)
(OHMM)

150 50

Computed
Micro

Inverse
(HMIN)

(OHMM)
150 50

Std. Res. Formatio n
Pe (PEFZ)

(−−−−)0 10

Std. Res. Formation Density (RHOZ )
(G/C3)2 3

.
From

HMNO to
HMIN
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AIT−H 10 Inch Investigation (AHT10 )
(OHMM)2 20000

AIT−H 20 Inch Investigation (AHT20 )
(OHMM)2 20000

AIT−H 30 Inch Investigation (AHT30 )
(OHMM)2 20000

Bit Size (BS )
(IN)10 20

Std. Res. Density Porosity (DPHZ )
(V/V)0.45 −0.15

Gamma Ray (GR_EDTC )
(GAPI)0 150

HILT Caliper (HCAL )
(IN)10 20

Density Correction
(HDRA)
(G/C3)−0.75 0.25

Computed
Micro

Norma l
(HMNO)
(OHMM)

150 50

Computed
Micro

Inverse
(HMIN)

(OHMM)

Std. Res. Formatio n
Pe (PEFZ)

(−−−−)0 10

Std. Res. Formation Density (RHOZ )
(G/C3)2 3

.
From

HMNO to
HMIN

4100

4000



BHT Bottom Hole Temperature (used in calculations ) 212 DEGF
FEXP Form Factor Exponen t 2
FNUM Form Factor Numerato r 1
GCSE Generalized Caliper Selection HCAL
GDEV Average Angular Deviation of Borehole from Norma l 0 DEG
GGRD Geothermal Gradien t 0.01 DF/F
GRSE Generalized Mud Resistivity Selection AITH_RESIST
GTSE Generalized Temperature Selection LINEAR_ESTIMATE
MATR Rock Matrix for Neutron Porosity Correction s LIMESTONE
SHT Surface Hole Temperature 68 DEGF
SPNV SP Next Valu e 0 MV

HILTB−FTB: High resolution Integrated Logging Tool−DT S
BHFL Borehole Fluid Typ e WATER
BHFL_TLD HILT Nuclear Mud Base WATER
BHS Borehole Statu s OPEN
BHT Bottom Hole Temperature (used in calculations ) 212 DEGF
BSCO Borehole Salinity Correction Optio n NO
CCCO Casing & Cement Thickness Correction Option NO
DHC Density Hole Correction BS
FD Fluid Densit y 1 G/C3
FEXP Form Factor Exponen t 2
FNUM Form Factor Numerato r 1
FSAL Formation Salinit y −50000 PPM
FSCO Formation Salinity Correction Optio n NO
GCLF Germany Coal−like Formation Optio n NO
GCSE Generalized Caliper Selection HCAL
GDEV Average Angular Deviation of Borehole from Norma l 0 DEG
GGRD Geothermal Gradien t 0.01 DF/F
GRSE Generalized Mud Resistivity Selection AITH_RESIST
GTSE Generalized Temperature Selection LINEAR_ESTIMATE
HSCO Hole Size Correction Option YES
MATR Rock Matrix for Neutron Porosity Correction s LIMESTONE
MCCO Mud Cake Correction Option NO
MCOR Mud Correction NATU
MDEN Matrix Densit y 2.71 G/C3
MPOF MCFL Processing Operation Mode ON
MWCO Mud Weight Correction Option NO
NAAC HRDD APS Activation Correctio n OFF
NMT HILT Nuclear Mud Type NOBARITE
NPRM HRDD Processing Mode StdRes
NSAR HRDD Depth Sampling Rate 1 IN
PTCO Pressure/Temperature Correction Option NO
SDAT Standoff Data Source SOCN

Parameters

DLIS Name Description Valu e
HAIT−H: Array Induction Tool −  H

AHBHM Array Induction Borehole Correction Mod e 2_ComputeStandof f
AHBHV Array Induction Borehole Correction Code Version Numbe r 900
AHBLM Array Induction Basic Logs Mod e 6_One_Two_and_Fou r
AHBLV Array Induction Basic Logs Code Version Numbe r 223
AHCDE Array Induction Casing Detection Enabl e Yes
AHCEN Array Induction Tool Centering Flag (in Borehole ) Eccentered
AHFRSV Array Induction Response Set Version for Four ft Resolutio n 41.70.24.20
AHMRF Array Induction Mud Resistivity Facto r 1
AHORSV Array Induction Response Set Version for One ft Resolutio n 41.70.24.20
AHRFV Array Induction Radial Profiling Code Version Numbe r 701
AHRPV Array Induction Radial Parametrization Code Version Numbe r 232
AHSTA Array Induction Tool Standof f 2.5 IN
AHTRSV Array Induction Response Set Version for Two ft Resolutio n 41.70.24.20
BHS Borehole Statu s OPEN
BHT Bottom Hole Temperature (used in calculations ) 212 DEGF
FEXP Form Factor Exponen t 2

AIT−H 60 Inch Investigation (AHT60 )
(OHMM)2 20000

AIT−H 90 Inch Investigation (AHT90 )
(OHMM)2 20000

(OHMM)
150 50

Std. Res. Invaded Zone Resistivit y
(RXOZ)
(OHMM)2 20000

SP (SP)
(MV)−100 0

Tension (TENS )
(LBF)10000 0

Env.Corr.Thermal Neutron Porosit y
(TNPH)

(V/V)0.45 −0.15

PIP SUMMARY

Integrated Hole Volume Major Pip Every  100 F3
Integrated Cement Volume Major Pip Every  100 F3

Time Mark Every  60 S



Input DLIS Files
DEFAULT MERGE_TLD_MCFL_CNL_03 6 FN:1 PRODUCER 18−Apr−2009 19:5 4 4104.0 FT 27.0 FT

Output DLIS File s
DEFAULT AIT_TLD_MCFL_CNL_041PU P FN:39 PRODUCER 18−Apr−2009 20:5 3

OP System Version: 17C0−15 4

HAIT−H SRPC−3779−Q1_2009_OP17 HILTB−FTB SRPC−3779−Q1_2009_OP17
EDTC−B 17C0−154

 Format: 5in       Vertical Scale:   5" per 100 ’  Graphics File Created: 18−Apr−2009 20:5 3

BSAL Borehole Salinit y −50000.00 PPM
CSIZ Current Casing Size 14.000 IN
CWEI Casing Weigh t 54.57 LB/F
DO Depth Offset for Playback 0.0 FT
FLEV Fluid Leve l −50000.00 FT
MST Mud Sample Temperature 64.20 DEGF
PP Playback Processing NORMAL
RMFS Resistivity of Mud Filtrate Sampl e −50000.0000 OHMM
TD Total Depth 4105 FT

MAXIS Field Log

CALIBRATIONS

SDAT Standoff Data Source SOCN
SHT Surface Hole Temperature 68 DEGF
SOCN Standoff Distanc e 0.125 IN
SOCO Standoff Correction Option YES

EDTC−B: Enhanced DTS Cartridg e
BHFL Borehole Fluid Typ e WATER
BHS Borehole Statu s OPEN
BHT Bottom Hole Temperature (used in calculations ) 212 DEGF
BSCO Borehole Salinity Correction Optio n NO
CCCO Casing & Cement Thickness Correction Option NO
FSCO Formation Salinity Correction Optio n NO
GCSE Generalized Caliper Selection HCAL
GDEV Average Angular Deviation of Borehole from Norma l 0 DEG
GGRD Geothermal Gradien t 0.01 DF/F
GRSE Generalized Mud Resistivity Selection AITH_RESIST
GTSE Generalized Temperature Selection LINEAR_ESTIMATE
HSCO Hole Size Correction Option YES
MATR Rock Matrix for Neutron Porosity Correction s LIMESTONE
MCCO Mud Cake Correction Option NO
MCOR Mud Correction NATU
MWCO Mud Weight Correction Option NO
PTCO Pressure/Temperature Correction Option NO
SDAT Standoff Data Source SOCN
SHT Surface Hole Temperature 68 DEGF
SOCN Standoff Distanc e 0.125 IN
SOCO Standoff Correction Option YES

HOLEV: Integrated Hole/Cement Volum e
BHS Borehole Statu s OPEN
BHT Bottom Hole Temperature (used in calculations ) 212 DEGF
FCD Future Casing (Outer) Diamete r 9.625 IN
GCSE Generalized Caliper Selection HCAL
GDEV Average Angular Deviation of Borehole from Norma l 0 DEG
GGRD Geothermal Gradien t 0.01 DF/F
GRSE Generalized Mud Resistivity Selection AITH_RESIST
GTSE Generalized Temperature Selection LINEAR_ESTIMATE
HVCS Integrated Hole Volume Caliper Selection HCAL
MATR Rock Matrix for Neutron Porosity Correction s LIMESTONE
SHT Surface Hole Temperature 68 DEGF

STI: Stuck Tool Indicato r
TDL Total Depth − Logge r 4105.00 FT

System and Miscellaneous
BS Bit Size 12.250 IN
BSAL Borehole Salinit y −50000.00 PPM
CSIZ Current Casing Size 14.000 IN



Fine − Mag, Real, Imag −   2  0          1.022      N/A        N/A        N/A        N/A       
Fine − Mag, Real, Imag −   1  0          1.022      N/A        N/A        N/A        N/A       
Fine − Mag, Real, Imag −   0  0          1.022      N/A        N/A        N/A        N/A       
Coarse − Mag, Real, Imag −   2  0          1.029      N/A        N/A        N/A        N/A       
Coarse − Mag, Real, Imag −   1  0          1.029      N/A        N/A        N/A        N/A       
Coarse − Mag, Real, Imag −   0  0          1.029      N/A        N/A        N/A        N/A       

Master:  3−Apr−2009 13:11   
Array Induction Tool − H Wellsite Calibration − Mud Gain Correction 

X Sonde Error Correction −   7  0         −3.723      N/A        N/A        N/A        N/A       MM/M
X Sonde Error Correction −   6  0          5.765      N/A        N/A        N/A        N/A       MM/M
X Sonde Error Correction −   5  0         −3.449      N/A        N/A        N/A        N/A       MM/M
X Sonde Error Correction −   4  0         −7.536      N/A        N/A        N/A        N/A       MM/M
X Sonde Error Correction −   3  0          43.56      N/A        N/A        N/A        N/A       MM/M
X Sonde Error Correction −   2  0         −135.7      N/A        N/A        N/A        N/A       MM/M
X Sonde Error Correction −   1  0          384.9      N/A        N/A        N/A        N/A       MM/M
X Sonde Error Correction −   0  0          459.8      N/A        N/A        N/A        N/A       MM/M
R Sonde Error Correction −   7  0         −0.8634     N/A        N/A        N/A        N/A       MM/M
R Sonde Error Correction −   6  0          8.915      N/A        N/A        N/A        N/A       MM/M
R Sonde Error Correction −   5  0          13.55      N/A        N/A        N/A        N/A       MM/M
R Sonde Error Correction −   4  0          25.24      N/A        N/A        N/A        N/A       MM/M
R Sonde Error Correction −   3  0          58.44      N/A        N/A        N/A        N/A       MM/M
R Sonde Error Correction −   2  0          114.7      N/A        N/A        N/A        N/A       MM/M
R Sonde Error Correction −   1  0          149.1      N/A        N/A        N/A        N/A       MM/M
R Sonde Error Correction −   0  0         −114.0      N/A        N/A        N/A        N/A       MM/M

Master:  3−Apr−2009 13:11   
Array Induction Tool − H Wellsite Calibration − Sonde Error Correction 

Phase −   7  0         −0.1309     N/A        N/A        N/A        N/A       DEG
Phase −   6  0          0.2068     N/A        N/A        N/A        N/A       DEG
Phase −   5  0         −0.1044     N/A        N/A        N/A        N/A       DEG
Phase −   4  0         −0.1990     N/A        N/A        N/A        N/A       DEG
Phase −   3  0         −0.03414    N/A        N/A        N/A        N/A       DEG
Phase −   2  0         −0.04337    N/A        N/A        N/A        N/A       DEG
Phase −   1  0          0.4842     N/A        N/A        N/A        N/A       DEG
Phase −   0  0          0.4950     N/A        N/A        N/A        N/A       DEG
Test Loop Gain Magnitude −   7  0          1.013      N/A        N/A        N/A        N/A       V
Test Loop Gain Magnitude −   6  0          0.9975     N/A        N/A        N/A        N/A       V
Test Loop Gain Magnitude −   5  0          0.9851     N/A        N/A        N/A        N/A       V
Test Loop Gain Magnitude −   4  0          0.9961     N/A        N/A        N/A        N/A       V
Test Loop Gain Magnitude −   3  0          1.013      N/A        N/A        N/A        N/A       V

Array Induction Temperature Ze  0         −0.0001754 −0.0001748  N/A        N/A        N/A       V
Array Induction Temperature Pl  0.9150     0.9190     0.9185     N/A        N/A        N/A       V
Array Induction SPA Zero  0         −0.1742    −0.1706     N/A        N/A        N/A       MV
Array Induction SPA Plus  990.5      992.0      991.4      N/A        N/A        N/A       MV

Master:  3−Apr−2009 13:11   Before: 15−Apr−2009 13:52   
Array Induction Tool − H Wellsite Calibration − Electronics Calibration Check − Auxilliary 

Phase −   7  0          48.55      46.92      N/A        N/A        N/A       DEG
Phase −   6  0          49.25      47.78      N/A        N/A        N/A       DEG
Phase −   5  0          49.26      47.78      N/A        N/A        N/A       DEG
Phase −   4  0          50.88      49.43      N/A        N/A        N/A       DEG
Phase −   3  0          57.08      55.65      N/A        N/A        N/A       DEG
Phase −   2  0          57.90      56.46      N/A        N/A        N/A       DEG
Phase −   1  0          61.48      60.06      N/A        N/A        N/A       DEG
Phase −   0  0          62.61      61.20      N/A        N/A        N/A       DEG
Thru Cal Magnitude −   7  0          1.403      1.399      N/A        N/A        N/A       V
Thru Cal Magnitude −   6  0          1.927      1.925      N/A        N/A        N/A       V
Thru Cal Magnitude −   5  0          1.927      1.925      N/A        N/A        N/A       V
Thru Cal Magnitude −   4  0          1.329      1.326      N/A        N/A        N/A       V
Thru Cal Magnitude −   3  0          0.7106     0.7090     N/A        N/A        N/A       V
Thru Cal Magnitude −   2  0          0.6241     0.6233     N/A        N/A        N/A       V
Thru Cal Magnitude −   1  0          1.259      1.257      N/A        N/A        N/A       V
Thru Cal Magnitude −   0  0          0.6141     0.6131     N/A        N/A        N/A       V

Master:  3−Apr−2009 13:11   Before: 15−Apr−2009 13:52   
Array Induction Tool − H Wellsite Calibration − Electronics Calibration Check − Thru Cal Mag. & Phase 

Measurement MasterNominal Before After Change Limit Units

Calibration and Check Summary

Test Loop Gain Magnitude −   3  0          1.013      N/A        N/A        N/A        N/A       V
Test Loop Gain Magnitude −   2  0          1.015      N/A        N/A        N/A        N/A       V
Test Loop Gain Magnitude −   1  0          1.011      N/A        N/A        N/A        N/A       V
Test Loop Gain Magnitude −   0  0          1.012      N/A        N/A        N/A        N/A       V

Master:  3−Apr−2009 13:11   
Array Induction Tool − H Wellsite Calibration − Test Loop Gain Correction 



Array Induction Tool − H / Equipment Identification

Primary Equipment:
Rm/SP Bottom Nose AHRM − A
Array Induction Sonde AHIS − BA

Auxiliary Equipment:

Idx

  6

  5

  4

  3

  2

  1

  0

Phase

Master

Before

Master

Before

Master

Before

Master

Before

Master

Before

Master

Before

Master

Before

Master

Value

 1.403    

 1.925    

 1.927    

 1.925    

 1.927    

 1.326    

 1.329    

 0.7090   

 0.7106   

 0.6233   

 0.6241   

 1.257    

 1.259    

 0.6131   

 0.6141   

Thru Cal Magnitude  V Nominal

 1.955    

 1.955    

 1.337    

 0.7040   

 0.6230   

 1.270    

 0.6050   

Value

 48.55    

 47.78    

 49.25    

 47.78    

 49.26    

 49.43    

 50.88    

 55.65    

 57.08    

 56.46    

 57.90    

 60.06    

 61.48    

 61.20    

 62.61    

Phase  DEG Nominal

 57.00    

 57.00    

 59.00    

 65.00    

 66.00    

 70.00    

 71.00    

Electronics Calibration Check − Thru Cal Mag. & Phase 

Array Induction Tool − H Wellsite Calibration

NSR−F serial number               2289 
Thermal Housing Size             3.378   IN. 
NCT−B Water Temperature      68.0      DEGF. 
  
The HGNS Neutron Master Calibration was done with the following parameters :

Gamma Ray (Calibrated)  165.0      N/A        165.0      N/A        N/A        15.00     GAPI
Gamma Ray (Jig − Bkg)  159.8      N/A        159.8      N/A        N/A        14.52     GAPI

Before: 15−Apr−2009 14:34   
Enhanced DTS Cartridge Wellsite Calibration − Detector Calibration 

EDTC Z−Axis Acceleration  32.19      N/A        32.14      N/A        N/A        N/A       F/S2
Before: 18−Apr−2009  9:48   
Enhanced DTS Cartridge Wellsite Calibration − EDTC Accelerometer Calibration 

Z−Axis Acceleration  32.19      N/A        32.11      N/A        N/A        N/A       F/S2
Before: 18−Apr−2009  9:48   
High resolution Integrated Logging Tool−DTS Wellsite Calibration − Accelerometer Calibration 

CNTC/CFTC (Tank)  2.159      2.380      N/A        N/A        N/A        N/A       
Thermal Far Corr. (Tank)  2400       2287       N/A        N/A        N/A        N/A       CPS
Thermal Near Corr. (Tank)  5800       5444       N/A        N/A        N/A        N/A       CPS

Master:  5−Feb−2009  9:56   
High resolution Integrated Logging Tool−DTS Wellsite Calibration − Ratio Measurement 

CFTC Background  27.92      27.92      27.94      N/A        N/A        4.188     CPS
CNTC Background  25.87      25.87      26.20      N/A        N/A        3.881     CPS

Master:  5−Feb−2009  9:56   Before: 16−Apr−2009  0:48   
High resolution Integrated Logging Tool−DTS Wellsite Calibration − Zero Measurement 

Gamma Ray (Jig − Bkgd)  165.0      N/A        173.3      N/A        N/A        15.00     GAPI
Gamma Ray Background  30.00      N/A        36.88      N/A        N/A        N/A       GAPI

Before: 15−Apr−2009 14:08   
High resolution Integrated Logging Tool−DTS Wellsite Calibration − Detector Calibration 



Idx

  4

  3

  2

  1

  0

Value

 25.24    

 58.44    

 114.7    

 149.1    

−114.0    

R Sonde Error Correction  MM/M

(Minimum)
 39.00    

(Minimum)
 66.00    

(Minimum)
 114.0    

(Minimum)
−231.0    

(Nominal)
 64.00    

(Nominal)
 111.0    

(Nominal)
 159.0    

(Nominal)
−56.00    

(Maximum)
 89.00    

(Maximum)
 156.0    

(Maximum)
 204.0    

(Maximum)
 119.0    

Value

−7.536    

 43.56    

−135.7    

 384.9    

 459.8    

X Sonde Error Correction  MM/M

(Minimum)
−250.0    

(Minimum)
−350.0    

(Minimum)
−625.0    

(Minimum)
−2250     

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Maximum)
 250.0    

(Maximum)
 350.0    

(Maximum)
 625.0    

(Maximum)
 2250     

Master:  3−Apr−2009 13:11

  7

  6

  5

  4

  3

 1.013    

 0.9975   

 0.9851   

 0.9961   

 1.013    

(Minimum)
 0.9500   

(Minimum)
 0.9500   

(Minimum)
 0.9500   

(Minimum)
 0.9500   

(Minimum)
 0.9500   

(Minimum)

(Nominal)
 1.000    

(Nominal)
 1.000    

(Nominal)
 1.000    

(Nominal)
 1.000    

(Nominal)
 1.000    

(Nominal)

(Maximum)
 1.050    

(Maximum)
 1.050    

(Maximum)
 1.050    

(Maximum)
 1.050    

(Maximum)
 1.050    

(Maximum)

−0.1309   

 0.2068   

−0.1044   

−0.1990   

−0.03414  

(Minimum)
−3.000    

(Minimum)
−3.000    

(Minimum)
−3.000    

(Minimum)
−3.000    

(Minimum)
−3.000    

(Minimum)

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Nominal)

(Maximum)
 3.000    

(Maximum)
 3.000    

(Maximum)
 3.000    

(Maximum)
 3.000    

(Maximum)
 3.000    

(Maximum)

Sonde Error Correction 

Array Induction Tool − H Wellsite Calibration

Idx

  2

  1

  0

Value

 1.015    

 1.011    

 1.012    

Test Loop Gain Magnitude  V

(Minimum)
 0.9500   

(Minimum)
 0.9500   

(Minimum)
 0.9500   

(Nominal)
 1.000    

(Nominal)
 1.000    

(Nominal)
 1.000    

(Maximum)
 1.050    

(Maximum)
 1.050    

(Maximum)
 1.050    

Value

−0.04337  

 0.4842   

 0.4950   

Phase  DEG

(Minimum)
−3.000    

(Minimum)
−3.000    

(Minimum)
−3.000    

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Maximum)
 3.000    

(Maximum)
 3.000    

(Maximum)
 3.000    

Phase

Before

Master

Array Induction Temperature Plus   V

(Minimum)
 0.8700   

(Nominal)
 0.9150   

(Maximum)
 0.9600   

Value

 0.9185   

 0.9190   

Phase

Before

Master

Array Induction Temperature Zero   V

(Minimum)
−0.05000  

(Nominal)
 0        

(Maximum)
 0.05000  

Value

−0.0001748

−0.0001754

Phase

Before

Master

Array Induction SPA Plus  MV

(Minimum)
 941.0    

(Nominal)
 990.5    

(Maximum)
 1040     

Value

 991.4    

 992.0    

Phase

Before

Master

Array Induction SPA Zero   MV

(Minimum)
−50.00    

(Nominal)
 0        

(Maximum)
 50.00    

Value

−0.1706   

  7
Before

Master

 1.399    

 1.403    

(Minimum)
 60.00    %

(Nominal) (Maximum)
 140.0    %

 1.415    
 46.92    

 48.55    

(Minimum)
Nom −60.00    

(Nominal) (Maximum)
Nom +  60.00    

 53.00    

Master:  3−Apr−2009 13:11 Before: 15−Apr−2009 13:52

−0.1742   

Electronics Calibration Check − Auxilliary 

Array Induction Tool − H Wellsite Calibration

Master:  3−Apr−2009 13:11 Before: 15−Apr−2009 13:52

Test Loop Gain Correction 

Array Induction Tool − H Wellsite Calibration



Idx

  1

  0

Value

 1.011    

 1.012    

Test Loop Gain Magnitude  V

 0.9500   

(Minimum)
 0.9500   

 1.000    

(Nominal)
 1.000    

 1.050    

(Maximum)
 1.050    

Value

 0.4842   

 0.4950   

Phase  DEG

−3.000    

(Minimum)
−3.000    

 0        

(Nominal)
 0        

 3.000    

(Maximum)
 3.000    

Master:  3−Apr−2009 13:11

Phase

Master

Array Induction Temperature Plus   V

(Minimum)
 0.8700   

(Nominal)
 0.9150   

(Maximum)
 0.9600   

Value

 0.9190   

Phase

Master

Array Induction Temperature Zero   V

(Minimum)
−0.05000  

(Nominal)
 0        

(Maximum)
 0.05000  

Value

−0.0001754

Phase

Master

Array Induction SPA Plus  MV

(Minimum)
 941.0    

(Nominal)
 990.5    

(Maximum)
 1040     

Value

 992.0    

Phase

Master

Array Induction SPA Zero   MV

(Minimum)
−50.00    

(Nominal)
 0        

(Maximum)
 50.00    

Master:  3−Apr−2009 13:11

  7

  6

  5

  4

  3

  2

  1

Master

Master

Master

Master

Master

Master

Master

 1.403    

 1.927    

 1.927    

 1.329    

 0.7106   

 0.6241   

 1.259    

(Minimum)
 60.00    %

(Nominal) (Maximum)
 140.0    %

 1.415    

 1.955    

 1.955    

 1.337    

 0.7040   

 0.6230   

 1.270    

 48.55    

 49.25    

 49.26    

 50.88    

 57.08    

 57.90    

 61.48    

(Minimum)
Nom −60.00    

(Nominal) (Maximum)
Nom +  60.00    

 53.00    

 57.00    

 57.00    

 59.00    

 65.00    

 66.00    

 70.00    

Value

−0.1742   

Electronics Calibration Check − Auxilliary 

Array Induction Tool − H Master Calibration

Test Loop Gain Correction 

Array Induction Tool − H Master Calibration

Idx

  1

  0

Phase

Master

Master

Value

 1.259    

 0.6141   

Thru Cal Magnitude  V Nominal

 1.270    

 0.6050   

Value

 61.48    

 62.61    

Phase  DEG

Master:  3−Apr−2009 13:11

Idx

  2

  1

  0

Value

 1.029    

 1.029    

 1.029    

Coarse − Mag, Real, Imag  

(Minimum)
 0.8000   

(Minimum)
 0.8000   

(Minimum)
 0.8000   

(Nominal)
 1.000    

(Nominal)
 1.000    

(Nominal)
 1.000    

(Maximum)
 1.200    

(Maximum)
 1.200    

(Maximum)
 1.200    

Value

 1.022    

 1.022    

 1.022    

Fine − Mag, Real, Imag  

(Minimum)
 0.8000   

(Minimum)
 0.8000   

(Minimum)
 0.8000   

(Nominal)
 1.000    

(Nominal)
 1.000    

(Nominal)
 1.000    

(Maximum)
 1.200    

(Maximum)
 1.200    

(Maximum)
 1.200    

Master:  3−Apr−2009 13:11

  7

  6

  5

  4

−0.8634   

 8.915    

 13.55    

 25.24    

(Minimum)
−5.000    

(Minimum)
 5.000    

(Minimum)
 4.000    

(Minimum)
 15.00    

(Nominal)
 0        

(Nominal)
 10.00    

(Nominal)
 14.00    

(Nominal)
 25.00    

(Maximum)
 5.000    

(Maximum)
 15.00    

(Maximum)
 24.00    

(Maximum)
 35.00    

−3.723    

 5.765    

−3.449    

−7.536    

(Minimum)
−30.00    

(Minimum)
−30.00    

(Minimum)
−50.00    

(Minimum)
−63.00    

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Maximum)
 30.00    

(Maximum)
 30.00    

(Maximum)
 50.00    

(Maximum)
 63.00    

Mud Gain Correction 

Array Induction Tool − H Wellsite Calibration

Nominal

 70.00    

 71.00    

Electronics Calibration Check − Thru Cal Mag. & Phase 

Array Induction Tool − H Master Calibration



Master:  3−Apr−2009 13:11

Idx

  2

  1

  0

Value

 1.029    

 1.029    

 1.029    

Coarse − Mag, Real, Imag  

(Minimum)
 0.8000   

(Minimum)
 0.8000   

(Minimum)
 0.8000   

(Nominal)
 1.000    

(Nominal)
 1.000    

(Nominal)
 1.000    

(Maximum)
 1.200    

(Maximum)
 1.200    

(Maximum)
 1.200    

Value

 1.022    

 1.022    

 1.022    

Fine − Mag, Real, Imag  

(Minimum)
 0.8000   

(Minimum)
 0.8000   

(Minimum)
 0.8000   

(Nominal)
 1.000    

(Nominal)
 1.000    

(Nominal)
 1.000    

(Maximum)
 1.200    

(Maximum)
 1.200    

(Maximum)
 1.200    

Master:  3−Apr−2009 13:11

  7

  6

  5

  4

  3

−0.8634   

 8.915    

 13.55    

 25.24    

 58.44    

(Minimum)
−5.000    

(Minimum)
 5.000    

(Minimum)
 4.000    

(Minimum)
 15.00    

(Minimum)
 39.00    

(Minimum)

(Nominal)
 0        

(Nominal)
 10.00    

(Nominal)
 14.00    

(Nominal)
 25.00    

(Nominal)
 64.00    

(Nominal)

(Maximum)
 5.000    

(Maximum)
 15.00    

(Maximum)
 24.00    

(Maximum)
 35.00    

(Maximum)
 89.00    

(Maximum)

−3.723    

 5.765    

−3.449    

−7.536    

 43.56    

(Minimum)
−30.00    

(Minimum)
−30.00    

(Minimum)
−50.00    

(Minimum)
−63.00    

(Minimum)
−250.0    

(Minimum)

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Nominal)

(Maximum)
 30.00    

(Maximum)
 30.00    

(Maximum)
 50.00    

(Maximum)
 63.00    

(Maximum)
 250.0    

(Maximum)

Mud Gain Correction 

Array Induction Tool − H Master Calibration

Idx

  2

  1

  0

Value

 114.7    

 149.1    

−114.0    

R Sonde Error Correction  MM/M

(Minimum)
 66.00    

(Minimum)
 114.0    

(Minimum)
−231.0    

(Nominal)
 111.0    

(Nominal)
 159.0    

(Nominal)
−56.00    

(Maximum)
 156.0    

(Maximum)
 204.0    

(Maximum)
 119.0    

Value

−135.7    

 384.9    

 459.8    

X Sonde Error Correction  MM/M

(Minimum)
−350.0    

(Minimum)
−625.0    

(Minimum)
−2250     

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Maximum)
 350.0    

(Maximum)
 625.0    

(Maximum)
 2250     

Master:  3−Apr−2009 13:11

  7

  6

  5

  4

  3

  2

 1.013    

 0.9975   

 0.9851   

 0.9961   

 1.013    

 1.015    

(Minimum)
 0.9500   

(Minimum)
 0.9500   

(Minimum)
 0.9500   

(Minimum)
 0.9500   

(Minimum)
 0.9500   

(Minimum)
 0.9500   

(Minimum)
 0.9500   

(Nominal)
 1.000    

(Nominal)
 1.000    

(Nominal)
 1.000    

(Nominal)
 1.000    

(Nominal)
 1.000    

(Nominal)
 1.000    

(Nominal)
 1.000    

(Maximum)
 1.050    

(Maximum)
 1.050    

(Maximum)
 1.050    

(Maximum)
 1.050    

(Maximum)
 1.050    

(Maximum)
 1.050    

(Maximum)
 1.050    

−0.1309   

 0.2068   

−0.1044   

−0.1990   

−0.03414  

−0.04337  

(Minimum)
−3.000    

(Minimum)
−3.000    

(Minimum)
−3.000    

(Minimum)
−3.000    

(Minimum)
−3.000    

(Minimum)
−3.000    

(Minimum)
−3.000    

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Nominal)
 0        

(Maximum)
 3.000    

(Maximum)
 3.000    

(Maximum)
 3.000    

(Maximum)
 3.000    

(Maximum)
 3.000    

(Maximum)
 3.000    

(Maximum)
 3.000    

Sonde Error Correction 

Array Induction Tool − H Master Calibration



Phase

Before

Z−Axis Acceleration  F/S2

 31.53     32.19     32.84    

Master:  5−Feb−2009  9:56

Phase

Master

Thermal Near Corr. (Tank)  CPS

(Minimum)
 4700     

(Nominal)
 5800     

(Maximum)
 6900     

Value

 5444     

Phase

Master

Thermal Far Corr. (Tank)  CPS

(Minimum)
 1900     

(Nominal)
 2400     

(Maximum)
 2900     

Value

 2287     

Phase

Master

CNTC/CFTC (Tank)  

(Minimum)
 2.120    

(Nominal)
 2.159    

(Maximum)
 2.540    

Phase

Before

Master

CNTC Background  CPS

(Minimum)
 5.000    

(Nominal)
 25.87    

(Maximum)
 40.00    

Value

 26.20    

 25.87    

Phase

Before

Master

CFTC Background  CPS

(Minimum)
 5.000    

(Nominal)
 27.92    

(Maximum)
 40.00    

Value

 27.94    

Before: 15−Apr−2009 14:08

Phase

Before

Gamma Ray Background  GAPI

(Minimum)
 0        

(Nominal)
 30.00    

(Maximum)
 120.0    

Value

 36.88    

Phase

Before

Gamma Ray (Jig − Bkgd)  GAPI

(Minimum)
 157.1    

(Nominal)
 165.0    

(Maximum)
 206.3    

Value

 173.3    

Detector Calibration 

High resolution Integrated Logging Tool−DTS Wellsite Calibration

 27.92    

Zero Measurement 

High resolution Integrated Logging Tool−DTS Wellsite Calibration

Master:  5−Feb−2009  9:56 Before: 16−Apr−2009  0:48

Value

 2.380    

Ratio Measurement 

High resolution Integrated Logging Tool−DTS Wellsite Calibration

Value

 32.11    

Accelerometer Calibration 

High resolution Integrated Logging Tool−DTS

Wellsite Calibration

Elemental Capture Cartridge − B / Equipment Identification

Primary Equipment:
ECC Cartridge ECC − B 32

Auxiliary Equipment:
ECC Housing ECH − A 22

Elemental Capture Spectroscopy Tool / Equipment Identification

Primary Equipment:
ECS Sonde ECS − A 31
ECS Detector Package ECSD − A 31
ECS AmBe Source NSR − F 2573

Auxiliary Equipment:
ECS Sonde Housing ECSH − A 31

High resolution Integrated Logging Tool−DTS / Equipment Identification

Primary Equipment:
HILT Gamma−Ray Neutron Sonde−DTS HGNS − B
HGNS Gamma−Ray Device HGR − 
HGNS Neutron Detector with Alpha Source HCNT − 
Z−Axis Accelerometer HACC − 715
Neutron Logging Source NLS − KL
Neutron Source Radioactive NSR − F 2289
Compensated Neutron Box CNB − AB
HTBC Communication Assembly DTS Mode HMCA − 

Auxiliary Equipment:
Neutron Calibration Tank NCT − B
Gamma Source Radioactive GSR − U/Y
HGNS Housing HGNH − 2760



Before: 15−Apr−2009 14:34

Phase

Before

Gamma Ray Background  GAPI

(Minimum)
 0        

(Nominal)
 30.00    

(Maximum)
 120.0    

Value

 35.72    

Phase

Before

Gamma Ray (Jig − Bkg)  GAPI

(Minimum)
 145.2    

(Nominal)
 159.8    

(Maximum)
 174.3    

Value

 159.8    

Phase

Before

Gamma Ray (Calibrated)  GAPI

(Minimum)
 150.0    

(Nominal)
 165.0    

(Maximum)
 180.0    

Before

(Minimum)
 31.53    

(Nominal)
 32.19    

(Maximum)
 32.84    

 32.14    

Before: 18−Apr−2009  9:48

Value

 165.0    

Detector Calibration 

Enhanced DTS Cartridge Wellsite Calibration

PLATFORM EXPRESS
ARRAY INDUCTION / NEUTRON / DENSITY
GR / SP / MCFL

Company:

Well:
Field:
County:
State:

Battelle Pacific Northwest Lab

Wallula Basalt Pilot #1
Wildca t
Walla Walla
Washington

Enhanced DTS Cartridge / Equipment Identification

Primary Equipment:
EDTC Gamma Ray Detector EDTG − A/B
Enhanced DTS Cartridge EDTC − B

Auxiliary Equipment:
EDTC Housing EDTH − B

Master:  5−Feb−2009  9:56

Phase

Master

Thermal Near Corr. (Tank)  CPS

(Minimum)
 4700     

(Nominal)
 5800     

(Maximum)
 6900     

Value

 5444     

Phase

Master

Thermal Far Corr. (Tank)  CPS

(Minimum)
 1900     

(Nominal)
 2400     

(Maximum)
 2900     

Value

 2287     

Phase

Master

CNTC/CFTC (Tank)  

(Minimum)
 2.120    

(Nominal)
 2.159    

(Maximum)
 2.540    

Master:  5−Feb−2009  9:56

Phase

Master

CNTC Background  CPS

(Minimum)
 5.000    

(Nominal)
 25.87    

(Maximum)
 40.00    

Value

 25.87    

Phase

Master

CFTC Background  CPS

(Minimum)
 5.000    

(Nominal)
 27.92    

(Maximum)
 40.00    

(Minimum)
 31.53    

(Nominal)
 32.19    

(Maximum)
 32.84    

Phase

Before

EDTC Z−Axis Acceleration  F/S2 Value

 32.14    

EDTC Accelerometer Calibration 

Enhanced DTS Cartridge Wellsite Calibration

Before: 18−Apr−2009  9:48

Value

 27.92    

Zero Measurement 

High resolution Integrated Logging Tool−DTS Master Calibration

Value

 2.380    

Tank Measurement 

High resolution Integrated Logging Tool−DTS Master Calibration



GR / SP / MCFL



Appendix B.3 
 

Sonic Scanner Log 

 

Full Waveform Sonic 

Sonic logs record the sonic transit time between the source and receivers through the rock 
formation.  Advanced full waveform sonic tools include monopole and dipole tools that measure 
axial, radial and azimuthal P-wave, shear wave and Stoneley wave velocities to obtain both near 
wellbore and far field data.  These are powerful tools for obtaining a continuous log of 
geomechanical properties including Young's modulus, Poisson's ratio, orientation of maximum 
and minimum horizontal stress, ratios of velocity of P waves versus shear waves (Vp/Vs ratio), 
and formation mobility (ratio of permeability/viscosity) as measured by attenuation of wellbore-
confined Stoneley waves.   

Schlumberger's Sonic Scanner provides all three measures of P and S-waves.  This allows the 
measurement of acoustic anisotropy and importantly, the measurement of Stoneley wave 
attenuation related to permeability.  Dispersion curves can now be generated at frequencies that 
dominate seismic data.  This provides the opportunity to acquire full wellbore length acoustic 
data to calibrate seismic attenuation related to permeability, and can be expected to lead to the 
development of algorithms for the calibration and quantification of permeability by seismic 
facies.  This represents the potential for a tremendous breakthrough in reservoir and field scale 
modeling of matrix permeability in relatively unfractured intervals with good borehole 
conditions. The close correspondence of the Stoneley derived permeabilities with the 
Schlumberger's computer combined ELAN (ELemental ANalysis) log reflects in part the effect of 
borehole conditions in the pilot borehole on these logs, but does indicate some permeability 
associated with basalt entablature lithofacies directly below flow tops breccias, and in bands 
associated with vesicles in platy (horizontal cooling jointed) entablature.   
 



          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

          
          

R
un 1

R
un 2

R
un@

@
@

@ @ @ @

W
itnessed B

y
R

ecorded B
y

Location
U

nit N
um

ber
T

im
e

Logger O
n B

ottom
T

im
e

C
irculation S

topped 
M

axim
um

 R
ecorded T

em
peratures

R
M

F
 @

 M
R

T
R

M
 @

 M
R

T
R

M
C

S
ource  R

M
F

R
M

C
 @

 M
easured T

em
perature

R
M

F
 @

 M
easured T

em
perature

R
M

 @
 M

easured T
em

perature
S

ource O
f S

am
ple

P
H

F
luid Loss

V
iscosity

D
ensity

MUD T
ype F

luid In H
ole

B
it S

ize
C

asing S
chlum

berger
C

asing D
riller  S

ize @
 D

epth
T

op Log Interval
B

ottom
 Log Interval

S
chlum

berger D
epth

D
epth D

riller
R

un N
um

ber
Logging D

ate

@

    5.50 ft

above P
erm

. D
atum

31E
R

ange

W
ashington

@

@ @ @ @

C
H

A
R

LO
T

T
E

 S
U

LLIV
A

N
B

E
N

 G
R

A
U S
A

C
R

A
M

E
N

T
O

3152
10:35

18−
A

pr−
2009

@
@

@ @
64  degF

@
23.100 ohm

.m
M

U
D

 T
A

N
K

8.4 lbm
/gal

F
R

E
S

H
 W

A
T

E
R

12.250 in
1108 ft

1108 ft
@

14.000 in
1108 ft
4103 ft
4105 ft
4105 ft
T

W
O

18−
A

pr−
200 9

W
itnessed B

y
R

ecorded B
y

Location
U

nit N
um

ber
T

im
e

Logger O
n B

ottom
T

im
e

C
irculation S

topped 
M

axim
um

 R
ecorded T

em
peratures

R
M

F
 @

 M
R

T
R

M
 @

 M
R

T
R

M
C

S
ource  R

M
F

R
M

C
 @

 M
easured T

em
perature

R
M

F
 @

 M
easured T

em
perature

R
M

 @
 M

easured T
em

perature
S

ource O
f S

am
ple

P
H

F
luid Loss

V
iscosity

D
ensity

MUD T
ype F

luid In H
ole

B
it S

ize
C

asing S
chlum

berger
C

asing D
riller  S

ize @
 D

epth
T

op Log Interval
B

ottom
 Log Interval

S
chlum

berger D
epth

D
epth D

riller
R

un N
um

ber
Logging D

ate

D
.F

.

G
.L.

    5.50 ft
K

.B
.

K
E

LLY
 B

U
S

H
IN

G
D

rilling M
easured F

rom
:

above P
erm

. D
atum

F
LA

N
G

E
 T

O
P

Log M
easured F

rom
:

7
T

ow
nship

10
S

ection

E
lev.:

G
R

O
U

N
D

 LE
V

E
L

P
erm

anent D
atum

:

E
lev.:

A
P

I S
erial N

o.

County:

Field:

Location:

Well:

Company:

Walla Walla

Wildcat

SOUTHWEST 1/4 OF SECTION 10

Wallula Basalt Pilot #1

Battelle Pacific Northwest Lab

LOCATION

S
O

U
T

H
W

E
S

T
 1/4 O

F
 S

E
C

T
IO

N
 10

S
O

N
IC

 S
C

A
N

N
E

R
W

ashington
W

alla W
alla

W
ildca

t
W

allula B
asalt P

ilot #1

B
attelle P

acific N
orthw

est Lab

S
tate:

C
ounty:

F
ield:

W
ell:

C
om

pany:



Depth Control Remarks

1. ALL SCHLUMBERGER DEPTH CONTROL PROCEDURES FOLLOWED
2. 
3. 
4. 
5. 
6. 

Reference Log Date:

TOOLS RAN AT 1200 FT/HR
ICV CALCULATED USING FCD = 9.625"
DENSITY: 2.71 G/CC
MATRIX: LIMESTONE

TOOL STRING RAN AS PER TOOL SKETCH
REMARKS:  RUN NUMBER 1 REMARKS:  RUN NUMBER 2
OS5: OS5:
OS4: OS4:
OS3: OS3:
OS2: OS2:
OS1: OS1:
OTHER SERVICES1 OTHER SERVICES2

DISCLAIMER
THE USE OF AND RELIANCE UPON THIS RECORDED−DATA BY THE HEREIN NAMED COMPANY (AND ANY OF ITS
AFFILIATES, PARTNERS, REPRESENTATIVES, AGENTS, CONSULTANTS AND EMPLOYEES) IS SUBJECT TO THE TERMS
AND CONDITIONS AGREED UPON BETWEEN SCHLUMBERGER AND THE COMPANY, INCLUDING: (a) RESTRICTIONS ON
USE OF THE RECORDED−DATA; (b) DISCLAIMERS AND WAIVERS OF WARRANTIES AND REPRESENTATIONS REGARDING
COMPANY’S USE OF AND RELIANCE UPON THE RECORDED−DATA; AND (c) CUSTOMER’S FULL AND SOLE RESPONSIBILITY
FOR ANY INFERENCE DRAWN OR DECISION MADE IN CONNECTION WITH THE USE OF THIS RECORDED−DATA.

DEPTH SUMMARY LISTING

Depth System Equipment

Depth Control Parameters

Date Created: 19−APR−2009  2:22:51

Depth Measuring Device

Type: IDW−B
Serial Number: 6347
Calibration Date:
Calibrator Serial Number: 1
Calibration Cable Type: 7−39Z LXS
Wheel Correction 1: −4
Wheel Correction 2: −3

Tension Device

Type: CMTD−B/A
Serial Number: 2205
Calibration Date:
Calibrator Serial Number: 185
Number of Calibration Points: 0

Logging Cable

Type: 7−39Z LXS
Serial Number: 3152
Length: 17700  FT

Conveyance Method: Wireline
Rig Type: LAND

Log Sequence: Subsequent Log In the Well

Reference Log Name:
Reference Log Run Number:
Reference Log Date:
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53.2MAXS−B 
MASS−BA 8136
MAXS−BA 8136

74.2MAPC−B 
MAPC−BA
ECH−SF 8092
MAMS−BA 8148

80.7PPC2−B 
PPC2−B 8152
PPC_CAL_STD

87.2EDTC−B 
EDTH−B 8611
EDTC−B 8620
EDTG−A/B

LEH−QT

58.8MAMS−PS 

74.2PPC_Cartr 

79.6Calipers 

80.7EDTCB Ele 
TelStatus 

81.8Gamma Ray 
83.7CTEM 

87.2Mud Tempe 

                                                        
                                                        
                                                        
                                                        
                                                        

RUN 1 RUN 2

THANK YOU FOR USING SCHLUMBERGER!!

SONIC RAN IN FAST FORMATION, STANDARD MODE
TOOLS RAN AT 1200 FT/HR

STOP STOPSTART STARTLOGGED  INTERVAL LOGGED  INTERVAL
FLUID LEVEL: FLUID LEVEL:

16C0−147PROGRAM VERSION: PROGRAM VERSION:
AZJT00051SERVICE ORDER #: SERVICE ORDER #:

RUN 1 RUN 2
EQUIPMENT   DESCRIPTION

DOWNHOLE  EQUIPMENT

90.1LEH−QT 
LEH−QT

87.2Mud Tempe 

SURFACE  EQUIPMENT
WITM (EDTS)−A



MD
Production String Well Schematic Casing String

MDOD ID OD ID

(in) (ft) (ft) (in)

0.0 13.325 Casing String

1108.0 13.325 Casing Shoe

1108.0 12.250 Borehole Segment

ALL LENGTHS IN FEET
MEASUREMENTS RELATIVE TO TOOL ZERO

MAXIMUM STRING DIAMETER 5.00 IN

26.4FBST−B 
ECH−MRA 5881
FBCC−A
AH−184
AH−185 1773
FBSH−A 1730
GPIC−F
FBSC−B
FBSS−B

32.9PPC1−B 
PPC1−B 8334
PPC_CAL_STD

TOOL ZERO
0.0Tension DHRU 

HV DF ACCZ 
1.3FBCC FBSC 

PADS 

26.4PPC_Cartr 

31.8Calipers 

32.9MAXS−PS 



Sequence # 003 (Apr 22 14:40:53 2009)

26
32
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39

45
.5

52
58

.5
65
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at
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di

ca
te

d 
S
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ed

4110.0 12.250 Borehole Segment Bottom

ALL DEPTHS ARE DRILLERS DEPTHS



Changed Parameter Summary

DLIS Name New Value Previous Valu e Depth & Time
BHS CASED OPEN   1110.5 13:58:28

OP System Version: 16C0−14 7
MCM

FBST−B SRPC−3777−Q4_2008_OP16 PPC1−B 16C0−147
MAXS−B SKK−3703−MAS T MAPC−B SKK−3703−MAS T
PPC2−B 16C0−147 EDTC−B SKK−3494−EDTCB

Integrated Hole/Cement Volume Summary
  Hole Volume = 3022.22 F3 

  Cement Volume = 1511.25 F3  (assuming  9.63 IN  casing O.D.)

  Computed from   4098.0 FT  to   1108.0 FT  using data channel(s) C1 C2  

Input DLIS Files
22−Apr−2009 10:3 6

Output DLIS File s
DEFAULT FMI_CAL_MAXS_MAPC_003PU P FN:2 PRODUCER 22−Apr−2009 10:4 5 4098.0 FT 90.0 FT

MSIP FMI_CAL_MAXS_MAPC_003PU P FN:3 PRODUCER 22−Apr−2009 10:4 5 4098.0 FT 90.0 FT

GPIT FMI_CAL_MAXS_MAPC_003PU P FN:4 PRODUCER 22−Apr−2009 10:4 5 4098.0 FT 90.0 FT

 Company: Battelle Pacific Northwest La b  Well: Wallula Basalt Pilot # 1 

PIP SUMMARY

Integrated Hole Volume Minor Pip Every  10 F3
Integrated Hole Volume Major Pip Every  100 F3

Integrated Transit Time Minor Pip Every  1 MS

0 0.6 1.2 1.8 2.4 3 3.6 4.2 4.8 5.4 6

Cable Speed (KF/HR)  4098 − 90 FT

0
6.

5
13

19
.5

%
 T

im
e

 Company: Battelle Pacific Northwest La b  Well: Wallula Basalt Pilot # 1 

MAXIS Field Log

Main Pass 2" = 100 ft



300

400

Compressional Slowness 3 (DTCO3 )
(US/F)40 240

Gamma Ray (GR_EDTC )
(GAPI)0 150

PPC1 Hole Diameter 1 (HD1_PPC1)
(IN)6 16

PPC2 Hole Diameter 1 (HD1_PPC2)
(IN)6 16

Sonic Porosity (SPHI )
(V/V)−0.15 0.45

Tension
(TENS)
(LBF)

0 10000

Sonic Scanner Twist Indicator Tota l
(TWIND_TOTAL)

(−−−−)0.5 1

MAMS Twisted
From LHT1 to TWIND_TOTA L

Integrated Transit Time Minor Pip Every  1 MS
Integrated Transit Time Major Pip Every  10 MS

Time Mark Every  60 S

100

200



1000

900

800

500

600

700



1500

1400

1200

1108.0 FT
CASING

1100

1300



2100

2000

1900

1800

1700

1600



2600

DTCO3
2500

GR_EDTC

HD1_PPC1
HD1_PPC2

2400

2200

2300

TENS
SPHI



3200

3100

3000

2900

2800

2700



3600

3700

3500

3300

3400



Parameters

DLIS Name Description Valu e
PPC1−B: Powered Positioning Device/Caliper 1

Compressional Slowness 3 (DTCO3 )
(US/F)40 240

Gamma Ray (GR_EDTC )
(GAPI)0 150

PPC1 Hole Diameter 1 (HD1_PPC1)
(IN)6 16

PPC2 Hole Diameter 1 (HD1_PPC2)
(IN)6 16

Sonic Porosity (SPHI )
(V/V)−0.15 0.45

Tension
(TENS)
(LBF)

0 10000

Sonic Scanner Twist Indicator Tota l
(TWIND_TOTAL)

(−−−−)0.5 1

MAMS Twisted
From LHT1 to TWIND_TOTA L

PIP SUMMARY

Integrated Hole Volume Minor Pip Every  10 F3
Integrated Hole Volume Major Pip Every  100 F3

Integrated Transit Time Minor Pip Every  1 MS
Integrated Transit Time Major Pip Every  10 MS

Time Mark Every  60 S

4000

3900

3800



 Company: Battelle Pacific Northwest La b  Well: Wallula Basalt Pilot # 1 

Input DLIS Files
22−Apr−2009 10:3 6

Output DLIS File s
DEFAULT FMI_CAL_MAXS_MAPC_003PU P FN:2 PRODUCER 22−Apr−2009 10:4 5

MSIP FMI_CAL_MAXS_MAPC_003PU P FN:3 PRODUCER 22−Apr−2009 10:4 5

GPIT FMI_CAL_MAXS_MAPC_003PU P FN:4 PRODUCER 22−Apr−2009 10:4 5

OP System Version: 16C0−14 7
MCM

FBST−B SRPC−3777−Q4_2008_OP16 PPC1−B 16C0−147
MAXS−B SKK−3703−MAS T MAPC−B SKK−3703−MAS T
PPC2−B 16C0−147 EDTC−B SKK−3494−EDTCB

Input DLIS Files

MAXIS Field Log

Main Pass 5" = 100 ft

 Format: DTCO_2"       Vertical Scale:   2" per 10 0’  Graphics File Created: 22−Apr−2009 10:4 5

PPC1−B: Powered Positioning Device/Caliper 1
PPC1 Caliper Type CAL_STD

CLBD_PPC PPC Calibration data selection ROM
MAPC−B: Multimode Array Sonic Power Cartridg e

AZIM_SELECT Azimuth Reference Selection P1AZ
BHS Borehole Statu s OPEN
BS Bit Size 12.250 IN
CDTS C−Delta−T Sha le 100 US/F
DCRMVL DC Offset Removal Option DC_MULTIPLE
DLHS Hole Diameter Source for SOBS Channe l HD1_PPC1
DTF Delta−T Flui d 204.5 US/F
DTM Delta−T Matri x 56 US/F
ITTS Integrated Transit Time Sourc e DTCO
SPFS Sonic Porosity Formul a RAYMER_HUNT
SPSO Sonic Porosity Sourc e DTCO

PPC2−B: Powered Positioning Device/Caliper 2
PPC2 Caliper Type CAL_STD

CLBD_PPC PPC Calibration data selection ROM
EDTC−B: Enhanced DTS Cartridg e

BHS Borehole Statu s OPEN
DIP: Dip Computation

DIP Tool FBST
DIR: Directional Survey Computatio n

SPVD TVD of Starting Poin t 0 FT
TIMD Along−hole depth of Tie−in Poi nt 0 FT
TIVD TVD of Tie−in Poin t 0 FT

HOLEV: Integrated Hole/Cement Volum e
BHS Borehole Statu s OPEN
FCD Future Casing (Outer) Diamete r 9.625 IN
HVCS Integrated Hole Volume Caliper Selection C1/C2

STI: Stuck Tool Indicato r
LBFR Trigger for MAXIS First Reading Labe l STI
TDD Total Depth − Drille r 4105.00 FT
TDL Total Depth − Logge r 4105.00 FT

System and Miscellaneous
CSIZ Current Casing Size 14.000 IN
CWEI Casing Weigh t 54.57 LB/F
DO Depth Offset for Playback 2.0 FT
PP Playback Processing NORMAL
TD Total Depth 4105 FT

OP System Version: 16C0−14 7



Compressional Slowness 3 (DTCO3 )
(US/F)40 240

Shear Slowness 5 (DTSH5 )
(US/F)40 440

Gamma Ray (GR_EDTC )
(GAPI)0 150

PPC1 Hole Diameter 1 (HD1_PPC1)
(IN)6 16

Tension
(TENS)
(LBF)

0 10000

VPVS Ratio
(VPVS)

(−−−−)
1.5 2.5

100

Changed Parameter Summary

DLIS Name New Value Previous Valu e Depth & Time
BHS CASED OPEN   1110.5 13:58:28

OP System Version: 16C0−14 7
MCM

FBST−B SRPC−3777−Q4_2008_OP16 PPC1−B 16C0−147
MAXS−B SKK−3703−MAS T MAPC−B SKK−3703−MAS T
PPC2−B 16C0−147 EDTC−B SKK−3494−EDTCB

22−Apr−2009 10:3 6

Output DLIS File s
DEFAULT FMI_CAL_MAXS_MAPC_003PU P FN:2 PRODUCER 22−Apr−2009 10:4 5 4098.0 FT 90.0 FT

MSIP FMI_CAL_MAXS_MAPC_003PU P FN:3 PRODUCER 22−Apr−2009 10:4 5 4098.0 FT 90.0 FT

GPIT FMI_CAL_MAXS_MAPC_003PU P FN:4 PRODUCER 22−Apr−2009 10:4 5 4098.0 FT 90.0 FT

Shear Slowness 5 (DTSH5 )

Shear Slowness 6 (DTSH6 )
(US/F)40 440

PPC1 Hole Diameter 1 (HD1_PPC1)

PPC2 Hole Diameter 1 (HD1_PPC2)
(IN)6 16

Sonic Porosity (SPHI )
(V/V)−0.15 0.45

Sonic Scanner Twist Indicator Tota l
(TWIND_TOTAL)

(−−−−)0.5 1

VPVS Ratio
(VPVS)

MAMS Twisted
From LHT1 to TWIND_TOTA L

PIP SUMMARY

Time Mark Every  60 S



300

200



600

400

500



800

700



1000

900



1200

1108.0 FT
CASING

1100



1400

1300



1700

1500

1600



1900

1800



2100

2000



2300

2200



DTCO3
DTSH5
DTSH6

GR_EDTC

HD1_PPC1
HD1_PPC2 2500

SPHISPHI

2400

TENS

VPVS



2800

2700

2600



3000

2900



3200

3100



3400

3300



3600

3500



3900

3800

3700



Compressional Slowness 3 (DTCO3 )
(US/F)40 240

Shear Slowness 5 (DTSH5 )
(US/F)40 440

Shear Slowness 6 (DTSH6 )
(US/F)40 440

Gamma Ray (GR_EDTC )
(GAPI)0 150

PPC1 Hole Diameter 1 (HD1_PPC1)
(IN)6 16

PPC2 Hole Diameter 1 (HD1_PPC2)
(IN)6 16

Tension
(TENS)
(LBF)

0 10000

VPVS Ratio
(VPVS)

(−−−−)
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4000



Input DLIS Files
22−Apr−2009 10:3 6

Output DLIS File s
DEFAULT FMI_CAL_MAXS_MAPC_003PU P FN:2 PRODUCER 22−Apr−2009 10:4 5

MSIP FMI_CAL_MAXS_MAPC_003PU P FN:3 PRODUCER 22−Apr−2009 10:4 5

GPIT FMI_CAL_MAXS_MAPC_003PU P FN:4 PRODUCER 22−Apr−2009 10:4 5

OP System Version: 16C0−14 7
MCM

FBST−B SRPC−3777−Q4_2008_OP16 PPC1−B 16C0−147
MAXS−B SKK−3703−MAS T MAPC−B SKK−3703−MAS T
PPC2−B 16C0−147 EDTC−B SKK−3494−EDTCB

 Format: DTCO_5"       Vertical Scale:   5" per 10 0’  Graphics File Created: 22−Apr−2009 10:4 5

SPVD TVD of Starting Poin t 0 FT
TIMD Along−hole depth of Tie−in Poi nt 0 FT
TIVD TVD of Tie−in Poin t 0 FT

HOLEV: Integrated Hole/Cement Volum e
BHS Borehole Statu s OPEN

STI: Stuck Tool Indicato r
LBFR Trigger for MAXIS First Reading Labe l STI
TDD Total Depth − Drille r 4105.00 FT
TDL Total Depth − Logge r 4105.00 FT

System and Miscellaneous
CSIZ Current Casing Size 14.000 IN
CWEI Casing Weigh t 54.57 LB/F
DO Depth Offset for Playback 2.0 FT
PP Playback Processing NORMAL

Parameters

DLIS Name Description Valu e
PPC1−B: Powered Positioning Device/Caliper 1

PPC1 Caliper Type CAL_STD
CLBD_PPC PPC Calibration data selection ROM

MAPC−B: Multimode Array Sonic Power Cartridg e
AZIM_SELECT Azimuth Reference Selection P1AZ
BHS Borehole Statu s OPEN
BS Bit Size 12.250 IN
CDTS C−Delta−T Sha le 100 US/F
DCRMVL DC Offset Removal Option DC_MULTIPLE
DLHS Hole Diameter Source for SOBS Channe l HD1_PPC1
DTCO_SELECT Delta−T Compressional Selection for Finalizatio n MF
DTF Delta−T Flui d 204.5 US/F
DTM Delta−T Matri x 56 US/F
DTSH_SELECT Delta−T Shear Selection for Finalizatio n XD
SPFS Sonic Porosity Formul a RAYMER_HUNT
SPSO Sonic Porosity Sourc e DTCO

PPC2−B: Powered Positioning Device/Caliper 2
PPC2 Caliper Type CAL_STD

CLBD_PPC PPC Calibration data selection ROM
EDTC−B: Enhanced DTS Cartridg e

BHS Borehole Statu s OPEN
DIP: Dip Computation

DIP Tool FBST
DIR: Directional Survey Computatio n

SPVD TVD of Starting Poin t 0 FT
TIMD Along−hole depth of Tie−in Poi nt 0 FT

Sonic Porosity (SPHI )
(V/V)−0.15 0.45

Sonic Scanner Twist Indicator Tota l
(TWIND_TOTAL)

(−−−−)0.5 1

MAMS Twisted
From LHT1 to TWIND_TOTA L

PIP SUMMARY

Time Mark Every  60 S



PPC2−B 16C0−147 EDTC−B SKK−3494−EDTCB

Bit Size (BS )
(IN)24 4

Bit Size (BS )
(IN)4 24

Bit Size (BS )
(IN)24 4

PPC1 Tool Center 1 (ETC1_
PPC1)

(IN)−10 10

PPC1 Tool Center 2 (ETC2_
PPC1)

(IN)−10 10

PPC1 Ellipse Hole Diameter 1
(EHD1_PPC1)

(IN)24 4

PPC1 Ellipse Hole Diameter 2
(EHD2_PPC1)

(IN)4 24

Gamma Ray (GR_EDTC )
(GAPI)0 150

PPC1 Hole Diameter 1 (HD1_
PPC1)

(IN)24 4

PPC1 Hole Diameter 2 (HD2_
PPC1)

(IN)4 24

PPC1 Relative Bearing (RB _
PPC1)
(DEG)0 360

Stuc k
Stretch
(STIT)

(F)0 50

Tension (TENS )
(LBF)10000 0

Cable
Drag

From D4T
to STIT

Formation
From F2 to EHD1_PPC1

Formation
From EHD2_PPC1 to F3

HD difference
From EHD1_PPC1 to HD1 _

PPC1

HD difference
From HD2_PPC1 to EHD2 _

PPC1

Tool/Tot .
Drag

From D4T
to STIA

PIP SUMMARY

Integrated Hole Volume Minor Pip Every  10 F3
Integrated Hole Volume Major Pip Every  100 F3

Integrated Cement Volume Minor Pip Every  10 F3
Integrated Cement Volume Major Pip Every  100 F3

Integrated Transit Time Minor Pip Every  1 MS
Integrated Transit Time Major Pip Every  10 MS

Time Mark Every  60 S

100

Integrated Hole/Cement Volume Summary
  Hole Volume = 3022.22 F3 

  Cement Volume = 1511.25 F3  (assuming  9.63 IN  casing O.D.)

  Computed from   4098.0 FT  to   1108.0 FT  using data channel(s) C1 C2  

Input DLIS Files
22−Apr−2009 10:3 6

Output DLIS File s
DEFAULT FMI_CAL_MAXS_MAPC_003PU P FN:2 PRODUCER 22−Apr−2009 10:4 5 4098.0 FT 90.0 FT

MSIP FMI_CAL_MAXS_MAPC_003PU P FN:3 PRODUCER 22−Apr−2009 10:4 5 4098.0 FT 90.0 FT

GPIT FMI_CAL_MAXS_MAPC_003PU P FN:4 PRODUCER 22−Apr−2009 10:4 5 4098.0 FT 90.0 FT

 Company: Battelle Pacific Northwest La b  Well: Wallula Basalt Pilot # 1 

OP System Version: 16C0−14 7
MCM

FBST−B SRPC−3777−Q4_2008_OP16 PPC1−B 16C0−147
MAXS−B SKK−3703−MAS T MAPC−B SKK−3703−MAS T
PPC2−B 16C0−147 EDTC−B SKK−3494−EDTCB

MAXIS Field Log

4 ARM CALIPER
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Parameters

DLIS Name Description Valu e
PPC1−B: Powered Positioning Device/Caliper 1

PPC1 Caliper Type CAL_STD
CLBD_PPC PPC Calibration data selection ROM

MAPC−B: Multimode Array Sonic Power Cartridg e
BS Bit Size 12.250 IN
ITTS Integrated Transit Time Sourc e DTCO

PPC2−B: Powered Positioning Device/Caliper 2
PPC2 Caliper Type CAL_STD

CLBD_PPC PPC Calibration data selection ROM
DIP: Dip Computation

DIP Tool FBST
DIR: Directional Survey Computatio n

SPVD TVD of Starting Poin t 0 FT
TIMD Along−hole depth of Tie−in Poi nt 0 FT
TIVD TVD of Tie−in Poin t 0 FT

HOLEV: Integrated Hole/Cement Volum e
FCD Future Casing (Outer) Diamete r 9.625 IN
HVCS Integrated Hole Volume Caliper Selection C1/C2

STI: Stuck Tool Indicato r
LBFR Trigger for MAXIS First Reading Labe l STI
STKT STI Stuck Threshold 2.5 FT
TDD Total Depth − Drille r 4105.00 FT
TDL Total Depth − Logge r 4105.00 FT

System and Miscellaneous
DO Depth Offset for Playback 2.0 FT
PP Playback Processing NORMAL
TD Total Depth 4105 FT

PIP SUMMARY

Integrated Hole Volume Minor Pip Every  10 F3
Integrated Hole Volume Major Pip Every  100 F3

Integrated Cement Volume Minor Pip Every  10 F3
Integrated Cement Volume Major Pip Every  100 F3

Integrated Transit Time Minor Pip Every  1 MS
Integrated Transit Time Major Pip Every  10 MS

Time Mark Every  60 S

Bit Size (BS )
(IN)24 4

Bit Size (BS )
(IN)4 24

Bit Size (BS )
(IN)24 4

PPC1 Tool Center 1 (ETC1_
PPC1)

(IN)−10 10

PPC1 Tool Center 2 (ETC2_
PPC1)

(IN)−10 10

PPC1 Ellipse Hole Diameter 1
(EHD1_PPC1)

(IN)24 4

PPC1 Ellipse Hole Diameter 2
(EHD2_PPC1)

(IN)4 24

Gamma Ray (GR_EDTC )
(GAPI)0 150

PPC1 Hole Diameter 1 (HD1_
PPC1)

(IN)24 4

PPC1 Hole Diameter 2 (HD2_
PPC1)

(IN)4 24

PPC1 Relative Bearing (RB _
PPC1)
(DEG)0 360

Stuc k
Stretch
(STIT)

(F)0 50

Tension (TENS )
(LBF)10000 0

Cable
Drag

From D4T
to STIT

Formation
From F2 to EHD1_PPC1

Formation
From EHD2_PPC1 to F3

HD difference
From EHD1_PPC1 to HD1 _

PPC1

HD difference
From HD2_PPC1 to EHD2 _

PPC1

Tool/Tot .
Drag

From D4T
to STIA

PIP SUMMARY



OP System Version: 16C0−14 7
MCM

FBST−B SRPC−3777−Q4_2008_OP16 PPC1−B 16C0−147
MAXS−B SKK−3703−MAS T MAPC−B SKK−3703−MAS T
PPC2−B 16C0−147 EDTC−B SKK−3494−EDTCB

Integrated Hole/Cement Volume Summary
  Hole Volume = 3022.22 F3 

  Cement Volume = 1511.25 F3  (assuming  9.63 IN  casing O.D.)

  Computed from   4098.0 FT  to   1108.0 FT  using data channel(s) C1 C2  

PPC2 Tool Center 2 (ETC2_
PPC2)

PPC2 Ellipse Hole Diameter 1
(EHD1_PPC2)

PPC2 Ellipse Hole Diameter 2
(EHD2_PPC2)

Gamma Ray (GR_EDTC )
(GAPI)0 150

PPC2 Hole Diameter 1 (HD1_
PPC2)

(IN)24 4

PPC2 Hole Diameter 2 (HD2_
PPC2)

(IN)4 24

PPC2 Relative Bearing (RB _
PPC2)
(DEG)0 360

Tension (TENS )
(LBF)10000 0

Cable
Drag

Formation
From F2 to EHD1_PPC2

Formation
From EHD2_PPC2 to F3

HD difference
From EHD1_PPC2 to HD1 _

PPC2

HD difference
From HD2_PPC2 to EHD2 _

PPC2

Tool/Tot .
Drag

From D4T
to STIA

PIP SUMMARY

Integrated Hole Volume Minor Pip Every  10 F3
Integrated Hole Volume Major Pip Every  100 F3

Integrated Cement Volume Minor Pip Every  10 F3
Integrated Cement Volume Major Pip Every  100 F3

Integrated Transit Time Minor Pip Every  1 MS
Integrated Transit Time Major Pip Every  10 MS

Time Mark Every  60 S

Input DLIS Files
22−Apr−2009 10:3 6

Output DLIS File s
DEFAULT FMI_CAL_MAXS_MAPC_003PU P FN:2 PRODUCER 22−Apr−2009 10:4 5 4098.0 FT 90.0 FT

MSIP FMI_CAL_MAXS_MAPC_003PU P FN:3 PRODUCER 22−Apr−2009 10:4 5 4098.0 FT 90.0 FT

GPIT FMI_CAL_MAXS_MAPC_003PU P FN:4 PRODUCER 22−Apr−2009 10:4 5 4098.0 FT 90.0 FT

 Company: Battelle Pacific Northwest La b  Well: Wallula Basalt Pilot # 1 

Input DLIS Files
22−Apr−2009 10:3 6

Output DLIS File s
DEFAULT FMI_CAL_MAXS_MAPC_003PU P FN:2 PRODUCER 22−Apr−2009 10:4 5

MSIP FMI_CAL_MAXS_MAPC_003PU P FN:3 PRODUCER 22−Apr−2009 10:4 5

GPIT FMI_CAL_MAXS_MAPC_003PU P FN:4 PRODUCER 22−Apr−2009 10:4 5

OP System Version: 16C0−14 7
MCM

FBST−B SRPC−3777−Q4_2008_OP16 PPC1−B 16C0−147
MAXS−B SKK−3703−MAS T MAPC−B SKK−3703−MAS T
PPC2−B 16C0−147 EDTC−B SKK−3494−EDTCB

 Format: PPC1_HoleDiameter       Vertical Scale:   5" per 100 ’  Graphics File Created: 22−Apr−2009 10:4 5
TD Total Depth 4105 FT

Integrated Hole/Cement Volume Summary
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Bit Size (BS )
(IN)24 4

Bit Size (BS )
(IN)4 24
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(IN)24 4
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Parameters

DLIS Name Description Valu e
PPC1−B: Powered Positioning Device/Caliper 1

PPC1 Caliper Type CAL_STD
CLBD_PPC PPC Calibration data selection ROM

MAPC−B: Multimode Array Sonic Power Cartridg e
BS Bit Size 12.250 IN
ITTS Integrated Transit Time Sourc e DTCO

PPC2−B: Powered Positioning Device/Caliper 2
PPC2 Caliper Type CAL_STD

CLBD_PPC PPC Calibration data selection ROM
DIP: Dip Computation

DIP Tool FBST
DIR: Directional Survey Computatio n

SPVD TVD of Starting Poin t 0 FT
TIMD Along−hole depth of Tie−in Point 0 FT

Gamma Ray (GR_EDTC )
(GAPI)0 150

PPC2 Hole Diameter 1 (HD1_
PPC2)

(IN)24 4

PPC2 Hole Diameter 2 (HD2_
PPC2)

(IN)4 24

PPC2 Relative Bearing (RB _
PPC2)
(DEG)0 360

Tension (TENS )
(LBF)10000 0

Formation
From F2 to EHD1_PPC2

Formation
From EHD2_PPC2 to F3

HD difference
From EHD1_PPC2 to HD1 _

PPC2

HD difference
From HD2_PPC2 to EHD2 _

PPC2

Tool/Tot .
Drag

From D4T
to STIA

PIP SUMMARY

Integrated Hole Volume Minor Pip Every  10 F3
Integrated Hole Volume Major Pip Every  100 F3

Integrated Cement Volume Minor Pip Every  10 F3
Integrated Cement Volume Major Pip Every  100 F3

Integrated Transit Time Minor Pip Every  1 MS
Integrated Transit Time Major Pip Every  10 MS

Time Mark Every  60 S

Bit Size (BS )
(IN)24 4

Bit Size (BS )
(IN)4 24

Bit Size (BS )
(IN)24 4

PPC2 Tool Center 1 (ETC1_
PPC2)

(IN)−10 10

PPC2 Tool Center 2 (ETC2_
PPC2)

(IN)−10 10

PPC2 Ellipse Hole Diameter 1
(EHD1_PPC2)

(IN)24 4

PPC2 Ellipse Hole Diameter 2
(EHD2_PPC2)

(IN)4 24

Gamma Ray (GR_EDTC ) PPC2 Hole Diameter 1 (HD1_
PPC2)

PPC2 Hole Diameter 2 (HD2_
PPC2)

Stuc k
Stretch
(STIT)

(F)0 50

Cable
Drag

From D4T
to STIT

Tool/Tot .
Drag



PPC1 Radius 4 Raw Large Radius  8.000      N/A        7.663      N/A        N/A        0.5000    IN
PPC1 Radius 4 Raw Small Radius  3.500      N/A        3.110      N/A        N/A        0.5000    IN
PPC1 Radius 3 Raw Large Radius  8.000      N/A        8.524      N/A        N/A        0.5000    IN
PPC1 Radius 3 Raw Small Radius  3.500      N/A        4.219      N/A        N/A        0.5000    IN
PPC1 Radius 2 Raw Large Radius  8.000      N/A        7.689      N/A        N/A        0.5000    IN
PPC1 Radius 2 Raw Small Radius  3.500      N/A        3.305      N/A        N/A        0.5000    IN
PPC1 Radius 1 Raw Large Radius  8.000      N/A        8.676      N/A        N/A        0.5000    IN
PPC1 Radius 1 Raw Small Radius  3.500      N/A        4.321      N/A        N/A        0.5000    IN

Before: 15−Apr−2009 17:43   
Powered Positioning Device/Caliper 1 Wellsite Calibration − PPC1 Caliper Calibration 

Caliper 2 Large Jig  12.00      N/A        11.38      N/A        N/A        N/A       IN
Caliper 1 Large Jig  12.00      N/A        11.75      N/A        N/A        N/A       IN
Caliper 2 Small Jig  8.000      N/A        7.560      N/A        N/A        N/A       IN
Caliper 1 Small Jig  8.000      N/A        7.983      N/A        N/A        N/A       IN

Before: 15−Apr−2009 17:30   
Full−Bore Scanner − B Wellsite Calibration − Caliper Calibration 

Measurement MasterNominal Before After Change Limit Units

Calibration and Check Summary

PPC2 Radius 1 Raw Large Radius  8.000      N/A        8.579      N/A        N/A        0.5000    IN
PPC2 Radius 1 Raw Small Radius  3.500      N/A        4.301      N/A        N/A        0.5000    IN

Before: 15−Apr−2009 19:33   
Powered Positioning Device/Caliper 2 Wellsite Calibration − PPC2 Caliper Calibration 

MAXIS Field Log

Calibrations

Input DLIS Files
22−Apr−2009 10:3 6

Output DLIS File s
DEFAULT FMI_CAL_MAXS_MAPC_003PU P FN:2 PRODUCER 22−Apr−2009 10:4 5

MSIP FMI_CAL_MAXS_MAPC_003PU P FN:3 PRODUCER 22−Apr−2009 10:4 5

GPIT FMI_CAL_MAXS_MAPC_003PU P FN:4 PRODUCER 22−Apr−2009 10:4 5

OP System Version: 16C0−14 7
MCM

FBST−B SRPC−3777−Q4_2008_OP16 PPC1−B 16C0−147
MAXS−B SKK−3703−MAS T MAPC−B SKK−3703−MAS T
PPC2−B 16C0−147 EDTC−B SKK−3494−EDTCB

 Format: PPC2_HoleDiameter       Vertical Scale:   5" per 100 ’  Graphics File Created: 22−Apr−2009 10:4 5

TIMD Along−hole depth of Tie−in Point 0 FT
TIVD TVD of Tie−in Poin t 0 FT

HOLEV: Integrated Hole/Cement Volum e
FCD Future Casing (Outer) Diamete r 9.625 IN
HVCS Integrated Hole Volume Caliper Selection C1/C2

STI: Stuck Tool Indicato r
LBFR Trigger for MAXIS First Reading Labe l STI
STKT STI Stuck Threshold 2.5 FT
TDD Total Depth − Drille r 4105.00 FT
TDL Total Depth − Logge r 4105.00 FT

System and Miscellaneous
DO Depth Offset for Playback 2.0 FT
PP Playback Processing NORMAL
TD Total Depth 4105 FT

Calibrations



Powered Positioning Device/Caliper 1 / Equipment Identification

Primary Equipment:
PPC Powered Positioning Device/Caliper PPC1 − B 8334
PPC1 Caliper Standard PPC_ − 

Auxiliary Equipment:

Before: 15−Apr−2009 17:30

Phase

Before

Caliper 1 Large Jig  IN

(Minimum)
 10.20    

(Nominal)
 12.00    

(Maximum)
 13.80    

Value

 11.75    

Phase

Before

Caliper 2 Large Jig  IN

(Minimum)
 10.20    

(Nominal)
 12.00    

(Maximum)
 13.80    

Value

 11.38    

Before

(Minimum)
 6.800    

(Nominal)
 8.000    

(Maximum)
 9.200    

 7.983    Before

(Minimum)
 6.800    

(Nominal)
 8.000    

(Maximum)
 9.200    

 7.560    

Phase

Before

PPC1 Radius 4 Raw Small Radius  IN Value

 3.110    

Phase

Before

PPC1 Radius 4 Raw Large Radius  IN Value

 7.663    

Phase

Before

PPC1 Radius 3 Raw Small Radius  IN

(Minimum)
 1.200    

(Nominal)
 3.500    

(Maximum)
 5.600    

Value

 4.219    

Phase

Before

PPC1 Radius 3 Raw Large Radius  IN

(Minimum)
 6.100    

(Nominal)
 8.000    

(Maximum)
 9.700    

Value

 8.524    

Phase

Before

PPC1 Radius 2 Raw Small Radius  IN

(Minimum)
 1.200    

(Nominal)
 3.500    

(Maximum)
 5.600    

Value

 3.305    

Phase

Before

PPC1 Radius 2 Raw Large Radius  IN

(Minimum)
 6.100    

(Nominal)
 8.000    

(Maximum)
 9.700    

Value

 7.689    

Phase

Before

PPC1 Radius 1 Raw Small Radius  IN

(Minimum)
 1.200    

(Nominal)
 3.500    

(Maximum)
 5.600    

Value

 4.321    

Phase

Before

PPC1 Radius 1 Raw Large Radius  IN

(Minimum)
 6.100    

(Nominal)
 8.000    

(Maximum)
 9.700    

Value

 8.676    

PPC1 Caliper Calibration 

Powered Positioning Device/Caliper 1 Wellsite Calibration

Gamma Ray (Calibrated)  165.0      N/A        165.0      N/A        N/A        15.00     GAPI
Gamma Ray (Jig − Bkg)  159.8      N/A        159.8      N/A        N/A        14.52     GAPI

Before: 15−Apr−2009 14:34   
Enhanced DTS Cartridge Wellsite Calibration − Detector Calibration 

EDTC Z−Axis Acceleration  32.19      N/A        32.17      N/A        N/A        N/A       F/S2
Before: Calibration not done   
Enhanced DTS Cartridge Wellsite Calibration − EDTC Accelerometer Calibration 

PPC2 Radius 4 Raw Large Radius  8.000      N/A        7.632      N/A        N/A        0.5000    IN
PPC2 Radius 4 Raw Small Radius  3.500      N/A        3.159      N/A        N/A        0.5000    IN
PPC2 Radius 3 Raw Large Radius  8.000      N/A        8.966      N/A        N/A        0.5000    IN
PPC2 Radius 3 Raw Small Radius  3.500      N/A        4.656      N/A        N/A        0.5000    IN
PPC2 Radius 2 Raw Large Radius  8.000      N/A        7.612      N/A        N/A        0.5000    IN
PPC2 Radius 2 Raw Small Radius  3.500      N/A        3.102      N/A        N/A        0.5000    IN
PPC2 Radius 1 Raw Large Radius  8.000      N/A        8.579      N/A        N/A        0.5000    IN

Full−Bore Scanner − B / Equipment Identification

Primary Equipment:
FullBore Scanner Sonde FBSS − B
FullBore Scanner Sonde Upper part FBSH − A 1730
FullBore Scanner Sonde Cartridge FBSC − B
GPIT Cartridge − F GPIC − F
Insulating Sub AH − 185 1773
Flex Joint AH − 184
FullBore Scanner Control Cartridge FBCC − A

Auxiliary Equipment:
Electronics Cartridge Housing ECH − MRA 5881

Phase

Before

Caliper 1 Small Jig  IN Value

 7.983    

Phase

Before

Caliper 2 Small Jig  IN Value

 7.560    

Caliper Calibration 

Full−Bore Scanner − B Wellsite Calibration



Enhanced DTS Cartridge / Equipment Identification

Primary Equipment:
EDTC Gamma Ray Detector EDTG − A/B
Enhanced DTS Cartridge EDTC − B 8620

Auxiliary Equipment:
EDTC Housing EDTH − B 8611

Before: 15−Apr−2009 19:33

Phase

Before

PPC2 Radius 4 Raw Small Radius  IN

(Minimum)
 1.200    

(Nominal)
 3.500    

(Maximum)
 5.600    

Value

 3.159    

Phase

Before

PPC2 Radius 4 Raw Large Radius  IN

(Minimum)
 6.100    

(Nominal)
 8.000    

(Maximum)
 9.700    

Value

 7.632    

Phase

Before

PPC2 Radius 3 Raw Small Radius  IN

(Minimum)
 1.200    

(Nominal)
 3.500    

(Maximum)
 5.600    

Value

 4.656    

Phase

Before

PPC2 Radius 3 Raw Large Radius  IN

(Minimum)
 6.100    

(Nominal)
 8.000    

(Maximum)
 9.700    

Value

 8.966    

(Minimum) (Nominal) (Maximum) (Minimum) (Nominal) (Maximum)

Phase

Before

Gamma Ray Background  GAPI Value

 35.72    

Phase

Before

Gamma Ray (Jig − Bkg)  GAPI Value

 159.8    

Phase

Before

Gamma Ray (Calibrated)  GAPI

Phase

Before

EDTC Z−Axis Acceleration  F/S2

(Minimum)
 31.53    

(Nominal)
 32.19    

(Maximum)
 32.84    

Value

 32.17    

EDTC Accelerometer Calibration 

Enhanced DTS Cartridge Wellsite Calibration

Before: Calibration not done

Value

 165.0    

Detector Calibration 

Enhanced DTS Cartridge Wellsite Calibration

Multimode Array Sonic Power Cartridge / Equipment Identification

Primary Equipment:
Multimode Array Sonic Minimum Service So MAMS − BA 8148
Multimode Array Sonic Control Cartridge MAPC − BA

Auxiliary Equipment:
Electronics Cartridge Housing ECH − SF 8092

Powered Positioning Device/Caliper 2 / Equipment Identification

Primary Equipment:
PPC Powered Positioning Device/Caliper PPC2 − B 8152
PPC2 Caliper Standard PPC_ − 

Auxiliary Equipment:

Before: 15−Apr−2009 17:43

Before

(Minimum)
 1.200    

(Nominal)
 3.500    

(Maximum)
 5.600    

 3.110    Before

(Minimum)
 6.100    

(Nominal)
 8.000    

(Maximum)
 9.700    

 7.663    

Phase

Before

PPC2 Radius 2 Raw Small Radius  IN

(Minimum)
 1.200    

(Nominal)
 3.500    

(Maximum)
 5.600    

Value

 3.102    

Phase

Before

PPC2 Radius 2 Raw Large Radius  IN

(Minimum)
 6.100    

(Nominal)
 8.000    

(Maximum)
 9.700    

Value

 7.612    

Phase

Before

PPC2 Radius 1 Raw Small Radius  IN

(Minimum)
 1.200    

(Nominal)
 3.500    

(Maximum)
 5.600    

Value

 4.301    

Phase

Before

PPC2 Radius 1 Raw Large Radius  IN

(Minimum)
 6.100    

(Nominal)
 8.000    

(Maximum)
 9.700    

Value

 8.579    

PPC2 Caliper Calibration 

Powered Positioning Device/Caliper 2 Wellsite Calibration



Before: 15−Apr−2009 14:34

(Minimum)
 0        

(Nominal)
 30.00    

(Maximum)
 120.0    

(Minimum)
 145.2    

(Nominal)
 159.8    

(Maximum)
 174.3    

(Minimum)
 150.0    

(Nominal)
 165.0    

(Maximum)
 180.0    

SONIC SCANNER

Company:

Well:
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State:

Battelle Pacific Northwest Lab

Wallula Basalt Pilot #1
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Washington
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Appendix C 
 

Hydrologic Test Methods/Analyses 

The general hydraulic test characterization discussion presented in this appendix section is taken 
largely from Reidel et al. (2002) and Spane (2008), which provide technical background discussions 
pertaining to deep borehole hydrologic test methods applicable for carbon sequestration and natural gas 
storage studies.  These hydrologic test methods pertain primarily to field tests designed for the 
determination of hydraulic/storage properties of selected reservoir and caprock horizons.  This discussion 
lists those methods applied or recommended for use at the Wallula pilot borehole for the assessment of 
basalt interflow zones and flow interior/caprock horizons.  Table C.1 lists the various hydrologic test 
methods discussed in this section, the hydrologic parameter(s) derived from their analysis, and the relative 
radius-of-investigation (test scale), as it relates to the Wallula pilot borehole.  In addition to 
hydraulic/storage properties, field test programs such as at the Wallula pilot study also include 
hydrochemistry/microbiological sampling, and hydraulic head characterization determination for selected 
basalt interflow zones.  These three characterization elements (i.e., hydraulic/storage properties, 
hydrochemical/isotopic content, microbiological sampling, and hydraulic head determination) can be 
readily included in a test strategy adopted for individual borehole characterizations.  How they are 
integrated within the overall hydrologic test characterization strategy is a function of each element’s 
relative importance in meeting recognized objectives of the field testing program.  For the Wallula pilot 
study, more emphasis was placed on hydraulic property characterization and hydrochemistry 
/microbiological sampling.  Emphasis on hydraulic head characterization (i.e., its distribution with depth) 
was placed primarily on the higher permeability basalt interflow zones, because determining stabilized 
hydraulic heads within low to intermediate permeability basalt formations requires significant 
investments of characterization equilibration time.  It should be noted that long-term monitoring of the 
temporal, seasonal, and long-term hydraulic head conditions within the Wallula injection zone is currently 
on-going.  Analysis of this baseline monitoring data should provide detailed information concerning the 
groundwater flow dynamics and the relationship of deep basalt interflow zones with surrounding 
hydrologic features (e.g., Columbia River/Lake Wallula). 

A general discussion of several testing strategies commonly employed for deep borehole 
characterization studies is presented below. 

C.1 Testing Strategies 

The following discussion describes two test strategies that are commonly employed in deep 
reconnaissance or pilot boreholes that are drilled to provide an initial assessment of the suitability of a 
subsurface formation for the storage/sequestration of injected fluids.  These borehole testing strategies are 
limited to discussing test sequencing at an initial reconnaissance/pilot basalt borehole within a given 
study area.  The objectives of the two strategies is essentially the same, i.e., to determine whether 
candidate basalt interflow zones are present for the effective sequestration of CO2, whether suitable 
caprocks are present to prevent significant leakage of the injected CO2.  In both test strategies, the  
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Table C.1. Summary of Hydrologic Test Methods Used for Wallula Pilot Test Site Characterization  
Investigation (modified from Reidel et al. 2002, and Spane 2008) 

 
Hydrologic Parameter(a) Test Scale 

Test Method T Kh S Sk WL L Local Intermed. Large 

Slug   x x      

DST(b)          

Step-Drawdown/Recovery          

Constant-Rate Pumping – 
Drawdown & Recovery 

         

Pulse(c)   x x      

Multi-Step, Constant-Head 
Injection(c)   

     x    

Test History Matching(d)      x    

(a) Hydrologic Parameter Nomenclature  
(b) DST  =  Drill Stem Test 
(c) low-permeability, caprock test method 
(d) superposition analysis method for analyzing a sequence of hydrologic tests 
 
       T     =   test interval transmissivity 
       Kh   =  equivalent hydraulic conductivity; equal to T divided by test interval length or aquifer thickness 
       S     =  storativity; dimensionless 
        Sk   =   well skin, dimensionless 
     WL    =   well loss 
      L      =   leakage response 
 
Note:     =  provides quantitative information 
    x =  only provides inferential/qualitative information 

collection of vertical/depth dependent information pertaining to hydraulic properties, hydraulic head, and 
hydrochemical/microbiological characteristics of the penetrated basalts are the primary investigative tools 
used to meet the test objectives.  The manner and sequencing of how the characterization information is 
acquired, however, is significantly different for the two test strategies.  As might be expected, there are 
distinct advantages/disadvantages pertaining to characterization quality and costs that are associated with 
each strategy, and variants or combinations of the two that could be used to meet specific test study 
objective needs.  The two test strategies are:  1) a “complete borehole drilling/test later” approach; and 
2) a progressive “drill-and-test” strategy.  While these two characterization strategies can be applied 
solely within an individual borehole characterization program, at the Wallula pilot borehole a combined 
test characterization strategy approach was utilized.  The initial 6 basalt interflow zone characterizations 
(Zones 1 through 5B) were completed utilizing the progressive “drill-and-test” approach during active 
borehole advancement, while the remaining 6 interflow zone characterizations (Zones 6A, 6B, 6C, 7, 8A, 
8B), and 3 caprock zone test intervals (Zone 9, 10A, and 10B) were conducted after reaching the final 
borehole completion depth of 4,110 ft. 

A principal characteristic of Strategy (1) is the performance of hydrologic test characterization 
elements only after the borehole has been drilled to its final completion depth.  The primary focus of 
Strategy (1) is for assessing the hydraulic characteristics of intersected basalt interflow zones, with 
secondary emphasis on acquiring hydraulic head vertical depth profile information and representative 
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hydrochemical/microbiological samples.  The test program consists of two basic test elements:  
1) composite testing of multiple interflow zones intersected within the open borehole section using 
dynamic flowmeter/pumping tests, and 2) detailed hydrologic characterization of selected interflow 
zone(s) using standard straddle packer tests.  Briefly stated, productive, individual basalt interflow zones 
are identified based on the dynamic flowmeter test results.  The inflow production results, together with 
interflow thickness/storage capacity information obtained from wireline geophysical log analysis, are 
utilized in selecting candidate interflow zones intersected within the open borehole section for 
subsequent, detailed hydrologic test characterization.  The principal objective of detailed hydrologic 
testing is to provide quantitative estimates of the hydraulic properties, with secondary objectives of static 
hydraulic head, and hydrochemical characteristics of the various interflows tested.   

Interflow zones selected for detailed testing are isolated within the open borehole using either a 
standard straddle packer system or a detached lower bridge-plug packer and overlying inflatable packer 
test equipment system.  A bridge plug and inflatable packer system were used for those interflow and 
caprock tests conducted following Strategy 1.  Important features of the hydrologic test system used 
during the Wallula pilot borehole testing program include the use of a pneumatic downhole shut-in tool 
(to expedite test zone recovery), and downhole pressure sensors that allowed monitoring test interval 
response and borehole pressure response above and below the isolated interval.  Monitoring borehole 
pressure responses above and below and within the interflow zone tested, provides a means of assessing 
the integrity of packer seals and test zone isolation from the overlying/underlying open borehole sections.  
Packer depth settings were selected within competent basalt flow interior sections located above and 
below the targeted test interflow zone.  The final selection of competent packer depth settings was 
facilitated through the analysis of borehole wireline geophysical survey results (e.g., resistivity, sonic) 
that were conducted at various times prior to interflow zone testing. 

The principal advantage of Strategy 1 relates to the lower overall equipment costs (i.e., drilling rig 
time, downhole test system rental), when compared to other testing program strategies.  A major 
disadvantage is that major pressure perturbations and groundwater incursions may be induced into the 
basalt formations intersected by the borehole during the extended, active borehole drilling and open 
borehole phases.  These drilling induced affects may require lengthy extensions of test times to obtain 
representative static hydraulic heads and hydrochemical samples for the interflow zones that are selected 
for detailed testing. 

The primary focus of Strategy 2, the progressive “drill-and-test” approach, is to provide detailed 
hydrologic characterization information at a relatively short-time after a targeted interflow zone has been 
penetrated during drilling.  Drilling proceeds until the underlying dense basalt flow interior has been 
encountered.  The newly drilled section of the borehole is then geophysically logged for basalt flow 
characterization.  The interflow zone is tested exactly as discussed previously under Strategy 1, except 
that only a single packer test system is required to achieve test zone isolation from the overlying open 
borehole section.  The advanced borehole bottom is the lower base of the actively tested interflow zone. 

The principal advantage of Strategy 2 relates to shorter test times and quality of the characterization 
data derived using this testing approach.  Because the interflow zone exposure time to drilling 
perturbations is minimized, test times required for acquiring representative static hydraulic heads, test 
zone equilibration, and hydrochemical characteristics are greatly reduced.  The major disadvantage of this 
strategy is the standby drilling rig and test equipment costs that are incurred when either activity is not 
taking place.  As a generalization, Strategy 2 is commonly employed where subsurface conditions within 
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a region (i.e., from a geological or detailed hydrologic characterization perspective) are not well 
established, while Strategy 1 might be more effectively employed within more established areas (i.e., 
where nearby borehole data are available and the need to develop a detailed vertical profile of hydraulic 
head and hydrochemistry between interflow zones is of a lower priority). 

C.2 General Hydrologic Test Sequence 

For Wallula pilot tests utilizing the “drill-and-test” strategy, clean water was circulated across the test 
zone of interest through the drilling-bit assembly following termination of drilling.  The objective of the 
test interval circulation was to remove any residual drilling detritus and fluids prior to installation of the 
downhole packer test system.  Following test interval circulation, the drilling-rod assembly was raised a 
short distance above the bottom of the cemented 14-in. diameter casing, and short-duration air-pumping 
cycles were performed (e.g., 30 to 90 minutes) within the open borehole, to induce production of 
groundwater from the targeted test zone.  Following these test zone development activities, the drilling-
rod assembly was removed and the packer test system was lowered to the selected depth setting.  A brief 
description of the borehole test system used within the Wallula pilot borehole is provided in Section 2.3.4.  
This borehole test system was utilized in the borehole for all testing after completion of the first test zone 
characterization.  (Note:  Zone 1 testing was conducted in support of the Boise White Paper aquifer 
storage program and was conducted over the open borehole section 1,108 to1,474 ft, below the cemented 
14-in. diameter well casing). 

After installing the borehole test system to the prescribed depth, the following test sequence was 
commonly employed for the various Wallula pilot borehole interflow zone test characterizations: 

1. Packer Inflation:   Following positioning of the packer test system, the packer was inflated to isolate 
the test interval, with the downhole shut-in tool in the open position 

2. Pressure Stabilization:   The downhole shut-in tool was closed and the downhole test zone pressure 
monitored to establish development of stable, pre-test formation pressure conditions.  The time 
required for the formation pressure stabilization to occur was variable and related to test interval 
transmissivity and the antecedent open borehole pressure test zone exposure period.  Generally this 
occurred within 1 to 4 hours of packer inflation.  Immediately following packer inflation, the annulus 
between the test tubing-string and surrounding 14-in. cemented casing was loaded with water to 
check the isolation integrity of the inflated packer.   

3. Initial Slug Testing:  Slug withdrawal and/or injection tests were commonly  performed to provide 
initial estimates of test zone hydraulic properties (T and S), to evaluate borehole damage/skin effects, 
and to design the subsequent hydrologic tests, e.g., constant-rate pumping test.  For some low 
transmissivity interflow zones (e.g., Zone 6B), pulse tests (pressurized slug tests) were conducted to 
facilitate a more rapid test zone recovery.  If this initial slug testing sequence was favorable, 
indicating high enough transmissivity to support pumping, then the following test elements 4 through 
6 were initiated.  If unfavorable, then testing was terminated at this stage and either re-initiated by 
encompassing a larger test interval or terminated with the resumption of drilling. 

4. Constant-Rate Pumping Test:   This test was conducted to provide detailed hydraulic property 
estimates, to diagnostically evaluate operative aquifer conditions (e.g., leaky aquifer), and to assess 
interflow lateral continuity and/or presence of nearby hydrogeologic features (e.g., faults).  The 
performance of the pumping tests also provided the opportunity to develop the interflow test zone for 
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the collection of representative water samples for detailed hydrochemical, isotopic, and 
microbiological sampling.  These sampling elements were scheduled at the end of the active pumping 
cycle.  Because of the lower test zone transmissivities exhibited for some of the deeper basalt 
interflow zones, and lack of available small capacity submersible pumps supplied by the drilling 
contractor, the pumping tests were conducted in cyclical fashion and not as a uniform, constant-rate 
test. 

5. Constant-Rate Pumping Test Recovery:  Following termination of pumping, the downhole shut-in 
tool was closed and extended test recovery was monitored.  This test provides corroborative 
hydrologic test information to the active, drawdown response phase observed during the constant-rate 
pumping test.  The primary advantage of recovery pressure data analysis is its ease of acquisition, and 
its insensitivity to flow-rate variations that might have occurred during the active constant-rate 
pumping test phase.   

6. Slug/DST:   Following termination of the pumping test recovery, the downhole shut-in tool was 
opened initiating a slug withdrawal or free-flow phase of the DST test.  After monitoring 
approximately 50 percent of the slug withdrawal recovery, the downhole shut-in tool was closed 
initiating the DST recovery phase of the test.  The results of this test element provided a means of 
assessing test-scale dependence (by comparison of hydraulic property estimates obtained from the 
constant-rate pumping tests), and for assessing test zone development during the course of 
characterization (by comparison with the initial slug test results).   

The previous discussion represents the general hydrologic testing sequence for Wallula pilot interflow 
test zone characterizations following both testing Strategies 1 and 2.  The only difference for Wallula 
pilot interflow zone characterizations conducted after reaching the final borehole drilling depth was that 
borehole circulation and test zone air-lift development was not routinely completed prior to each test zone 
isolation.  In addition for interflow Zone 8A and 8B, a bottom, bridge plug packer was also used in 
concert with the overlying inflatable packer to isolate the selected interflow test zone from the overlying 
and underlying open borehole sections.  For tests using a lower bridge-plug packer, a memory pressure 
gauge was also installed below the bottom bridge plug packer to evaluate test zone isolation integrity. 

For the three low-permeability caprock test zone characterizations (Zone 9, 10A, and 10B), 
essentially the same test zone isolation procedures were used (i.e., Steps 1 and 2), including use of a lower 
bridge plug packer to support test zone isolation.  After completing Step 2 (Pressure Stabilization), the 
following caprock zone testing sequence was utilized: 

3. Multi-Step, Constant Pressure Injection Test:   For this test, the shut-in tool was opened and water 
injected into the test interval under constant pressure (head) conditions.  After injection rates 
stabilized (after approximately ≥1 hour), the injection pressure was increased (next injection step) a 
fixed amount (~25 to 50 psi), and injection rates and pressure monitored until stability was again 
reached during the individual pressure step.  Generally 4 to 5 pressure injection steps were employed 
during each caprock zone characterization.  The measured injection rate for the various injection steps 
during the test can be analyzed to determine average hydraulic properties for the caprock test interval. 

4. Multi-Step, Constant Pressure Injection Test Recovery:  Following completion of the constant 
head test, the shut-in tool was closed and pressure within the test interval monitored.  If a sufficient 
length of recovery data is collected following termination of the injection test, the recovery data can 
be analyzed to corroborate the hydraulic properties determined from the earlier injection test phase.  
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Because of test time limitations, however, recovery was not monitored for all caprock test zone 
characterizations. 

C.3 Hydrologic Test Analysis Methods 

A discussion of the various analytical methods for the identified interflow and caprock hydrologic 
tests is provided below.  As noted previously, this discussion is taken primarily from Reidel et al. (2002) 
and Spane (2008). 

C.3.1 Slug/DST Tests 

Because of their ease of implementation and relatively short duration, slug tests are commonly used 
to provide initial estimates of hydraulic properties (e.g., range and spatial/vertical distribution of hydraulic 
conductivity, K).  Because of the small displacement volumes employed, hydraulic properties determined 
using slug testing are representative of conditions relatively close to the borehole.  For this reason, slug-
test results are normally used in the design of subsequent hydrologic tests having greater areas of 
investigation (e.g., slug interference [Novakowski 1989; Spane 1996], constant-rate pumping tests [Butler 
1990; Spane 1993]). 

To conduct this test, a known volume of water is instantaneously removed (slug withdrawal) or added 
(slug injection) from the test interval.  For the Wallula pilot borehole interflow zone characterizations, a 
slug test was initiated by simply removing or adding water to the test tubing and opening the downhole 
shut-in tool.  The shut-in tool remained open during the active slug test recovery period.  For the Zone 1 
test characterization which did not employ a downhole packer test system, slug tests were conducted in 
open borehole test conditions.  For these tests, a large diameter drilling rod of known volume was 
instantaneously emplaced or removed from below the static water level within the well to initiate the slug 
test response test.  Figure C.1 provides examples of slug test recovery profiles as a function of hydraulic 
conductivity (Kh), for the listed well/aquifer conditions (well radius, rw = 0.333 ft; interflow thickness, b = 
20 ft; storativity, S = 10-4).  As shown, the test response (note:  HD = observed response/initial stress 
applied; Ho/H) is a direct function of the interflow permeability; with faster test recovery associated with 
higher zone permeability.  A detailed description of the design, performance and analysis of slug test 
characterizations is presented in Butler et al. (1996) and Butler (1997). 

Analysis of the recovery response provides an estimate of the test-interval transmissivity (T), average 
hydraulic conductivity (K), and storativity (S).  Estimates for storativity, however, are less certain, due to 
the test method’s lower sensitivity to S and impact of well skin, sK, effects.  (Note: the effects of well 
skin, sK, were accounted for by utilizing and assumed value for S; S = 10-5).  The slug-test responses were 
analyzed with type-curve and deconvolution procedures discussed in Butler (1997) and Peres et al. 
(1989), respectively.  Analyses of slug-test type curves were generated using the Kansas Geological 
Survey (KGS) software program described in Liu and Butler (1995).  Other relevant papers discussing the 
analysis of the slug-test phase of DST tests are provided in Ramey et al. (1975), Karasaki et al. (1988), 
and Ostrowski and Kloska (1989). 
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Figure C.1. Predicted Slug Test Response as a Function of Hydraulic Conductivity (adapted from 
Reidel et al. 2002) 

Closing of the downhole shut-in tool reduces wellbore storage in the slug test response and 
accelerates recovery to static formation conditions.  The slug test recovery occurring following closing of 
the downhole shut-in tool represents the recovery phase of a DST (Drill Stem Test) test.  Normally, the 
DST shut-in recovery is initiated after the fluid-column recovery during the slug test has reached a value 
between 50 and 70 percent of the applied initial slug stress (i.e., in relationship to static formation 
conditions).  This could be monitored using the downhole, real-time test zone pressure sensor.  An 
analysis of the recovery buildup during later stages of the DST can be used to provide estimates of T, K, 
S, sK, and (if pre-test trend conditions accounted for) projected to estimate static formation pressure 
conditions.  Wallula pilot DST results were analyzed using standard procedures presented in Earlougher 
(1977).  Other relevant discussions pertaining to the recovery (shut-in) phase of DST testing are also 
presented in Correa and Ramey (1987) and Karasaki (1990). 

C.3.2 Constant-Rate Pumping 

During constant-rate pumping tests, groundwater is withdrawn from a well with discharge regulated 
and maintained at a uniform rate.  The water-level (pressure) response within the well is monitored during 
the active pumping phase and during the subsequent recovery phase following termination of pumping.  
The analysis of the drawdown and recovery water-level response provides a means for estimating 
hydraulic properties (see Table C.1) of the interflow zone(s) tested, as well as for discerning formational 
and non-formational flow conditions (e.g., wellbore storage, skin effects, presence of boundaries and 
leakage).  Standard analytical methods that are used for the analysis of constant-rate tests include type-
curve matching and straight-line methods. 
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Type-curve-matching methods are best applied to observation well data and not to pumping wells 
because of the additional head losses that commonly occur at the pumped well.  They can be used for 
pumped well analyses, however, if certain assumptions pertaining to well efficiency (i.e., well skin effects 
= 0) or the test interval (e.g., S is known) are made.  This is the approach taken for single-well pumping 
test analysis within the petroleum industry.  Type-curve-matching methods that are commonly used in the 
analysis of pumping test responses include:  Theis (1935, Hantush (1964), and Neuman (1975).  Analyses 
using constant-rate test type curves for Wallula pilot borehole test intervals were generated using the 
WTAQ program described in Moench (1997). 

For straight-line analysis methods, the rate of change of water levels within the well during draw-
down and/or recovery is analyzed to estimate hydraulic properties.  Because well effects are constant with 
time during constant-rate tests, straight-line methods can be used to analyze quantitatively the water-level 
response at both pumping and any nearby observation wells (none were available during the Wallula pilot 
borehole study).  The semilog, straight-line analysis techniques commonly used are based either on the 
Cooper and Jacob (1946) method (for buildup analysis) or the Horner (1951) method for recovery 
analysis.  It should be noted that the Horner method, which is commonly used in the petroleum industry, 
is identical to the Theis (1935) recovery method used in groundwater hydrology.  These methods are 
theoretically restricted to the analysis of test responses from wells that fully penetrate nonleaky, 
homogeneous, isotropic, confined aquifers.  Straight-line methods, however, may be applied under 
nonideal well and aquifer conditions if infinite-acting, radial flow conditions exist.  Infinite-acting, radial 
flow conditions are indicated during testing when the change in pressure, at the point of observation, 
increases proportionately to the logarithm of time.   

Log-log plots of water level or pressure versus time have been traditionally used for diagnostic 
purposes to examine pumping test drawdown and recovery data.  Use of derivatives has been shown to 
significantly improve the diagnostic and quantitative analysis of various hydrologic test methods (Bourdet 
et al. 1989; Spane 1993; Spane and Wurstner 1993).  The improvement in test analysis is attributed to the 
sensitivity of pressure derivatives to various test/formation/boundary conditions.  As noted in Spane and 
Wurstner (1993), specific applications for which derivatives are particularly useful include the following:  

 identifying formation-response characteristics (nonleaky or leaky; confined or unconfined aquifer) 
and boundary conditions (impermeable or constant head)  

 assisting in the selection of the appropriate type-curve solution through combined type-
curve/derivative plot matching 

 determining when infinite-acting, radial flow conditions are established and, therefore, when straight-
line analysis methods are applicable. 

Figure C.2 shows selected examples of log-log drawdown and derivative responses that are char-
acteristic of some commonly encountered formation conditions during constant-rate pumping tests.  (note:  
a more extensive diagnostic derivative plot listing is presented in Renard et al., 2009).  The plots are 
equally applicable for injection buildup and recovery analysis.  Spane (1993) provides a summary 
discussion on the use of standard and derivative-based analytical methods for constant-rate tests.    

It should be noted that the previous discussion pertains specifically to the analysis of the drawdown phase 
of constant-rate pumping tests.  For the analysis of recovery data following termination of constant-rate 
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tests, the equivalent time function of Agarwal (1980) must be utilized, which accounts for the 

 
 

Figure C.2. Characteristic Log-Log Drawdown and Drawdown Derivative Plots for Various 
Hydrogeologic Formation and Boundary Conditions (adapted from Spane and Wurstner, 
1993) 

preceding effects of pumping duration on the observed recovery response over time.  Use of the Agarwal 
equivalent time function allows the converted recovery data to be analyzed using the same methods as 
employed for constant-rate drawdown test data analysis. 

C.3.3 Pulse Test 

Pulse or pressurized slug tests have been widely used for hydraulic characterization of low-permeability 
(i.e.,  10-9 m/s) test formations.  They differ from standard slug tests in that the dissipation of the 
instantaneous stress occurs under closed test system conditions (i.e., downhole shut-in tool is closed during 
the entire recovery period).  As shown by Bredehoeft and Papadopulos (1980), the closed system conditions 
cause the stress application to dissipate more rapidly than a standard slug test response, since the pressure 
change during a pulse test is controlled by fluid volume changes associated with the 
compressibility/elasticity of water and the surrounding test system.  To illustrate this dramatic difference in 
test rate dissipation, Figure C.3 compares the response differences for a slug and pulse test conducted for the 
low-permeability test conditions specified in the figure.  The more rapid decline exhibited for the pulse test 
response (~1000 min) in comparison to that during slug testing (>1.0E6 min), demonstrates why pulse 
testing is more viable for caprock characterization. 
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Figure C.3.  Comparison for Pulse and Slug Test Responses (adapted from Reidel et al. 2002) 

The same analytical equations used for analysis of slug tests (e.g., Cooper et al. 1967) can also be used 
to analyze pulse tests (Bredehoeft and Papadopulos, 1980).  The equations, however, must be modified to 
account for the closed-system wellbore storage test conditions.  This is accomplished by replacing the term 
for well-casing radius, rc, with: 
 
 rc    =    (VwCww)/)1/2 (C-1) 
 
where 
  Vw = closed test system volume;  [L3] 
  Cw = compressibility of water;     [L/F] 
  w = specific weight of water;     [F/ L3] 

Neuzil (1982) also identified the importance of evaluating the compressibility of the test system, Cobs, 
and replacing the Cw with this parameter, when Cobs > Cw for the relationship expressed in Equation (C-1). 

Because the volumes of fluid are smaller during pulse tests (i.e., per unit pressure change) in 
comparison to slug tests, the radius-of-investigation is accordingly smaller.  This fact makes pulse tests 
more susceptible to near well formation heterogeneities and skin effects.  These characteristics and 
susceptibilities of pulse tests were described in detail in Moench and Hsieh (1986).  Reports that 
summarize the application and interpretation of pulse tests for low-permeability characterization within 
basalts are provided in Thorne and Spane (1985) and Spane and Thorne (1985). 
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C.3.4 Multi-Step Constant-Pressure Injection 

For detailed characterization of low-permeability caprocks, multi-level (multi-step) constant-pressure 
injection tests are commonly conducted.  This test method was utilized to characterize the three Wallula 
pilot caprock test zones (Zone 9, 10A, and 10B).  For a multi-step test, injection pressures are 
systematically increased with time, and the associated steady-state injection rates recorded during each 
injection pressure step.  Injection rate declines during each injection step as a function of time, eventually 
reaching a steady-state flow rate.  The early-time decline in injection rates can be analyzed using the 
transient straight-line solution presented by Jacob and Lohman (1952).  Late-time steady-state injection 
rates can be analyzed using the equation relationship presented in Zeigler (1976).   

A distinct advantage of conducting a multi-step injection tests over a single injection pressure test is the 
ability to assess dependence of permeability to injection pressure level.  Permeability - pressure dependence 
may occur in fractured rock types (e.g., flow interiors) and clays.  If no dependence is evident, a straight-line 
relationship between steady-state injection rate and injection pressure will be indicated.  Examples of multi-
step injection pressure tests and their analysis for Columbia River basalt flow interior/caprocks, are provided 
in Spane and Thorne (1985). 

Analysis of recovery pressures following termination of constant injection tests in low permeability 
intervals usually is not performed.  This is due to the excessive time required to reach radial flow conditions.  
For intermediate and/or higher permeability caprock intervals, however, recovery analyses can be utilized.  
Unless steady-state injection rates are maintained for prolonged periods of time, constant-rate recovery 
methods cannot be used.  In these instances, multi-rate analytical methods (to take into account the non-
uniformity in injection rates) must be employed.  A description of the various multi-rate analytical 
approaches is presented in Earlougher (1977). 

The radius of investigation for constant-pressure injection tests is greater than for pulse tests, but still 
generally  8 ft for tests of 5hr or less, conducted within basalt flow interiors with hydraulic 
conductivities of 10-11 m/s.  Figure C.4 shows the difference depths of investigation for variable test 
durations surrounding the borehole, for the listed caprock and test conditions.   

C.3.5 Step-Drawdown Test  

Step drawdown tests are normally conducted to assess well/aquifer-loss performance and for 
guidance in selecting an optimum pumping rate for a subsequent, longer-duration, constant-rate pumping 
test.  The test is conducted as a series of sequential, short-duration constant-rate pumping tests (e.g., 1 to 
4 hours in length), with each step conducted of uniform duration and at progressively higher pumping 
rates.  A minimum of three steps is required, and four or more steps are generally preferred.   

Step-drawdown testing was performed only during the Zone 1 characterization, as part of the Boise 
White Paper aquifer storage project.  Well loss for this test zone was assessed by comparing discharge, Q, 
and the drawdown/pumping-rate ratio, sw/Q, (i.e., drawdown/discharge).  Using the standard head-loss 
analysis plot procedure originally described by Jacob (1946) and Rorabaugh (1953), a non-linear, 
increasing sw/Q vs. Q pattern is indicative of turbulent well-loss conditions, while a constant, linear 
relationship vs. Q indicates that well losses exhibited during pumping are laminar in nature.   
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Figure C.4. Radius of Investigation for Constant Pressure (Head) Injection Test (adapted from Reidel 
et al. 2002) 

Jacob (1946) presented the following well loss/drawdown relationship used to assess well-discharge 
performance: 

 2CQ   BQ       ws  (C-2) 

where   BQ = laminar aquifer head loss, and CQ2 = turbulent well head loss. 

As shown in Figure C.5, a linear-regression slope fit through the step-drawdown test data provides 
coefficients for the head loss equation (C.2), with the intercept value equal to coefficient B, and the 
linear-regression slope equivalent to coefficient C.  It should be noted that the laminar aquifer head loss, 
BQ, includes the effects of true formational aquifer characteristics (i.e., head loss due to hydraulic 
properties) and those attributable to well-skin effects (i.e., damage associated with drilling/well 
construction process).  
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Figure C.5.  Specific Drawdown Plot Relationships for Calculating Formation Loss (B) and Well Loss 

(C) Coefficients from Step-Drawdown Test Data (adapted from Spane and Newcomer 
2009) 

Well efficiency, E, or percentage of the observed drawdown within the pumping well not attributed to 
turbulent well loss components can be calculated based on the following relationship provided in Roscoe 
Moss (1990):  

 CQ/B)  100/(1       E  (C-3) 

where equation parameters were previously defined.  Equations C-2 and C-3 were used to correct/remove 
the non-formational response from the drawdown data observed during the ~24 constant-rate pumping 
test for Zone 1, that occurred following completion of the step-drawdown recovery period.   

C.3.6 Test-History Match 

When a series of hydrologic characterization tests are conducted in a relatively continuous fashion, 
the entire testing response sequence can be analyzed as a test history match.  This approach is particularly 
useful for validating the flow model used and for situations when the analysis of individual tests may be 
uncertain (e.g., due to small test recovery percentages).  This technique relies on superimposing the 
predicted test responses of subsequent test responses, which can be used to match the entire composite 
test sequence.  This analytical matching technique also provides a quantitative method for determining the 
best-estimate values for hydraulic properties of the tested interval, which incorporates the investigative 
scales of the various hydrologic test methods.  For Wallula pilot test zone characterizations, test history 
match for the series of hydrologic tests conducted for each test zone interval was used as a means of 
identifying the best-estimate values for T, S, and well skin.  Software based on the KGS model (Liu and 
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Butler 1995) for slug-injection testing and the WTAQ model (Moench 1997) for constant-rate injection 
and injection-test recovery were used in preparing the superimposed test-history simulations.  These 
simulations were then used to match the observed test-interval response for the entire hydrologic test 
sequence.  The application of superposition of test responses in this report is similar to the approach 
presented previously in Enachescu and Ostrowski (1993) for analyzing hydrologic test sequences. 
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Figure  D.1.   Selected Components of the Packer Test Tool System 

 
 
 
 
 
 
 



 

D.2 

 
Figure  D.2.   Close-Up of Bottom Well-Screen Assembly and Shut-In Tool Valve 
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Figure  D.3.   Installation of Part of the Packer Test Tool System 
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Figure  D.4.   Installation of the Upper-Component of the Packer Test Tool System 
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Figure  D.5.   Wellhead Caprock Injection Chamber 
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Appendix E.1 

General Hydrochemical Parameters for Test Zones 1, 2, 3, 4, 6A, and 8B 
 
Test Zone Method(a) Constituent Result(b) Detection Limit 

1 SM 2320B Alkalinity(d) 119 mg/L 0.73 mg/L 
2 SM 2320B Alkalinity(d) 122 mg/L 1.5 mg/L 
3 SM 2320B Alkalinity(d) 118 mg/L 0.73 mg/L 
4 SM 2320B Alkalinity(d) 149 mg/L 0.73 mg/L 

6A SM 2320B Alkalinity(d) 171 mg/L 0.73 mg/L 
6A-DUP(c) SM 2320B Alkalinity(d) 173 mg/L 0.73 mg/L 

8B SM 2320B Alkalinity(d) 170 mg/L 0.73 mg/L 
1 SM 5310 D Dissolved inorganic carbon 10.5 mg/L 0.66 mg/L 
1 SM 5310 D Dissolved organic carbon <0.33 mg/L 0.33 mg/L 
2 SM 5310 D Dissolved organic carbon 1.01 mg/L 0.33 mg/L 
3 SM 5310 D Dissolved organic carbon 0.672 mg/L 0.33 mg/L 

6A SM 5310 D Dissolved organic carbon 1.87 mg/L 0.33 mg/L 
6A-DUP(c) SM 5310 D Dissolved organic carbon 1.69 mg/L 0.33 mg/L 

8B SM 5310 D Dissolved organic carbon 1.81 mg/L 0.33 mg/L 
1 SM 4500-H B pH 9.1  0.01  
2 SM 4500-H B pH 8.99  0.01  
3 SM 4500-H B pH 8.95  0.01  
4 SM 4500-H B pH 9.51  0.01  

6A SM 4500-H B pH 9.22  0.01  
6A-DUP(c) SM 4500-H B pH 9.33  0.01  

8B SM 4500-H B pH 9.68  0.01  
1 SM 18_2510B Specific Conductance 314 µmhos/cm 1 µmhos/cm 
2 SM 18_2510B Specific Conductance 320 µmhos/cm 1 µmhos/cm 
3 SM 18_2510B Specific Conductance 320 µmhos/cm 1 µmhos/cm 
4 SM 18_2510B Specific Conductance 376 µmhos/cm 1 µmhos/cm 

6A SM 18_2510B Specific Conductance 529 µmhos/cm 1 µmhos/cm 
6A-DUP(c) SM 18_2510B Specific Conductance 529 µmhos/cm 1 µmhos/cm 

8B SM 18_2510B Specific Conductance 431 µmhos/cm 1 µmhos/cm 
1 SM 5310 D Total carbon 28.2 mg/L 0.66 mg/L 
1 SM 2540C Total dissolved solids 235 mg/L 2.4 mg/L 
2 SM 2540C Total dissolved solids 215 mg/L 2.4 mg/L 
3 SM 2540C Total dissolved solids 260 mg/L 2.4 mg/L 
4 SM 2540C Total dissolved solids 283 mg/L 2.4 mg/L 

6A SM 2540C Total dissolved solids 347 mg/L 2.4 mg/L 
6A-DUP(c) SM 2540C Total dissolved solids 352 mg/L 2.4 mg/L 

8B SM 2540C Total dissolved solids 332 mg/L 2.4 mg/L 

(a) SM prefix refers to Standard Methods for the Examination of Water and Wastewater, 18th through 21st Editions, 
American Public Health Association, American Water Works Association, and Water Environment Federation, 
1992-2005. 

(b) Values preceded by a less-than symbol (<) were non-detected results. 
(c) Duplicate sample collected from test zone 6A. 
(d) Alkalinity measurements have not been corrected for silica dissociation effects 
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Appendix E.2 
 

Major Anions for Test Zones 1, 2, 3, 4, 6A, and 8B 
 

Test Zone Method(a) Constituent Result(b) Detection Limit 
1 SM 2320B Bicarbonate(d) 95.1 mg/L 0.73 mg/L 
2 SM 2320B Bicarbonate(d) 98.7 mg/L 1.5 mg/L 
3 SM 2320B Bicarbonate(d) 101 mg/L 0.73 mg/L 
4 SM 2320B Bicarbonate(d) 63.9 mg/L 0.73 mg/L 

6A SM 2320B Bicarbonate(d) 85.1 mg/L 0.73 mg/L 
6A-DUP(c) SM 2320B Bicarbonate(d) 88.7 mg/L 0.73 mg/L 

8B SM 2320B Bicarbonate(d) 57.2 mg/L 0.73 mg/L 
1 EPA MCAWW 300.0 Bromide <0.067 mg/L 0.067 mg/L 
2 EPA MCAWW 300.0 Bromide 0.09 mg/L 0.067 mg/L 
3 EPA MCAWW 300.0 Bromide 0.137 mg/L 0.067 mg/L 
4 EPA MCAWW 300.0 Bromide <0.067 mg/L 0.067 mg/L 

6A EPA MCAWW 300.0 Bromide 0.14 mg/L 0.066 mg/L 
6A-DUP(c) EPA MCAWW 300.0 Bromide 0.149 mg/L 0.066 mg/L 

8B EPA MCAWW 300.0 Bromide <0.066 mg/L 0.066 mg/L 
1 SM 2320B Carbonate ion(d) 24 mg/L 0.73 mg/L 
2 SM 2320B Carbonate ion(d) 22.8 mg/L 1.5 mg/L 
3 SM 2320B Carbonate ion(d) 17.7 mg/L 0.73 mg/L 
4 SM 2320B Carbonate ion(d) 85.2 mg/L 0.73 mg/L 

6A SM 2320B Carbonate ion(d) 86.1 mg/L 0.73 mg/L 
6A-DUP(c) SM 2320B Carbonate ion(d) 84 mg/L 0.73 mg/L 

8B SM 2320B Carbonate ion(d) 112 mg/L 0.73 mg/L 
1 EPA MCAWW 300.0 Chloride 19.8 mg/L 0.066 mg/L 
2 EPA MCAWW 300.0 Chloride 19.9 mg/L  mg/L 
3 EPA MCAWW 300.0 Chloride 19.7 mg/L 0.13 mg/L 
4 EPA MCAWW 300.0 Chloride 19.1 mg/L 0.13 mg/L 

6A EPA MCAWW 300.0 Chloride 38.7 mg/L 0.66 mg/L 
6A-DUP(c) EPA MCAWW 300.0 Chloride 39.5 mg/L 0.33 mg/L 

8B EPA MCAWW 300.0 Chloride 22.7 mg/L 0.33 mg/L 
1 EPA MCAWW 300.0 Fluoride 3.2 mg/L 0.033 mg/L 
2 EPA MCAWW 300.0 Fluoride 3.32 mg/L 0.033 mg/L 
3 EPA MCAWW 300.0 Fluoride 3.35 mg/L 0.033 mg/L 
4 EPA MCAWW 300.0 Fluoride 3.79 mg/L 0.033 mg/L 

6A EPA MCAWW 300.0 Fluoride 11.7 mg/L 0.33 mg/L 
6A-DUP(c) EPA MCAWW 300.0 Fluoride 11.9 mg/L 0.17 mg/L 

8B EPA MCAWW 300.0 Fluoride 4.98 mg/L 0.033 mg/L 
1 EPA MCAWW 300.0 Nitrate <0.033 mg/L 0.033 mg/L 
2 EPA MCAWW 300.0 Nitrate <0.033 mg/L 0.033 mg/L 
3 EPA MCAWW 300.0 Nitrate <0.033 mg/L 0.033 mg/L 
4 EPA MCAWW 300.0 Nitrate <0.033 mg/L 0.033 mg/L 

6A EPA MCAWW 300.0 Nitrate 0.084 mg/L 0.033 mg/L 
6A-DUP(c) EPA MCAWW 300.0 Nitrate <0.033 mg/L 0.033 mg/L 

1 EPA MCAWW 300.0 Nitrite <0.033 mg/L 0.033 mg/L 
2 EPA MCAWW 300.0 Nitrite <0.033 mg/L 0.033 mg/L 
3 EPA MCAWW 300.0 Nitrite <0.033 mg/L 0.033 mg/L 
4 EPA MCAWW 300.0 Nitrite 0.035 mg/L 0.033 mg/L 

6A EPA MCAWW 300.0 Nitrite <0.033 mg/L 0.033 mg/L 
6A-DUP(c) EPA MCAWW 300.0 Nitrite <0.033 mg/L 0.033 mg/L 

8B EPA MCAWW 300.0 Nitrogen in Nitrate <0.033 mg/L 0.033 mg/L 
8B EPA MCAWW 300.0 Nitrogen in Nitrite <0.033 mg/L 0.033 mg/L 
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Test Zone Method(a) Constituent Result(b) Detection Limit 
1 EPA MCAWW 300.0 Phosphate <0.066 mg/L 0.066 mg/L 
2 EPA MCAWW 300.0 Phosphate <0.066 mg/L 0.066 mg/L 
3 EPA MCAWW 300.0 Phosphate 0.066 mg/L 0.066 mg/L 
4 EPA MCAWW 300.0 Phosphate <0.066 mg/L 0.066 mg/L 

6A EPA MCAWW 300.0 Phosphate <0.066 mg/L 0.066 mg/L 
6A-DUP(c) EPA MCAWW 300.0 Phosphate <0.066 mg/L 0.066 mg/L 

8B EPA MCAWW 300.0 Phosphate <0.066 mg/L 0.066 mg/L 
1 EPA MCAWW 300.0 Sulfate <0.1 mg/L 0.1 mg/L 
2 EPA MCAWW 300.0 Sulfate 0.363 mg/L 0.1 mg/L 
3 EPA MCAWW 300.0 Sulfate 0.445 mg/L 0.1 mg/L 
4 EPA MCAWW 300.0 Sulfate 0.199 mg/L 0.1 mg/L 

6A EPA MCAWW 300.0 Sulfate 1.11 mg/L 0.1 mg/L 
6A-DUP(c) EPA MCAWW 300.0 Sulfate 0.904 mg/L 0.1 mg/L 

8B EPA MCAWW 300.0 Sulfate 1.07 mg/L 0.1 mg/L 

(a) SM prefix refers to Standard Methods for the Examination of Water and Wastewater, 18th through 21st Editions, 
American Public Health Association, American Water Works Association, and Water Environment Federation, 
1992-2005.  EPA MCAWW prefix refers to Methods for Chemical Analysis of Water and Wastes, U.S. 
Environmental Protection Agency, EPA-600/4-79-020, 1979. 

(b) Values preceded by a less-than symbol (<) were non-detected results. 
(c) Duplicate sample collected from test zone 6A. 
(d) Bicarbonate and carbonate values have not been corrected for silica dissociation effects 
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Appendix E.3 
 

Major Cations and Trace Metals for Test Zones 1, 2, 3, 4, 6A, and 8B 
 

Test Zone Method(a) Constituent Result(b) Detection Limit 
1 EPA SW-846 6010 Aluminum <68 µg/L 68 µg/L 
2 EPA SW-846 6010 Aluminum 125 µg/L 68 µg/L 
3 EPA SW-846 6010 Aluminum 75.5 µg/L 68 µg/L 
4 EPA SW-846 6010 Aluminum 121 µg/L 68 µg/L 

6A EPA SW-846 6010 Aluminum 133 µg/L 68 µg/L 
6A-DUP(c) EPA SW-846 6010 Aluminum 309 µg/L 68 µg/L 

8B EPA SW-846 6010 Aluminum 229 µg/L 68 µg/L 
1 EPA SW-846 6010 Arsenic <5 µg/L 5 µg/L 
2 EPA SW-846 6010 Arsenic <5 µg/L 5 µg/L 
3 EPA SW-846 6010 Arsenic <5 µg/L 5 µg/L 
4 EPA SW-846 6010 Arsenic <5 µg/L 5 µg/L 

6A EPA SW-846 6010 Arsenic <5 µg/L 5 µg/L 
6A-DUP(c) EPA SW-846 6010 Arsenic <5 µg/L 5 µg/L 

8B EPA SW-846 6010 Arsenic <5 µg/L 5 µg/L 
1 EPA SW-846 6010 Barium 6.7 µg/L 1 µg/L 
2 EPA SW-846 6010 Barium 7.6 µg/L 1 µg/L 
3 EPA SW-846 6010 Barium 5.7 µg/L 1 µg/L 
4 EPA SW-846 6010 Barium 1.8 µg/L 1 µg/L 

6A EPA SW-846 6010 Barium 2.85 µg/L 1 µg/L 
6A-DUP(c) EPA SW-846 6010 Barium 3.89 µg/L 1 µg/L 

8B EPA SW-846 6010 Barium 2.44 µg/L 1 µg/L 
1 EPA SW-846 6010 Boron 430 µg/L 10 µg/L 
2 EPA SW-846 6010 Boron 468 µg/L 10 µg/L 
3 EPA SW-846 6010 Boron 439 µg/L 10 µg/L 
4 EPA SW-846 6010 Boron 451 µg/L 10 µg/L 

6A EPA SW-846 6010 Boron 1670 µg/L 10 µg/L 
6A-DUP(c) EPA SW-846 6010 Boron 1640 µg/L 10 µg/L 

8B EPA SW-846 6010 Boron 539 µg/L 10 µg/L 
1 EPA SW-846 6010 Cadmium <1 µg/L 1 µg/L 
2 EPA SW-846 6010 Cadmium <1 µg/L 1 µg/L 
3 EPA SW-846 6010 Cadmium <1 µg/L 1 µg/L 
4 EPA SW-846 6010 Cadmium <1 µg/L 1 µg/L 

6A EPA SW-846 6010 Cadmium <1 µg/L 1 µg/L 
6A-DUP(c) EPA SW-846 6010 Cadmium <1 µg/L 1 µg/L 

8B EPA SW-846 6010 Cadmium <1 µg/L 1 µg/L 
1 EPA SW-846 6010 Calcium 2740 µg/L 30 µg/L 
2 EPA SW-846 6010 Calcium 2920 µg/L 30 µg/L 
3 EPA SW-846 6010 Calcium 3350 µg/L 30 µg/L 
4 EPA SW-846 6010 Calcium 1330 µg/L 30 µg/L 

6A EPA SW-846 6010 Calcium 1490 µg/L 30 µg/L 
6A-DUP(c) EPA SW-846 6010 Calcium 1550 µg/L 30 µg/L 

8B EPA SW-846 6010 Calcium 1090 µg/L 30 µg/L 
1 EPA SW-846 6010 Chromium <2 µg/L 2 µg/L 
2 EPA SW-846 6010 Chromium <2 µg/L 2 µg/L 
3 EPA SW-846 6010 Chromium <2 µg/L 2 µg/L 
4 EPA SW-846 6010 Chromium <2 µg/L 2 µg/L 

6A EPA SW-846 6010 Chromium <2 µg/L 2 µg/L 
6A-DUP(c) EPA SW-846 6010 Chromium <2 µg/L 2 µg/L 

8B EPA SW-846 6010 Chromium <2 µg/L 2 µg/L 



 

E.6 

Test Zone Method(a) Constituent Result(b) Detection Limit 
1 EPA SW-846 6010 Cobalt <1 µg/L 1 µg/L 
2 EPA SW-846 6010 Cobalt <1 µg/L 1 µg/L 
3 EPA SW-846 6010 Cobalt <1 µg/L 1 µg/L 
4 EPA SW-846 6010 Cobalt <1 µg/L 1 µg/L 

6A EPA SW-846 6010 Cobalt <1 µg/L 1 µg/L 
6A-DUP(c) EPA SW-846 6010 Cobalt 1.26 µg/L 1 µg/L 

8B EPA SW-846 6010 Cobalt <1 µg/L 1 µg/L 
1 EPA SW-846 6010 Copper <3 µg/L 3 µg/L 
2 EPA SW-846 6010 Copper <3 µg/L 3 µg/L 
3 EPA SW-846 6010 Copper <3 µg/L 3 µg/L 
4 EPA SW-846 6010 Copper <3 µg/L 3 µg/L 

6A EPA SW-846 6010 Copper 3.18 µg/L 3 µg/L 
6A-DUP(c) EPA SW-846 6010 Copper <3 µg/L 3 µg/L 

8B EPA SW-846 6010 Copper <3 µg/L 3 µg/L 
1 EPA SW-846 6010 Iron 174 µg/L 25 µg/L 
2 EPA SW-846 6010 Iron 438 µg/L 25 µg/L 
3 EPA SW-846 6010 Iron 223 µg/L 25 µg/L 
4 EPA SW-846 6010 Iron 411 µg/L 25 µg/L 

6A EPA SW-846 6010 Iron 764 µg/L 25 µg/L 
6A-DUP(c) EPA SW-846 6010 Iron 1390 µg/L 25 µg/L 

8B EPA SW-846 6010 Iron 962 µg/L 25 µg/L 
1 EPA SW-846 6010 Lead <2.5 µg/L 2.5 µg/L 
2 EPA SW-846 6010 Lead <2.5 µg/L 2.5 µg/L 
3 EPA SW-846 6010 Lead <2.5 µg/L 2.5 µg/L 
4 EPA SW-846 6010 Lead <2.5 µg/L 2.5 µg/L 

6A EPA SW-846 6010 Lead <2.5 µg/L 2.5 µg/L 
6A-DUP(c) EPA SW-846 6010 Lead <2.5 µg/L 2.5 µg/L 

8B EPA SW-846 6010 Lead <2.5 µg/L 2.5 µg/L 
1 EPA SW-846 6020 Lithium 11.3 µg/L 2 µg/L 
2 EPA SW-846 6020 Lithium 10.5 µg/L 2 µg/L 
3 EPA SW-846 6020 Lithium 8.9 µg/L 2 µg/L 
4 EPA SW-846 6020 Lithium 8.53 µg/L 2 µg/L 

6A EPA SW-846 6020 Lithium 9.88 µg/L 2 µg/L 
6A-DUP(c) EPA SW-846 6020 Lithium 9.05 µg/L 2 µg/L 

8B EPA SW-846 6020 Lithium 6.46 µg/L 2 µg/L 
1 EPA SW-846 6010 Magnesium 163 µg/L 85 µg/L 
2 EPA SW-846 6010 Magnesium 223 µg/L 85 µg/L 
3 EPA SW-846 6010 Magnesium 202 µg/L 85 µg/L 
4 EPA SW-846 6010 Magnesium 144 µg/L 85 µg/L 

6A EPA SW-846 6010 Magnesium 196 µg/L 85 µg/L 
6A-DUP(c) EPA SW-846 6010 Magnesium 197 µg/L 85 µg/L 

8B EPA SW-846 6010 Magnesium 110 µg/L 85 µg/L 
1 EPA SW-846 6010 Manganese 3.38 µg/L 2 µg/L 
2 EPA SW-846 6010 Manganese 8.3 µg/L 2 µg/L 
3 EPA SW-846 6010 Manganese 3.5 µg/L 2 µg/L 
4 EPA SW-846 6010 Manganese 6.12 µg/L 2 µg/L 

6A EPA SW-846 6010 Manganese 9.02 µg/L 2 µg/L 
6A-DUP(c) EPA SW-846 6010 Manganese 15.6 µg/L 2 µg/L 

8B EPA SW-846 6010 Manganese 14.1 µg/L 2 µg/L 
1 EPA SW-846 6010 Molybdenum 28.4 µg/L 2 µg/L 
2 EPA SW-846 6010 Molybdenum 29.4 µg/L 2 µg/L 
3 EPA SW-846 6010 Molybdenum 31.1 µg/L 2 µg/L 
4 EPA SW-846 6010 Molybdenum 30.8 µg/L 2 µg/L 

6A EPA SW-846 6010 Molybdenum 88.2 µg/L 2 µg/L 



 

E.7 

Test Zone Method(a) Constituent Result(b) Detection Limit 
6A-DUP(c) EPA SW-846 6010 Molybdenum 83.5 µg/L 2 µg/L 

8B EPA SW-846 6010 Molybdenum 72.4 µg/L 2 µg/L 
1 EPA SW-846 6010 Nickel <1 µg/L 1 µg/L 
2 EPA SW-846 6010 Nickel <1 µg/L 1 µg/L 
3 EPA SW-846 6010 Nickel <1 µg/L 1 µg/L 
4 EPA SW-846 6010 Nickel <1 µg/L 1 µg/L 

6A EPA SW-846 6010 Nickel <1 µg/L 1 µg/L 
6A-DUP(c) EPA SW-846 6010 Nickel <1 µg/L 1 µg/L 

8B EPA SW-846 6010 Nickel <1 µg/L 1 µg/L 
1 EPA SW-846 6010 Phosphorus <60 µg/L 60 µg/L 
2 EPA SW-846 6010 Phosphorus <60 µg/L 60 µg/L 
3 EPA SW-846 6010 Phosphorus <60 µg/L 60 µg/L 
4 EPA SW-846 6010 Phosphorus <60 µg/L 60 µg/L 

6A EPA SW-846 6010 Phosphorus <60 µg/L 60 µg/L 
6A-DUP(c) EPA SW-846 6010 Phosphorus <60 µg/L 60 µg/L 

8B EPA SW-846 6010 Phosphorus <60 µg/L 60 µg/L 
1 EPA SW-846 6010 Potassium 8130 µg/L 50 µg/L 
2 EPA SW-846 6010 Potassium 8320 µg/L 50 µg/L 
3 EPA SW-846 6010 Potassium 8390 µg/L 50 µg/L 
4 EPA SW-846 6010 Potassium 3350 µg/L 50 µg/L 

6A EPA SW-846 6010 Potassium 4520 µg/L 50 µg/L 
6A-DUP(c) EPA SW-846 6010 Potassium 4450 µg/L 50 µg/L 

8B EPA SW-846 6010 Potassium 2350 µg/L 50 µg/L 
1 EPA SW-846 6010 Silica 77500 µg/L 32 µg/L 
2 EPA SW-846 6010 Silica 76400 µg/L 32 µg/L 
3 EPA SW-846 6010 Silica 74300 µg/L 32 µg/L 
4 EPA SW-846 6010 Silica 79300 µg/L 32 µg/L 

6A EPA SW-846 6010 Silica 69500 µg/L 32 µg/L 
6A-DUP(c) EPA SW-846 6010 Silica 68700 µg/L 32 µg/L 

8B EPA SW-846 6010 Silica 76900 µg/L 32 µg/L 
1 EPA SW-846 6010 Sodium 63400 µg/L 45 µg/L 
2 EPA SW-846 6010 Sodium 68300 µg/L 45 µg/L 
3 EPA SW-846 6010 Sodium 66400 µg/L 45 µg/L 
4 EPA SW-846 6010 Sodium 80800 µg/L 45 µg/L 

6A EPA SW-846 6010 Sodium 119000 µg/L 45 µg/L 
6A-DUP(c) EPA SW-846 6010 Sodium 118000 µg/L 45 µg/L 

8B EPA SW-846 6010 Sodium 93000 µg/L 45 µg/L 
1 EPA SW-846 6010 Strontium 7.01 µg/L 1 µg/L 
2 EPA SW-846 6010 Strontium 7.5 µg/L 1 µg/L 
3 EPA SW-846 6010 Strontium 7.7 µg/L 1 µg/L 
4 EPA SW-846 6010 Strontium 2.26 µg/L 1 µg/L 

6A EPA SW-846 6010 Strontium 2.59 µg/L 1 µg/L 
6A-DUP(c) EPA SW-846 6010 Strontium 3.02 µg/L 1 µg/L 

8B EPA SW-846 6010 Strontium 2.31 µg/L 1 µg/L 
1 EPA SW-846 6010 Uranium <10 µg/L 10 µg/L 
2 EPA SW-846 6010 Uranium <10 µg/L 10 µg/L 
3 EPA SW-846 6010 Uranium <10 µg/L 10 µg/L 
4 EPA SW-846 6010 Uranium <10 µg/L 10 µg/L 

6A EPA SW-846 6010 Uranium <10 µg/L 10 µg/L 
6A-DUP(c) EPA SW-846 6010 Uranium <10 µg/L 10 µg/L 

8B EPA SW-846 6010 Uranium <10 µg/L 10 µg/L 
1 EPA SW-846 6010 Zinc <2 µg/L 2 µg/L 
2 EPA SW-846 6010 Zinc 2.5 µg/L 2 µg/L 
3 EPA SW-846 6010 Zinc 5.3 µg/L 2 µg/L 



 

E.8 

Test Zone Method(a) Constituent Result(b) Detection Limit 
4 EPA SW-846 6010 Zinc 4.65 µg/L 2 µg/L 

6A EPA SW-846 6010 Zinc 3.48 µg/L 2 µg/L 
6A-DUP(c) EPA SW-846 6010 Zinc <2 µg/L 2 µg/L 

8B EPA SW-846 6010 Zinc 4.59 µg/L 2 µg/L 

(a) EPA SW-846 prefix refers to Test Methods for Evaluating Solid Wastes: Physical/Chemical Methods, 3rd 
Edition, U.S. Environmental Protection Agency, 1986. 

(b) Values preceded by a less-than symbol (<) were non-detected results. 
(c) Duplicate sample collected from test zone 6A. 

 
 
 

Appendix E.4 
 

Radionuclides for Test Zones 6A and 8B 
 
Test Zone Method Constituent Result(a) Detection Limit(b) 

6A Lab specific Tritium ND 9.8 pCi/L 
8 Lab specific Tritium ND 8.9 pCi/L 

(a) ND = non-detected result 
(b) Minimum detectable activity 
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