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Hydrophysical and Geophysical Logging Results 
Atlas “D” Missile Site 4; Cheyenne, WY 

 
 
 
1.  Executive Summary 
 
The results of the hydrophysical and geophysical logging performed in two wellbores at the Atlas “D” 
Missile Site 4 near Cheyenne, WY, identified water-bearing units ranging in flow rates during production 
testing of 0.0005 to 4.26 gpm.  Interval-specific transmissivities ranged from 0.002 to 365 feet2/day.  
Interval-specific FEC estimates ranged from 206 to 490μS/cm.  
 
Ambient flow testing performed in the subject wellbores identified upward and downward vertical flow 
within one wellbore and horizontal flow in the second wellbore.In MW-58, where the ambient horizontal 
flow zones were identified, estimated Darcy velocities, or specific discharge rates, ranged from 0.02 to 
0.14 feet/day.  In MW-57, where downward and upward vertical flows were identified and exiting the 
wellbore at approximately 200.6 to 203.6 feet bgs (ftbgs), data suggest that the water-bearing intervals 
have minimal to no vertical hydraulic communication in the immediate vicinity of the wellbore.  When 
water-bearing intervals of differing depths are substantially hydraulically connected vertically, they tend 
to pressure-equilibrate in the immediate vicinity of the wellbore, reducing the likelihood of vertical flow 
in the wellbore under ambient conditions. This condition was not observed in wellbore MW-57. 
 
The geophysical logging results in MW-57 identified sand and clay layers heterogeneously distributed, 
but geophysical results from MW-58 revealed a rather uniform clay-rich lithology in the saturated section 
below 128 ftbgs.  The density logs suggest the annulus between the 4-inch PVC screen and the 8-inch 
open boreholes was filled with slough material, which insures less flow, if any, bypassed the 4-inch PVC 
well screen during Hydrophysical logging, increasing the accuracy of the Hydrophysical results.  The 
density, neutron and induction logs all suggest the vadose zone starts at approximately 125 ftbgs in MW-
57 and approximately 91 ftbgs in MW-58. 
 
All depths reported herein are referenced to ground surface. 
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2. Introduction 
 
In accordance COLOG’s proposal dated June 6th, 2013, COLOG has applied hydrophysical (HpL) and 
geophysical logging methods to characterize the formation waters intersecting two wellbores at the Atlas 
“D” Missile Site 4 near Cheyenne, WY.  The objectives of the investigation were to: 
 
1) Evaluate temperature and fluid electrical conductivity under pre-testing conditions. 
2) Evaluate the vertical distribution of flow under ambient conditions. 
3) Evaluate the vertical distribution of flow under stressed conditions. 
4) Evaluate the vertical distribution of permeability of the water-bearing aquifer(s) intersecting the 

wellbore.  
5) Provide data to assist in the evaluation of the lithology intersecting the subject boreholes. 
6) Provide data to assist in proper well construction. 

 
 
The two subject wellbores tested were MW-57 and MW-58.  The hydrophysical and geophysical 
investigations were performed in 4-inch PVC well-screen set inside an 8-inch open borehole.  The subject 
wellbores were tested under ambient (non-stressed) and pumping (stressed) conditions for a complete 
profile of the hydraulic intervals intersecting the subject wellbores.   
 
COLOG’s logging of the subject wellbores was performed over the period of July 25th through July 31st, 
2013. 
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3.  Methodology 
 
A. HydroPhysical Logging (HpL) 
 
The HydroPhysical logging technique involves pumping the wellbore and then pumping while injecting 
into the Wellbore with deionized water (DI). During this process, profiles of the changes in fluid electrical 
conductivity of the fluid column are recorded.  These changes occur when electrically contrasting 
formation water is drawn back into the borehole by pumping or by native formation pressures (for 
ambient flow characterization).  A downhole wireline Hydrophysical tool, which simultaneously 
measures fluid electrical conductivity (FEC) and temperature is employed to log the physical/chemical 
changes of the emplaced fluid.   
 
The computer programs FLOWCALC and/or BOREII (Hale and Tsang, 1988 and (Daughtery and Tsang, 
2000) can be utilized to evaluate the inflow quantities of the formation water for each specific inflow 
location.  FLOWCALC is used to estimate the interval-specific flow rates for the production test results 
based on “hand-picked” values of FEC and depth. The values are determined from the “Pumping” and 
“Pumping During DI Injection logs”. Numerical modeling of the reported data is performed using code 
BOREII.  These methods accurately reflect the flow quantities for the identified water bearing intervals.   
 
In addition to conducting HydroPhysical logging for identification of the hydraulically conductive 
intervals and quantification of the interval specific flow rates, additional logging runs are also typically 
performed.  Prior to emplacement of DI, ambient fluid electrical conductivity and temperature (FEC/T) 
logs are acquired to assess the ambient fluid conditions within the borehole.  During these runs, no 
pumping or DI emplacement is performed, and precautions are taken to preserve the existing ambient 
geohydrological and geochemical regime.  These ambient water quality logs are performed to provide 
baseline values for the undisturbed borehole fluid conditions prior to testing. 
 
For interval-specific permeability estimations, COLOG utilizes Hvorslev’s 1951 porosity equation in 
conjunction with the HpL results.  Several assumptions are made for estimating the permeability of 
secondary porosity.  First, the type of production test COLOG performs in the field may significantly 
affect the accuracy of the transmissivity estimation.  The permeability equation is relatively sensitive to 
overall observed drawdown.  For a high yield wellbore, drawdown will usually stabilize and an accurate 
observed drawdown can be estimated.  However, for a low yield wellbore, drawdown usually does not 
stabilize but instead, water level continues to drop until it reaches the pump inlet and the test is complete.  
In this case COLOG utilizes the maximum observed drawdown.  The inaccuracy arises in the fact that 
overall observed drawdown does not stabilize and therefore is more an arbitrary value dependent on the 
placement of the pump downhole.  Secondly, in an environment where flow originates from secondary 
porosity the length of the interval is derived from the either the thickness of the fracture down to 0.1 feet 
or the thickness of the fracture network producing water.  This assumption of a fracture network 
producing water versus a porous media is not how the permeability equation was designed to be used.  In 
lieu of a more appropriate equation unknown to COLOG at this time, COLOG utilizes Hvorslev’s 1951 
porosity equation based on its sensitivity to interval-specific flow which can be measured accurately, 
drawdown which can be measured accurately in the case of a high yield wellbore and its insensitivity to 
effective radius.  The insensitivity to effective radius is critical when an observation well is not available 
to measure drawdown at a known distance from the subject wellbore. 
 
How to Interpret HydroPhysical Logs 
 
Figure HpL:1 below is an example data set acquired under ambient conditions.  The data represents HpL 
logs acquired immediately after deionized (DI) water emplacement for ambient flow evaluation.  For 
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FIGURE HpL:1.  EXAMPLE OF HYDROPHYSICAL LOGS DURING AMBIENT FLOW
CHARACTERIZATION WITH EXAMPLE INTERPRETATION.
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ambient flow evaluation the wellbore fluids are first replaced with DI water (termed “emplacement”), 
then a series of fluid electrical conductivity (FEC) logs are acquired over a period of a time to monitor 
ground water entering the wellbore under natural pressures and migrating either vertically or horizontally 
through the wellbore.  The wellbore fluids are replaced with DI water without disturbing the ambient free-
water level by injecting DI water at the bottom of the wellbore and extracting wellbore water at exactly 
the same rate at the free-water surface.  However, at the beginning of the DI water emplacement, a 
slightly depressed free-water level (approximately one tenth of a foot below ambient free water-level) is 
achieved and maintained throughout the test.  This procedure is implemented to ensure that little to no DI 
water is able to enter the surrounding formation during DI water emplacement. By acquiring FEC logs 
during the emplacement of DI water and by continuously measuring water level with a downhole pressure 
transducer the emplacement can be properly monitored and controlled to minimize the disturbance of the 
recorded ambient water.   After the wellbore fluids are replaced with DI water, the injection and 
extraction pumps are turned off and in most cases the downhole plumbing is removed from the wellbore.  
A check valve is installed in the pump standpipe to ensure water in the standpipe does not drain back into 
the wellbore.  While the plumbing is removed from the wellbore, DI water is injected from the top of the 
wellbore to maintain ambient water level.  Often a baseline FEC log is acquired during the final stages of 
the emplacement of DI water to provide baseline conditions just before the ceasing of pumping.  Figure 
HpL:1 illustrates ambient flow entering the wellbore at depths of 150.0 to 152.7, 138.8 to 139.0, 132.7 to 
133.4, 122.3 to 123.1 and 118.0 to 118.1 feet.  The location of these intervals is illustrated by the sharp 
increases or “spikes” in FEC.  The increase in FEC over time at these four intervals is characteristic of 
ambient inflow.  The upward vertical trend in this inflow is also apparent from the FEC logs.  For 
example, the dominant inflowing zone at 138.8 to 139.0 feet illustrates a major growth in FEC above the 
inflow “spike”, and little growth below the “spike.”  The zone at 118.0 to 118.1 feet is the termination of 
all inflow into the well.  The sum of the four inflow zones make up the outflow of this zone, and this 
value, along with the value of the four inflow zones is computed using code BOREII. 
 
COLOG uses three types of tests to identify the water-bearing intervals in a wellbore under stressed 
conditions.  In the lowest yield environment (less than 0.5 gpm) a slug test approach is utilized.  In a 
relatively low-yield wellbore environment a pump after emplacement (PAE) test is conducted, and in a 
relatively medium to high-yield wellbore environment a pump and inject (PNI) test is conducted.  The 
decision on the type of test to perform on a specific wellbore is made in the field based on the ability of 
the wellbore to recover to ambient free-water level when a disturbance in water level is introduced into 
the well, i.e. inserting tools and/or pluming into the well. 
 
In a low-yield wellbore environment a slug or PAE test is utilized to identify the water-bearing intervals 
under stressed conditions.   These tests are similar in protocol and involve first a replacement of wellbore 
fluids with DI water in a manner identical to that of the emplacement during an ambient flow evaluation.  
Often a baseline FEC log is acquired during the final stages of the emplacement of DI water to provide 
baseline conditions just before the ceasing of injection pumping.  Following the cessation of injection 
pumping, the extraction pump is left used to either pull an instantaneous slug (slug test) or is used to 
pump at a relatively steady low rate of flow in the wellbore (approximately 1-2 gpm).  During this time 
numerous FEC logs are acquired over time.  The location of water-bearing intervals is apparent by the 
sharp increases or “spikes” in FEC over time.  The rate at which these intervals inflow is calculated using 
BOREII and is based on the rate of increase of mass (area under the curve using the FEC log as the 
curve).  Flow direction is easily determined by tracking the center of mass of the area under the curve.  In 
most cases, if pumping is being conducted flow is traveling up the wellbore towards the pump which is 
situated inside casing. 
 
Figure HpL:2 is an example data set from the same wellbore as Figure HpL:1, acquired under stressed 
conditions.  The data represents HpL logs acquired during a PNI test.  The set of FEC logs on the right of 
this figure (FEC1303, FEC1310, FEC1320, and FEC1329) illustrate the condition of the wellbore during 
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FIGURE HpL:2.  EXAMPLE OF HYDROPHYSICAL LOGS DURING A 10 GPM PRODUCTION TEST
WITH EXAMPLE INTERPRETATION.

160

155

150

145

140

135

130

125

120

115

110

160

155

150

145

140

135

130

125

120

115

110

0 50 100 150 200 250 300 350 400

0 50 100 150 200 250 300 350 400

FEC1303

FEC1310

FEC1320

FEC1329

FEC1435

FEC1450

FEC1503

FEC1516

Fluid Electrical Conductivity (µS/cm) Hpl-2.dg4

FEC logs acquired during DI water
injection at 2 gpm, extraction at 12 gpm.

Bottom of casing

FEC logs acquired during development
pumping at 10 gpm prior to DI water
injection.

The logs indicate three dominant inflow
zones at 118.0 - 118.1 feet (outflow during
ambient test),132.7 - 133.4 and 138.8 - 139.0
feet (major inflow during ambient test).

Inflow

Upflow

Inflow

Inflow

Upflow

Upflow

Inflow

Inflow

6



 

    

development pumping.  In the case of this example, the wellbore was stressed at a rate of approximately 
10 gpm until a relatively steady-state condition was achieved in the wellbore.  A steady-state condition is 
apparent when the FEC logs begin to repeat as they do in figure HPL:2.  Repeatable FEC logs indicate 
that the hydrochemistry of the water inflowing to the wellbore is not changing over time (steady-state) 
and that the flow rates of all inflow zones is also not changing over time.  Additionally, the drawdown is 
monitored continuously to observe a “slowing down” in the rate of increase of drawdown.  When 
drawdown (water level) is stable, the inflow rates of the various inflow zones are assumed to be steady.  
By contrast, if DI water injection is begun in the early stages of pumping when drawdown is still 
increasing, i.e. water level is dropping rapidly, the inflow rates of the various inflow zones would increase 
with time as less wellbore storage is used to maintain a particular pumping rate.  The remaining FEC logs 
(FEC1435, FEC1450, FEC1503, and FEC1516) illustrate the conditions in the wellbore during pumping 
and injection procedures.  Fluid was extracted from the wellbore at a rate of approximately twelve gpm 
while DI water was simultaneously injected at the bottom of the wellbore at a rate of approximately two 
gpm, until a relatively steady-state condition existed in the well.  Water-bearing intervals in the wellbore 
are identified by changes or “steps” in FEC throughout the FEC logs.  The flow rate of these intervals is 
computed using BOREII and/or Flowcalc software.  Every location that the FEC increases in these logs is 
a zone of inflow.  Similarly, where the logs decrease in FEC indicates a zone of inflow with water lower 
in FEC than the water in the wellbore.  A zone exhibiting a decrease in FEC on the injection logs should 
also decrease at the same depth on the development (pre-DI water injection) logs.  Please see Appendix B 
for a detailed discussion of code BOREII used to numerically model the reported field FEC logs. 
 
Sensitivity of Transmissivity to Effective Radius 
 
An estimation of transmissivity (T) has be made for all identified water-bearing intervals using an 
equation after Hvorslev (1951) assuming steady-state radial flow in an unconfined aquifer: 
 
 

qi

2πΔhw
T = KL = ln re

rw( )
 

 
where K is the hydraulic conductivity, qi is the interval specific inflow rate calculated using HpL results 
(or “Delta Flow” from the table which equals “Interval-Specific Flow Rate During Pumping Conditions” 
minus “Ambient Flow Rate” if any), rw is the borehole radius, re is the effective pumping radius, Δhw is 
the observed maximum drawdown and L is the thickness of the zone through which flow occurs.  The 
thickness, or length of the interval is calculated using a combination of the HpL™ data and any other data 
set available.  L can usually be estimated with a high degree of confidence based on both of those data 
sets.  Qi, or Delta Flow, can also be estimated accurately using code BOREII (see appendix B) for the 
HpL data sets. Δhw is estimated with a high degree of confidence using Cologs’ downhole pressure 
transducer and a laptop to record water-level data once per second. Additionally, the borehole radius is 
confirmed quite readily from the caliper data.  For this example, rw equals 0.20 feet, re has been assumed 
to be approximately 100 feet and the observed maximum drawdown was 9.98 feet.  By applying L and qi 
from the HpL results under the two pressure conditions, the interval specific transmissivity can be 
calculated for each identified water-producing interval.   
 
Colog utilizes Hvorslevs’ 1951 equation when an observation well a known distance away with 
measurable drawdown is not available.  Essentially, Hvorslevs’ 1951 equation is similar to the prevalent 
Theis equation minus the observation well drawdown information.  In replace of the observation well 
drawdown data Hvorslevs’ equation uses an assumed “effective radius” divided by the borehole radius.  
One benefit to using Hvorslevs’ 1951 equation when observation well data is unavailable is the 
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insensitivity of the equation to the assumed effective radius as this is the only “unknown” variable in the 
equation.  All other variables are known or calculated with a high degree of confidence.  Only the 
effective radius is unproven, or unsupported, but its value can be estimated with some degree of accuracy.     
 
The following example will illustrate the insensitivity of Hvorslevs’ 1951 equation to the assumed 
effective radius of an aquifer.  The greatest magnitude of change in this example between re of 50 feet and 
re of 300 feet is 22.0 feet2/day transmissivity. 
 

Interval    
(feet) 

Length 
of 

Interval 
(feet) 

Qi - 
Delta 
Flow 
(gpm) 

Borehole 
Radius       
(feet) 

Transmissivity 
Using re of     

50 Feet 

Transmissivity 
Using re of     
100 Feet 

Transmissivity 
Using re of     
300 Feet 

118.0 – 118.1 0.1 3.997 0.20 6.78 x E01 7.63 x E01 8.98 x E01 
122.3 – 123.1 0.8 0.335 0.20 5.68 x E00 6.39 x E00 7.53 x E00 
132.7 – 133.4 0.7 1.217 0.20 2.06 x E01 2.32 x E01 2.73 x E01 
138.8 – 139.0 0.2 3.961 0.20 6.72 x E01 7.56 x E01 8.90 x E01 
150.0 – 152.7 2.7 0.197 0.20 3.34 x E00 3.76 x E00 3.43  E00 

 
 

B.  Natural Gamma 
 
The natural gamma log (also known as gamma or gamma ray log) provides a measurement recorded in 
counts per second (CPS), that is proportional to the natural radioactivity of the formation.  Actual counts 
depend upon the detector size and efficiency but are often normalized in API units.  200 API units equal 
the detector response in a specially constructed physical model designed to simulate the typical shale.  For 
most of COLOG's gamma probes, 1 API unit is approximately equal to 1.25 CPS.  The depth of 
investigation for the gamma log is typically 10 to 12 inches. Gamma logs provide formation clay and 
shale content and general stratigraphic correlation in sedimentary formations.  In general, the natural 
gamma ray activity of clay-bearing sediments is much higher than that of quartz sands and carbonates.  
Gamma logs are also used in hard rock environments to differentiate between different rock types and in 
mining applications for assessment of radioactive mineralization such as uranium, potash, etc.  
 
Gamma radiation is measured with scintillation NaI detectors. The gamma-emitting radioisotopes that 
naturally occur in geologic materials are Potassium40 and nuclides in the Uranium238 and Thorium232 
decay series.  Potassium40 occurs with all potassium minerals, including potassium feldspars.  
Uranium238 is typically associated with dark shales and uranium mineralization. Thorium232 is typically 
associated with biotite, sphene, zircon and other heavy minerals. 
 
The usual interpretation of the gamma log, for hydrogeology applications, is that measured counts are 
proportional to the quantity of clay minerals present.  This assumes that the natural radioisotopes of 
potassium, uranium, and thorium occur in exchange ions, which are attached to the clay particles.  Thus, 
the correlation is between gamma counts and the cation exchange capacity (CEC). Usually gamma logs 
show an inverse linear correlation between gamma counts and the average grain size (higher counts 
indicate smaller grain size, lower counts indicate larger grain size).  This relation can become invalid if 
there are radioisotopes in the mineral grains themselves (immature sandstones or arkose), and if there are 
differences in the CEC of clay minerals in the different parts of the formation.  Both of these situations 
are possible in many environments.  The former situation would most likely occur in basal conglomerates 
composed of granitic debris, and the latter where clay occurs as a primary sediment in shale and another 
as an authigenic mineral deposited in pore spaces during diagenesis.  
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The assumption of a linear relationship between clay mineral fraction in measured gamma activity can be 
used to produce a shale fraction calibration for a gamma log in the form:  
 
    Csh = (G-Gss) / (Gsh - Gss) 
 
Where Csh is the shale volume fraction, G is the measured gamma activity; Gss is the gamma activity in 
clean sandstone or limestone; Gsh is the gamma activity measured in shale. 
 
Calibration of the gamma logging tool is usually performed in large physical models such as the API test 
pits in Houston, or the DOE uranium calibration test pits.  In hydrogeology, the gamma measurement is 
usually a relative log and quantitative calibrations are not routinely performed.  However, the stability and 
repeatability of the natural gamma measurement is routinely checked with a sleeve of known 
radioactivity.  It is also common to routinely check the gamma log by repeat logging a section of a well.  
Natural radioactive decay follows a Gaussian distribution; that is, approximately 67% of the radioactive 
response occurs within ± the square root of the count rate.  For instance, if a background radiation of 100 
CPS is being measured, there is approximately ± 10 CPS variability. 
 
Fundamental assumptions and limitations inherent in these procedures are as follows: 
 
• The natural gamma ray log, as with all nuclear or radiation logs, have a fundamental advantage over 

most other logs in that they may be recorded in either cased or open holes that are fluid or air filled.  
Borehole fluid and casing may attenuate the gamma values. 
 

Excessive borehole rugosity, often caused by air drilling, may degrade natural gamma ray log. 
 
 
C.  Formation Conductivity (Induction) 
 
The induction measurement is made by using a magnetic field to induce electric currents in the material being 
surveyed.  Because the magnitude of these electric currents is proportional to the conductivity of the media 
being measured, the magnetic field generated by the induced electric current is measured.   
 
Induction measurements are made with an MSI model EMP induction probe.  This probe is based upon the 
Geonics EM-39 probe, which is the industry standard for slimline induction tools.  The tool is designed to 
measure formation conductivity in millisiemens per meter (mS/m) which is converted to resistivity in 
software.  This probe also measures the rate of change of the magnetic susceptibility as a percent of primary 
magnetic field, however the tool has been optimized for conductivity readings and the magnetic susceptibility 
measurements are qualitative.  For the purposes of this investigation, the magnetic susceptibility 
measurements provided no additional information and were not plotted. 
 
The induction probe used at this site contains a transmitter coil that emits a continuous wave of 
electromagnetic (EM) signal at 39.2 kHz, which produces a primary field in the formation around the 
borehole.  A secondary field produced by the primary field is proportional to the conductivity of the 
formation and is sensed at the receiver coil located in the probe 20 inches (50cm) from the transmitter coil.  A 
second coil at 10 inches (25cm) from the transmitter cancels the primary field in the vicinity of the borehole 
and allows horizontal focusing to reduce or eliminate borehole effects.  Empirical evidence demonstrates that 
there are negligible borehole effects on the response for hole diameters less than 9 inches. 
 
This inner radius of investigation (9 inches) and toroidal shape of the induced field makes the EM induction 
probe an excellent tool for lithologic investigation with little completion induced effects.  Maximum depth of 
investigation is approximately 40 inches.  Induction conductivity measurements with the EMP gives a 
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resistivity measurement (resistivity = 1/conductivity) which is very similar to a 16-inch short normal 
resistivity log.  Because the measurement is obtained electro-magnetically, it can be collected through non-
conductive (PVC or fiberglass) casing and in the wet or dry portion of these wells.   
 
 
D.  Focused Density 
 
The principle behind density logging is the detection of Compton-scattered gamma rays that originate from a 
small radioactive source housed in the probe Figure D-1.  The intensity of the radiation reflected back to the 
detectors is primarily a function of the bulk density of the media in which the gamma rays are introduced and 
scattered. 
 

 
 
Figure D-1:  Probe schematic in the borehole for the dual density (focused) probe. 
 
Compensation is necessary to correct for the condition where the tool is not perfectly flush with the borehole 
wall (because the borehole is not perfectly smooth.)  When calibrated correctly, compensated measurements 
made with this tool can be accurate to within 1% of the true bulk density.  The density compensation 
algorithm corrects the long-spaced detector measurement for near-borehole effects that are measured by the 
short-spaced detector.  The algorithm COLOG uses was empirically derived specifically for the Mt.Sopris 
density probe (Scott et al, 1988)i.   A graph of empirical data that illustrates the compensation is shown in 
Figure D-2.  A caliper log that measures borehole diameter in inches (accurate to 0.01 inch) is always 
acquired with the density log. 
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Figure D-2:  Compensation curves for the dual-detector density tool.  The circles and X’s represent actual 
empirical data from known density calibration test holes measured a various standoffs.  A polynomial 
regression corrects values back to the straight line which represents bulk density measured under perfect 
borehole conditions. 
 
Calibration of the density tool is accomplished by measuring the reflected gamma radiation from materials of 
known densities.  COLOG routinely performs shop calibrations using lucite and aluminum blocks and 
periodically checks those calibrations in the USBLM calibration test holes at the Denver Federal Center, 
Colorado (Figure D-3).  Further discussion concerning this calibration method can be found in (Keys 1989)ii 
and (Hearst and Nelson 1985)iii. 
 

 
 
Figure D-3:  Calibration chart showing count rate (log scale) from the near and far detectors plotted vs. 
density (linear scale) for various calibration media (Scott et al, 1988).   
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Porosity can be derived from compensated bulk densities if the grain density for the rock and a fluid density 
for the fluid in the pore space is known or assumed (Hearst and Nelson, 1985, p. 389).  Fluid density rarely 
deviates much from 1.00 g/cc, and in the lack of core analysis a grain -density for clastic sedimentary rock of 
2.65 g/cc is often assumed (the density of quartz).  However, limestone commonly has matrix densities of 
2.70 g/cc or higher, causing the calculated porosities based on 2.65 g/cc to often be negative.  The present of 
some cementation minerals such as calcite (density of 2.71 g/cc) and siderite (density of 3.94 g/cc) also result 
negative porosities.  Though deviation of grain densities from the assumed 2.65 g/cc results in calculated 
porosities that are in error, the occurrence of negative porosities can provide an indication of the presence of 
these heavier minerals. 
 
Fundamental assumptions and limitations inherent in these procedures are as follows: 
 
• The focused density gamma/gamma log, as with all nuclear or radiation logs, have a fundamental 

advantage over most other logs in that they may be recorded in either cased or open holes that are 
fluid or air filled.  Borehole fluid and casing may attenuate the gamma values. 

 
• Excessive borehole rugosity, often caused by air drilling, may degrade the focused density 

gamma/gamma ray log results. 
 
 
E.  Neutron 
 
High energy neutrons are generated by a 1 or 3 curie Am241-Be radioactive source housed in the probe.  These 
neutrons interact with the media which surrounds the probe including the borehole fluid and formation.   The 
significant aspects of that interaction are the loss of energy due to collisions with hydrogen atoms and the 
subsequent capture of the neutrons by various nuclei (including hydrogen).  The detector in the neutron tool is 
spaced 14" from source and counts only the low energy (thermal) neutrons which have not been captured.  
Within a certain range (unspecified) the thermal neutron count rate is inversely proportional to the population 
of hydrogen atoms surrounding the tool.  Therefore, for a constant borehole size the neutron count rate can be 
related to total water content surrounding the tool, registering higher counts for lower water content.  The 
inverse counts vs. water content relationship can be explained in terms of the degree of neutron capture that 
occurs.  For example, lower water content captures fewer low energy neutrons and results in a higher neutron 
count rate at the detector. 
 
Total water content in a saturated formation is controlled by the clay content, because clay minerals contain a 
significant volume of bound water.  In view of the inverse relationship described above this means that lower 
neutron count rates are associated with higher clay content.  Repeatability and stability of the neutron tool is 
routinely checked by measuring the neutron count rate in a barrel of water or federally regulated radioactive 
pits.  No quantitative calibration is performed since the neutron log is a qualitative, relative measurement. 
 
 
Fundamental assumptions and limitations inherent in these procedures are as follows: 
 
• The focused density gamma/gamma log, as with all nuclear or radiation logs, have a fundamental 

advantage over most other logs in that they may be recorded in either cased or open holes that are 
fluid or air filled.  Borehole fluid and casing may attenuate the gamma values. 

 
• Excessive borehole rugosity, often caused by air drilling, may degrade neutron count rate and thus 

the neutron relative porosity log results. 
 

12



 

    

F.  4-pi Gamma Density 
 
The 4-Pi Gamma Density measurement is often utilized for evaluating the integrity of a well completion, 
particularly with respect to the grout occupying the annular space between the well casing and the 
formation.  It is also used extensively in non-destructive integrity testing of concrete piers.  Like most 
density probes, the 4-Pi is configured with a gamma radiation source, and a gamma detector spaced at 
some distance from the source.  The count rate measured at the detector is inversely proportional to the 
density of the medium between the source and detector.  The depth of investigation can be changed by 
varying the distance between the source and detector.  However, this spacing is generally short for well 
completions, so as to identify any anomalies (voids) directly behind the casing.  Generally, the output 
shows variations in count rate at the detector, and thus relative density.  However, in certain situations, 
models can be constructed to calibrate the output to actual engineering units (lb/cu.ft or gm/cc). 
 
The 4-Pi density averages the response resulting from all of the media between the source and detector.  
As a result, small cracks or voids may be difficult to identify.  Therefore, a focused density measurement 
such as the compensated or high-resolution density should also be run for a more thorough investigation.  

 

 
• The spherical density log, as with all nuclear or radiation logs, have a fundamental advantage over 

most other logs in that they may be recorded in either cased or open holes that are fluid or air filled.  
Borehole fluid and casing may attenuate the gamma values. 

 
• Excessive borehole rugosity, often caused by air drilling, may degrade natural gamma ray log 

results. 
 
• Accuracy of the spherical density data is affected by the distance of the source from the detector(s). 
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4.0   MW-57 Logging Results 
4.1   Hydrophysical Logging 
4.2   Geophysical Logging 

 
 
4.1.0 Hydrophysical Logging 
 
4.1.1 Ambient Fluid Electrical Conductivity and Temperature Log: MW-57 
 
At 1120 hours on July 25th, 2013, after a calibration check of the fluid electrical conductivity 
(FEC) and temperature logging tool, the fluid column was logged for FEC and temperature 
profiles with COLOG’s 1.5-inch diameter HpL probe.  These logs were performed prior to the 
installation of any pumping equipment.  Please refer to Figure MW-57:1. The ambient FEC 
profile indicates anomalies in FEC at 211, 240 and 265.5 feet – all of which correlate well with 
water-bearing depths identified during Hydrophysical ambient flow testing.  The FEC anomalies 
represent depths at which water has likely entered the borehole and increased or decreased the 
FEC of the wellbore fluids.  The ambient FEC profile registers a minimum FEC of 256 µS/cm at 
225 feet and a maximum FEC of 356 µS/cm at 267.8 feet (TD).   
 
The ambient temperature profile similarly indicates temperature anomalies at 169.5, 189, 195, 
212, 225.5, 234, 240.5 and 265.5 feet – all of which are identified as water-bearing intervals 
during Hydrophysical ambient flow testing.  The ambient temperature profile registers a 
maximum temperature of approximately 11.42 degrees C at 172 feet and a minimum temperature 
of approximately 10.39 degrees C at 225 feet.  
   
4.1.2 Ambient Flow Characterization: MW-57 
 
On July 25 th, 2013, ambient flow characterization was conducted in boring MW-57.  For ambient 
flow assessment, the formation water in the borehole was replaced with de-ionized (DI) water and 
the boring left in an undisturbed state to allow any natural flow to occur.  A series of FEC and 
temperature logs were then conducted to identify changes in the fluid column associated with 
ambient flow.  Prior to this period and throughout all HpL testing, water levels were monitored 
and recorded digitally once every second.  Ambient flow evaluation is reported for the period 
after the water surface returned to near pre-emplacement levels.  Ambient flow characterization is 
conducted to evaluate the presence of both vertical and horizontal ambient flow.   
 
On July 25th, 2013, at 16:45 hours (t = 0 minutes, elapsed time of test), emplacement of the fluid 
column was complete.  During the 15.5 hours following the emplacement of DI water, multiple 
logs were conducted.  Of these logs, seven are presented in Figure MW-57:2, with the first log, 
FEC1656, occurring near the end of the emplacement of DI water to serve as a baseline of 
conditions downhole. The designation of each logging with the FEC tool is indicated in the figure 
legend by the time of logging (e.g., FEC1656 versus a subsequent logging at FEC1706), thus the 
progressing of curves to the right in this figure represents changes in FEC over the total logging 
period. The last log, FEC0815, was acquired the following morning after the borehole sat 
undisturbed overnight.  The last four digits of each log ID correspond to the time at which that 
particular log was started.  Only logs acquired during logging in the downward direction are 
presented as the design of the FEC/Temperature probe allows the most accurate data to be 
collected in the downward direction.  The logs acquired in the upward logging direction are not 
representative of downhole conditions and are therefore omitted.   These logs illustrate significant 
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change at several intervals throughout the length of the borehole.  These dramatic changes in the 
FEC profiles with respect to time are associated with ambient vertical flow occurring within the 
borehole.   
 
Formation water migration as a result of ambient vertical flow through the fluid column is 
indicated by the increase in FEC over time at several intervals in the data presented in Figure 
MW-57:2.  Numerical modeling of the reported field data using code BOREII suggests 
groundwater enters the well screen at 190.2 feet and above and from 195.1 to 196.2 feet at rates 
of 0.024 and 0.005 gpm, respectively.  These flow rates are based on the rate of increase of mass 
and the migration of the center of mass of the area under each curve at these depths.  The 
combined inflow of 0.029 gpm is observed to migrate down the well screen and exit entirely at 
200.6 to 203.6 feet.  The modeling suggests additional ambient flow enters the well screen at 
208.3 to 216.3, 225.9 to 228.0, 238.8 to 244.5 and 265.0 to 267.8 feet (TD) at rates of 0.016, 
0.211, 0.085 and 0.011 gpm, respectively.  The combined inflow of 0.323 from these four inflow 
zones is observed to migrate up the well screen and exit the well screen entirely at the same 
outflow zone described above at 200.6 to 203.6 feet.  The ambient depth to water at the time of 
testing was 166.95 ftbgs. 
 
4.1.3 Flow Characterization During 9 GPM Production Test: MW-57 
 
Pumping of borehole fluids and simultaneous DI injection was conducted at one pumping rate to 
establish the inflow locations and evaluate the interval-specific inflow rates during production 
testing.  Development pumping at a given rate was conducted until reasonably constant 
drawdown and repeatable FEC logs downhole were observed.  When these conditions were 
observed, DI injection was initiated at approximately 20% of the pumping rate while the 
extraction pumping rate was increased the same amount to maintain a constant total formation 
production rate (i.e. pumping rate prior to DI water injection).  These procedures were conducted 
at a differential rate of 9.11 gpm (extraction rate during DI water injection minus DI water 
injection rate). 
 
On July 26th, 2013, at 08:29 hours (t = 0 minutes elapsed time of testing), development pumping 
was initiated at approximately 9 gpm.  Prior to initiating pumping, the ambient depth to water was 
recorded at 168.25 ftbgs.  All drawdown values are referenced to this ambient water level.  Time-
dependent depth to water information, along with DI water injection information later, was 
recorded digitally once every second and is presented in Figure MW-57:3.  The extraction 
flowmeter malfunctioned during pumping.  Therefore, no digital extraction rate information could 
be presented in Figure MW-57:3.  The field engineers conducted periodic volumetric flow tests 
from the extraction discharge to derive an average developmental-pumping flow rate of 9.0 gpm 
prior to DI water injection.   Pumping was maintained at an averaged rate of 9.0 gpm until 11:29 
hours (t = 180 minutes, elapsed time of total testing).   During development pumping, numerous 
FEC logs were acquired to monitor the development process and assist in identifying the depths 
of flow zones.   Of these logs, four development FEC traces (FEC1013 through FEC1120) are 
presented in Figure MW-57:4.  The FEC logs acquired during development pumping illustrate a 
reasonably stable, steady-state condition of the fluid column based on the repeatable FEC logs 
and stable drawdown observed.   DI water injection at the bottom of the wellbore was initiated at 
11:29 hours at a time-averaged rate of 2.39 gpm while the total extraction rate was increased to an 
average rate of approximately 11.5 gpm, resulting in a total borehole formation time-averaged 
production rate of 9.11 gpm.  These flow conditions were maintained until 12:33 hours (t = 244 
minutes), during which time a reasonably constant maximum drawdown of approximately 2.28 
feet was observed.  During dilution procedures numerous FEC traces were acquired.  Of these 
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logs, the final three (FEC1203, FEC1213 and FEC1228) are presented in Figure MW-57:4 along 
with the development-pumping FEC logs (FEC1031 through FEC1120) acquired during 
development pumping for comparison.  The FEC logs acquired during dilution procedures 
illustrate a reasonably stable condition of the fluid column with local inflow locations identified 
by spikes or incremental step increases in FEC.  Nine inflow intervals were identified from these 
logs, using code FLOWCALC and/or BOREII for flow rate analysis, with flow rates ranging 
from 0.02 to 4.26 gpm.  The previously identified outflow zone under ambient conditions at 
200.6 to 203.6 feet is observed to have been reversed to an inflow zone which contributed 1.37 
gpm.   The dominate inflow zone identified from these logs is at 208.3 to 216.3 feet, producing 
4.26 gpm, or 46.8% of the total inflow during pumping.   Please refer to Table MW-57:1 for a 
summary of Hydrophysical flow results and the depths of individual inflow zones.   
 
 
4.1.4 Estimation of Interval Specific Transmissivity: MW-57 
 
An estimation of transmissivity (T) can be made using an equation after Hvorslev (1951) 
assuming steady-state radial flow in an unconfined aquifer: 
 
 

qi

2πΔhw
T = KL = ln re

rw( )
 

 
where K is the hydraulic conductivity, qi is the interval specific inflow rate calculated using HpL 
results, rw is the borehole radius (0.33 ft), re is the effective pumping radius, Δhw is the observed 
maximum drawdown (2.28) and L is the thickness of the zone through which flow occurs.  For 
our calculations, COLOG used re of 200 feet (assumed).  By applying L and qi from the HpL 
results under the two pressure conditions, the interval-specific transmissivity can be calculated for 
each identified water producing interval.  These calculations were made at each identified interval 
and are presented in Table MW-57:1. In summary, the interval at 208.3 to 216.3 feet exhibited 
the highest transmissivity of approximately 365 ft2/day. 
 
 
4.2.0 Geophysical Logging 
 
On July 31, 2013, several downhole geophysical instruments were run in borhole MW-57.  These 
tools are intended to provide information on the nature of the sediments and sedimentary rock 
encountered during the drilling of this borehole.  They can also provide information as to nature 
of the water-content of the various layers penetrated by the borehole.  The geophysical logs run 
are as follows:  natural gamma, 4-Pi gamma density, focused density, dual neutron, and dual 
induction.  The data from these logs are presented in the MW-57 Geophysical/Hydrophysical 
Summary Plot.  It appears that, in general, the expected responses of most of the geophysical 
logging tools were not significantly diminished by the presence of the 4-inch PVC casing and 
well screen, and the annulus between the PVC casing and the nominally 8-inch open borehole.  
There is indication that some collapse or sloughing of the low strength sediments did occur into 
the otherwise annular space between the outside of the casing and the borehole wall. 
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4.2.1  General Regional Geology 
 
The drill site is located approximately 12 miles southwest of Cheyenne, Wyoming, and east of an 
abandoned Strategic Air Command (SAC) Atlas D intercontinental missile site.  This site is 
located in the far north western corner of the Denver – Julesburg geologic basin located mainly in 
Colorado.  Here the surficial materials are likely to be uncemented and exhibit low strength 
sediments of Pleistocene to even Holocene (recent to > 1.5 Mybp) in age.  These sediments can 
range from continental type (wind-blown silts and clays) to fluvial (stream deposits of sands and 
even gravels) in depositional framework, and are relatively low-density and non-cemented, in 
general, except in preserved aridisols (paleosols) or calichi zones.  It is also possible that some of 
these materials may represent glacial outwash sediments from alpine glaciations that occurred to 
the west of the site and ending approximately 10 Kybp.  In general their relative thickness would 
be expected to vary locally and depending on the specific nature of that physical depositional 
processes and paleo-topography influencing their formation. 
 
It is possible that this borehole may have been sufficiently deep so as to penetrate to late Tertiary 
sedimentary rocks of Pliocene or Miocene age.  These sediments, or weak sedimentary rocks, are 
likely to be quite similar in nature to the overburden sediments previous discussed.  Given their 
greater age it is possible that they are more completely consolidated and calcium carbonate-
cemented, and therefore physically stronger than the more recent overburden. 
 
4.2.2  Site-Specific Geology 
 
 As previously mentioned, the sediments and sedimentary rocks are likely to range from very fine 
grained clay and silt through sands and, in some cases, including gravel and possible some small 
cobbles.  Deposition by wind or water or both would be expected to form beds and the 
depositional energy involved will heavily influence grain size, sorting and its overall distribution.  
Clay-matrix clay or carbonate cemented well sorted (engineering sense) sediment or rock will 
tend to have higher bulk density readings.  Claystones and clayey siltstones will tend to exhibit a 
higher natural gamma count rate because of the naturally occurring radiogenic potassium 40 
isotope that clay minerals contain (particularly illite and smectite).  Sands and sandstones may 
also exhibit a higher gamma radiation count if they contain abundant orthoclase (potassic) 
feldspar which is likely given the nearby uplifted source area to the west.  A high back-scattered 
gamma radiation rate from the so-called 4-Pi density probe would likely correlate to a relatively 
low-density material.  Thus, the 4-Pi log should approximately mirror the near and far density 
neutron logs.  The 4-Pi log is also heavily influence by the presence of ground water.  As such, 
the 4-Pi log should register a dramatic shift in CPS as the probe enters or exits ground water.  
Lastly, the dual-neutron probe registers higher CPS where less water is present.  However, when 
interpreting the logs the response in the neutron log tends to be counter-intuitive because clay-
rich layers have higher bulk porosity, and therefore higher bound-water content, then sandstones 
or sand-rich layers.  Therefore, water-bearing sands, although more likely to pass water than 
clays, will have a higher-CPS reading on neutron logs than a clay due to the higher bound water 
in the clays.          
 
No single geophysical log can or should be used to make inferences regarding the local sediment 
or sedimentary rock.  It is vastly preferable to use a log suite, as is the case here.  All logs, when 
possible, should be used to correlate with each other and this degree of correlation can indicate 
the overall quality of this log suite and the degree of confidence in the overall geologic 
interpretation. 
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4.2.3 Natural Gamma Log  
 
On July 31, 2013, natural gamma logging was performed in MW-57 to a depth of 268.2 ftbgs 
(feet below ground surface).  The natural gamma registers an approximately nominal 120 CPS 
from ground surface (GS) to approximately 126.5 feet.  In general sandy clays are indicated from 
the surface to a depth of approximately 52 ft. BGS.  At that point the materials appear to become 
more clay-rich to 100 ftbgs.  There is a slightly more clay rich zone from 100 to 110 ft depth.  
Then a zone of increasing saturation appears with increasing depth to where the water table is 
encountered at 126 ftbgs.  Below 168 feet the sediments show a marked increase in overall clay 
content that continues to 240 ft. to 248 ft. where either a marked increase in silt, sand, or both 
occur.  From 248 to TD the sediments return to a more clay rich nature as described previously. 
 
4.2.4 Focused Density Log 
 
On July 31, 2013, focused density logging was performed in MW-57 from 10.3 feet to a depth of 
268.8 feet.  Both the Near and Far Density logs are relatively uniform and correlate well 
throughout the length of MW-57.  The focused density logs register an approximately nominal 
0.88 g/cc density above 126 feet, with the exception of a higher-density anomaly at 30 to 54 feet.  
The low-density readings of approximately 0.88 g/cc above 126 feet suggest an open air-filled 
annulus between the 4-inch PVC and the 8-inch open borehole.  At 30 to 54 feet the higher-
density anomaly may correlate with an isolated slough zone or a bend in the PVC casing which 
brought the density probe closer to the borehole wall at this depth.  The 4-Pi density log does not 
register this higher-density anomaly suggesting the higher-density anomaly in the focused density 
logs is an isolated slough-in on one side of the PVC – the side the focused density probe was 
facing.  Below 126 feet the near and far density logs register an increase in density from 
approximately 0.88 g/cc to an approximately nominal 2.20 g/cc suggesting a progressively 
increasing water-content such as in a possible vadose zone.  The dual-neutron supports this 
suggestion with decreased CPS from 126 to 168.3 feet.  Below ambient water level of 168.25 
feet, the focused density logs correlate well with the dual-induction logs in terms of identifying 
sandier versus more clay-rich intervals.  For example, the focused density logs register higher-
density anomalies at 172.2 to 191.3, 200.0 to 215.6, 221.6 to 229.0 and 239.2 to 250.5 feet, 
suggesting less clay material and relatively more sand matrix at these depth-intervals.  The dual-
induction probe registers low-conductivity anomalies at these depths further suggesting a sandy-
matrix. Moreover, the Hydrophysical logging identified water-bearing zones that correlate well 
with these depth-intervals.    
 
4.2.5 Dual-Neutron 
 
On July 31, 2013 dual-neutron logging was performed in MW-57 from 2.8 feet to a depth of 
267.8 feet.  The near and far neutron logs register nominal CPS readings of approximately 3,570 
and 600 CPS, respectively from near GS to approximately 126 feet.  Below 126 feet to water 
level at 168.25 feet, the neutron logs decrease from their respective nominal baselines of 3,570 
and 600 CPS, suggesting higher water content in the matrix of the surrounding host lithology 
from 126.0 to 168.3 feet.  The neutron logs register higher-CPS anomalies at approximately 141.5 
and 164.5 feet followed by nominal decreasing with depth.  The higher-CPS anomalies correlate 
with a low-conductivity anomaly on the dual-induction logs and minor higher-density anomalies 
on the focused density logs, suggesting sand layers at these anomalies.  However, the natural 
gamma log registers a higher-CPS reading at these two neutron anomalies, suggesting the sand is 
radiogenic in nature.  Below ambient water level of 168.25 feet the neutron logs register relative 
higher-CPS anomalies at 122.2 to 155.0 feet, correlating well with a water-bearing interval 
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identified from the Hydrophysics above 190 feet.  Similarly, the neutron log registers higher-CPS 
anomalies at 197.3 to 215.6 feet, 221.6 to 229.6 feet and 239.2 to 250.0 feet, each correlating well 
with water-bearing intervals identified during Hydrophysical testing.  Please refer to the 
Geophysical/Hydrophysical Summary Plot.   
 
4.2.6 Dual-Induction 
 
On July 31, 2013 dual-induction logging was performed in MW-57 from ground surface to a 
depth of 267.3 feet.  The low-conductivity anomalies observed in these logs correlate well with 
anomalies in the focused density, neutron and Hydrophysical logs indicating potential water-
bearing zones.  The induction logs indicate the vadose zone at 126 feet and below.   
 
4.2.7 4-Pi Gamma Density 
 
On July 31, 2013, 4-Pi gamma density logging was performed in MW-57 to a depth of 268.2 feet.  
The 4-Pi gamma readings are affected by water and show a marked decrease in counts at 
approximately 126 feet likely moisture in the surrounding host rock, as similarly indicated by the 
dual-neutron logs, the focused density logs and the dual-induction logs.  The 4-Pi log also 
registers fluid level at 166.5 feet at the time of logging.  It registers a nominal CPS range of 
approximately 454 to 20,807 CPS from ground surface throughout the borehole.  There is an 
overall decrease in 4-Pi gamma CPS as depth increases as well.  Minor fluctuations in 4-Pi 
gamma CPS are observed at anomalies in the focused density logs, mirroring the focused density 
logs as expected.  Some fluctuations may be the result of heterogeneities in the sediment 
composition and/or changes in the water volume around the logging probe.  Please refer to the 
Geophysical/Hydrophysical Summary Plot. 
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FIGURE MW-57:1.  Ambient Temperature and Fluid Electrical Conductivity; Versar; Atlas "D" Missile Site 4; Cheyenne, WY; 
Wellbore:MW-57
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FIGURE MW-57:2.  Summary of Hydrophysical Logs During Ambient Flow Characterization; Versar; Atlas "D" Missile Site 4; 
Cheyenne, WY; Wellbore: MW-57
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FEC logs acquired immediately following DI water emplacement for Ambient Flow Characterization.  
The logs indicate groundwater enters the wellbore at: 
 
1. 190.2 feet and above (could not log higher due to pump in the well): 0.024 gpm 
2. 195.1 - 196.2 feet: 0.005 gpm 
This ambient flow is observed to migrate down and exit at: 
3. 200.6 - 203.6 feet 
 
Additional inflow occurs at: 
4. 208.3 - 216.3 feet: 0.016 gpm 
5. 225.9 - 228.0 feet: 0.211 gpm 
6. 238.8 - 244.5 feet: 0.085 gpm 
7. 265.0 - 267.8 feet (TD): 0.011 gpm 
 
The combined inflow of 0.323 gpm of the intervals at 208.3 feet and below is observed to migrate 
up the wellbore and exit at the same outflow interval as above at: 
 
200.6 - 203.6 feet: -0.352 gpm total outflow 
  
 
 
 

This last log, FEC0815, was 
acquired the following 
morning after the wellbore 
sat undisturbed overnight. 
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FIGURE MW-57:3. Pumping And Drawdown Data During 9 GPM Production Test; Versar; Atlas "D" Missile Site 4; Cheyenne, WY; Wellbore: MW-57
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Elapsed Time (mins) t=0 at 8:29 Hours on 26 July 2013 

DI Water Injection (gallons)

Drawdown (feet) Referenced to AWL of 168.25 ftbgs

DI Water injection rate = 2.39 gpm 

The extraction flowmeter malfunctioned and did not register 
flow during pumping.  The field crew conducted and 
recorded volumetric flow rate tests from the discharge 
periodically during pumping.  From t=0 to t=175 minutes, 
pumping was conducted at approxiamtely 9.0 gpm.  After 
t=180 minutes to the conclusion of the test at t=244 minutes, 
pumping was conducted at an average of 11.5 gpm. 
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FIGURE MW-57:4.  Summary of Hydrophysical Logs During 9 GPM Production Test; Versar; Atlas "D" Missile Site 4; 
Cheyenne, WY; Wellbore: MW-57
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FEC logs FEC1031 through 1120 were acquired during development pumping at 9.0 gpm from 
approximately 176 feet.  The development logs show a relatively stable fluid column based on 
the repeatable FEC traces. 
 
FEC logs FEC1203 through 1228 were acquired during DI water injection at 2.39 gpm at the 
bottom of the wellbore and simultaneous extraction pumping at 11.5 gpm. The logs indicate 
groundwater enters the wellbore at: 
 
1. Above 190.2 feet (could not log higher due to pump in the well): 1.51 gpm; FEC=214 uS/cm 
2. 195.1 - 196.2 feet: 0.38 gpm; FEC=214 uS/cm 
3. 200.6 - 203.6 feet: 1.37 gpm; FEC=214 uS/cm   
4. 208.3 - 216.3 feet: 4.26 gpm; FEC=214 uS/cm 
5. 225.9 - 228.0 feet: 1.33 gpm; FEC=216 uS/cm 
6. 234.0 - 234.5 feet: 0.02 gpm; FEC=206 uS/cm 
7. 238.8 - 244.5 feet: 0.21 gpm; FEC=206 uS/cm 
8. 265.0 - 267.8 feet (TD): 0.025 gpm; FEC=232 uS/cm 
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Table MW-57:1.  Summary Of Hydrophysical Logging Results With Hydraulic Conductivity And Transmissivity Estimations; Versar; 
Atlas "D" Missile Site 4; Cheyenne, WY; Wellbore: MW-57

MW-57
168.25
168.25

9.11

Interval       
No.

Top of 
Interval 

(ft)

Bottom 
of 

Interval 
(ft)

Length of 
Interval       

(ft)

Ambient 
Flow1 (gpm)

Darcy Velocity         
in Aquifer2                           

(ft/day)

Interval-Specific 
Flow Rate During 

Pumping             
(gpm)

Interval-Specific 
Hydraulic 

Conductivity3 

(ft/day)

Transmissivity 
(ft2/day)

Interval-Specific 
Fluid Electrical 

Conductivity 
(uS/cm)

1 168.3* 190.2 21.9 0.024 NA 1.51 5.83E+00 1.28E+02 214
2 195.1 196.2 1.1 0.005 NA 0.380 2.93E+01 3.22E+01 214
3 200.6 203.6 3 -0.352 NA 1.37 4.93E+01 1.48E+02 214
4 208.3 216.3 8 0.016 NA 4.26 4.56E+01 3.65E+02 214
5 225.9 228.0 2.1 0.211 NA 1.33 4.58E+01 9.62E+01 216
6 234.0 234.5 0.5 0.000 NA 0.020 3.44E+00 1.72E+00 206
7 238.8 244.5 5.7 0.085 NA 0.210 1.88E+00 1.07E+01 206
8 265.0 267.8 2.8 0.011 NA 0.025 4.30E-01 1.20E+00 232

Note: Negative flow, if any, is outflow from the wellbore to the aquifer, positive flow is inflow to the wellbore.

  

All depths reported herein are referenced to ground surface.

NA = Not Applicable

Well Name Diameter of Wellbore (ft) 0.67
Ambient Depth to Water (ftbtoc) Maximum Steady Drawdown (ft) 2.28
Ambient Depth to Water (ftbgs) Effective Radius (ft) 200

Pumping Rate (gpm) Specific Capacity (gpm/ft dd) 4.00

Hydrophysical Logging Results - MW-57

1  Ambient downflow and upflow are identified in this wellbore under ambient conditions.

2 Darcy Velocity, or Specific Discharge in aquifer, is calculated using the observed volumetric flow rate, the cross-sectional area of the flow interval in the wellbore 
and a wellbore convergence factor of 2.5 (Drost, 1968).  The Darcy Velocity is only applicable to ambient horizontal flow.

3 Hydraulic conductivity and transmissivity estimates are based on single well drawdown data, a porous-medium equivalent model and Hvorslev's 1951 porosity 
equation.

* This top depth is the level of ambient water level (AWL).  No logging could be done above approximately 188 feet due to the pump in the well.  Therefore, the top 
of this interval can only be assumed.
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Well ID: MW-57

Log Ref.: Ground Surface
Depth Driller: 296.0'

Project: Versar, Atlas "D" Missile Site 4

Depth Logger: 269.0'

MISCELLANEOUS NOTES:

1.  All depths references to Ground Surface (GS).

2.  Ground Surface Elevation: 6716 ft.

3.  Geophysically Logged by COLOG on July 31, 2013.

4.  Hydrophysically Logged by COLOG on July 25-26, 2013.

   

GEOPHYSICAL LOGS

Natural Gamma (cps)
4-Pi Gamma Density (g/cc)
Focused Density (g/cc)
Dual Neutron (cps)
Dual Induction (mS/m)

Date Logged: July 25, 26, & 31, 2013

Location: Cheyenne, WY

LITHOLOGY

COLOG  Main Office

Recorded by: M. Cullum Witnessed by: Joe Mastromarchi

810 Quail Street, Suite E
Lakewood, CO  80215

Phone: (303) 279-0171Log Ref. Elev.:  6716' at Ground Surface

Depth
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5.0   MW-58 Logging Results 
5.1   Hydrophysical Logging 
5.2   Geophysical Logging 

 
 
5.1.0 Hydrophysical Logging 
 
5.1.1 Ambient Fluid Electrical Conductivity and Temperature Log: MW-58 
 
At 1011 hours on July 29, 2013, after a calibration check of the FEC and temperature logging 
tool, the fluid column was logged for FEC and temperature profiles with COLOG’s 1.5-inch 
diameter HpL probe.  These logs were performed prior to the installation of any pumping 
equipment.  Please refer to Figure MW-58:1.  The ambient FEC profile registers 479uS/cm at 
ambient water level and increases to 493uS/cm at 144 feet, from there the FEC begins a 
decreasing trend down to 478 uS/cm at 215 feet or total depth (TD).  The ambient temperature 
profile shows a similar trend, with a general decrease in temperature from ambient water level to 
133 feet then a trend of slowly rising temperature to total depth.  The ambient temperature profile 
registers a maximum temperature of approximately 11.12 degrees C at ambient water level and a 
minimum temperature of approximately 9.30 degrees C at 133 feet. 
 
5.1.2 Ambient Flow Characterization: MW-58 
 
On July 29, 2013, ambient flow characterization was conducted in boring MW-58.  Please refer to 
section 4.1.2 for a brief discussion of the methodology and procedures used for conducting the 
ambient flow characterization.   
 
On July 29, 2013, at 1500 hours (t = 0 minutes, elapsed time of test), dilution of the fluid column 
was complete.  During the 2 hours following the emplacement of DI water, six logs were 
conducted.  The logs are presented in Figure MW-58:2.  The designation of each logging with the 
FEC tool is indicated in the figure legend by the time of logging (e.g., FEC1500 versus a 
subsequent logging at FEC1510), thus the progressing of curves to the right in this figure 
represents changes in FEC over the total logging period.   The first log, FEC1500, was acquired 
near the end of the DI water emplacement to serve as a baseline of conditions downhole.  The last 
log, FEC0709, was acquired the following morning after the borehole sat undisturbed overnight.  
The last four digits of each log ID correspond to the time at which that particular log was started.  
Only logs acquired during logging in the downward direction are presented as the design of the 
FEC/Temperature probe allows the most accurate data to be collected in the downward direction.  
The logs acquired in the upward logging direction are not representative of downhole conditions 
and are therefore omitted.  These logs illustrate significant changes at several intervals throughout 
the length of the borehole.  These changes in the FEC profiles with respect to time are associated 
with ambient horizontal flow occurring within the borehole. 
 
Formation water migration as a result of ambient vertical flow through the fluid column is 
indicated by the increase in FEC over time in the data presented in Figure MW-58:2.  Numerical 
modeling of the reported field data using code BOREII indicates the dominant ambient inflow 
zone is at 206.4 to 215.0 (TD) feet, producing 0.0055 gpm of horizontal flow.  This flow rate is 
based on the rate of increase of mass and the migration of the center of mass of the area under the 
curves at this depth interval.  Correcting for convergence to the wellbore and factoring the length 
of the interval, this flow rate equates to a Darcy velocity, or specific discharge of the aquifer, of 
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0.07 feet/day.  Additional horizontal ambient flow is observed to enter the wellbore at 159.3 to 
161.0, 165.4 to 168.2 and 170.5 to 172.0 feet at rates of 0.002, 0.001 and 0.0003 gpm, 
respectively.  These flow rates equate to Darcy velocities of 0.14, 0.04 and 0.02 feet/day, 
respectively.  Please refer to Figure MW-58:2.   
 
At the beginning of the ambient flow characterization water is observed to enter the wellbore 
from approximately 117.6 feet (ambient water level) to 125.4 feet.  This is the result of water-
level being drawn down briefly by the removal of the pump at the conclusion of the 
emplacement.  Although steps were taking to not lower water-level, a drop in water-level was still 
briefly observed during the pump removal.  Once water level returned to ambient level, within 
seconds, this depth interval ceased to produce water to the wellbore, based on the lack of 
continuous growth of FEC in the logs presented in figure MW-58:2.  As such, this interval is not 
considered a water-bearing interval under ambient conditions.  The ambient depth to water at the 
time of testing was 117.58 ftbgs. 
 
5.1.3 Flow Characterization During4.2 GPM Production Test: MW-58 
 
Pumping of wellbore fluids after DI water emplacement was conducted at 4 gpm to establish the 
inflow locations and evaluate the interval-specific inflow rates.  Low-rate pumping at a given rate 
after DI water emplacement is conducted when the subject wellbore cannot sustain more than 
approximately 2-3 gpm yield.  For DI water emplacement, DI water is injected at the bottom of 
the wellbore while simultaneous extraction pumping is conducted near water surface at the same 
rate.  Water levels and flow rates are monitored and recorded digitally continuously to ensure 
minimal to no DI water is lost to the formation.  This is achieved by maintaining water level at or 
below the recorded ambient level.  After DI water emplacement is complete, low-rate pumping is 
conducted to stress the aquifer(s) and draw groundwater into the wellbore where it is contrasted 
by the DI water in the wellbore.  Continuous FEC profiling over time yields the depth and rate of 
influx of groundwater during pumping. This procedure was conducted at a time-averaged 
pumping rate of 4.21 gpm. 
 
On July 30, 2013, at 0815 hours (t = 0 minutes elapsed time of testing), development pumping 
was initiated at approximately 1.0 gpm.  After approximately 13 minutes the pump rate was 
increased to approximately 3.0 gpm, and then an additional 9 minutes increased to 7.0 gpm.  At 
approximately 0842 (T=27 minutes, elapsed time of testing), water level reached the pump inlet.  
The pumping rate then stabilized at 4.21 gpm.  Prior to initiating pumping, the ambient depth to 
water was recorded at 117.58ftbgs.  All drawdown values are referenced to this ambient water 
level.  Time dependent depth to water, totals and flow rate information were recorded digitally 
every second while logging FEC and temperature, and are presented in Figure MW-58:3.  
Pumping was maintained at a time-averaged rate of 4.21 gpm until 0937 hours (t = 82 minutes, 
elapsed time of testing).  During development pumping, numerous FEC logs were acquired to 
monitor the development process and to assist in identifying the depths of flow zones.  Of these 
logs, seven are presented in Figure MW-58:4.  After 1.5 hours of development pumping, the FEC 
logs illustrate a reasonably stable, repeatable condition of the fluid column, with local inflow 
locations identified by spikes or incremental step increases or decreases in FEC.    Five inflow 
zones were identified from these logs ranging in flow from 0.0005 to 4.20 gpm with the interval 
117.6 (AWL) to 125.4 feet contributing the 4.20 gpm, or 99.7 percent of the total formation 
production during pumping.  Please refer to Table MW-58:1 for a summary of Hydrophysical 
flow results and the depths of individual inflow zones. 
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5.1.4  Estimation of Interval Specific Transmissivity: MW-58 
 
An estimation of transmissivity (T) can be made using an equation after Hvorslev (1951) 
assuming steady-state radial flow in an unconfined aquifer.  Please refer to section 4.1.4 for a 
brief discussion on the equation and the definitions of variables.  Calculations for interval-specific 
transmissivity were made at each identified water-bearing interval using the approach discussed 
in section 4.1.4 and are presented in Table MW-58:1. In summary, the interval from 117.6 to 
125.4 feet exhibited the highest transmissivity of approximately 5.46 ft2/day. 
 
5.2.0 Geophysical Logging 
 
On July 30, 2013, downhole geophysical investigations were performed in boring MW-58.  The 
geophysical logs performed were: three-arm caliper, natural gamma, 4-Pi gamma, focused 
density, dual-neutron, and dual-induction.  The data from these logs are presented in the MW-58 
Geophysical/Hydrophysical Summary Plot. 
 
5.2.1  General Regional Geology 
 
The drill site is located approximately 15 miles west of Cheyenne, Wyoming on the site of an 
abandoned Strategic Air Command (SAC) Atlas D intercontinental missile site.  For a discussion 
of the regional geology please refer to section 4.2.1.  
 
5.2.2  Site Specific Geology 
 
Please refer to section 4.2.2 for a discussion of the site-specific geology.  
 
5.2.3 Natural Gamma Log 
 
On July 30, 2013, natural gamma logging was performed in MW-58 to a total depth (TD) of 
214.1 feet.  The natural gamma log registersthe number of disintegrations, or counts per second 
(CPS) of gamma radiation from the decay of the naturaloccurring radioisotope potassium-40.  
Readingsvary between about 70 to180 CPS from the ground surface throughout the borehole. 
 
Sandy to slightly gravely clays are indicated from the ground surface to a depth of approximately 
75 ft.From 75 to 85 ft. two sandy and/or possibly gravely zones occur followed by a coarsening 
downward sequence terminating at about 103 ft.  A second coarsening downward transition 
occurs from about 103 to 108 ft. At this point the materials appear to become a mixture of 
relatively clay and silt free, or more coarse grained sands and gravels to a depth of about 200 ft. 
where clay content increases slightly to total depth.  Groundwater depth occurs at approximately 
116 feet. 
 
5.2.4 Focused Density Log 
 
On July 30, 2013, focused density logging was performed in MW-58 from 4.5 feet to a depth of 
214.6 feet.  Both the near and far density logs are mutually correlative throughout the length of 
MW-58.  The density logs are similarly correlative with the induction log.  From the ground 
surface to a depth of approximately 75 feet, density increases almost linearly suggesting what is 
referred to as normal consolidation (engineering sense) or compaction (geologic sense).  At 75 
feet to about 91 feet density declines correlative to the decreased clay content indicated by the 
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natural gamma log.  Below 91 feet density increases to 117 feet which correlates with the 
approximate groundwater depth.  From 117 feet to TD the density remains relatively uniform to 
205 feet with a minor decrease to TD starting at 214 feet.   
 
5.2.5 Dual Neutron Logs 
 
On July 30, 2013 neutron logging was performed in MW-58 from 0.19 feet to a depth of 
214.1feet.  The dual-neutron logs register a nominal CPS reading of approximately 93 to 3,828 
CPS.  These logs are correlative as described with other logs in this sedimentary sequence. From 
the ground surface to approximately 90 feet in depth a uniform banded sedimentary sequence is 
suggested. At 90 to approximately 103 feet neutron CPS diminish significantly suggesting a 
significant change in sediment character as discussed before. From 103 feet to 117 feet the 
neutron returnsto conditions similar to those of the previous 90 feet of borehole discussed above.  
It must be noted that neutron scattering is strongly affected by presence of water.  Below the 
saturated zone at approximately 117 feet the neutron logs are strongly influenced by the zone of 
saturation (groundwater saturation zone).  Below this depth the neutron logs register relatively 
uniform CPS to TD. 
 
5.2.6 Dual Induction Logs 
 
On July 31, 2013 dual-induction logging was performed in MW-58 from the ground surface to a 
depth of 214 ft.  These logs are highly correlated to the point of almost overlaying each other.  A 
distinct higher conductivity zone exists between 54 and 57 feet depth that might be a small 
perched fresh water zone of limited extent.  The vadose zone and local water table are clearly 
shown at 113 to 117 feet depth.  Conductivity is observed to rise to a relatively high value in the 
saturated zone with the exception of an obvious decrease between 145 and 152 feet.  The cause 
for this is unknown but may reflect a distinct change in water qualityor in the type and content of 
clay, or lastly with cementation.   
 
5.2.7 4-Pi Gamma 
 
On July 31, 2013, 4-Pi gamma logging was performed in MW-58 to a depth of 213.2 feet.  The 4-
Pi gamma, with a 12 inch spacer, registers a nominal CPS range of approximately 500 to 10,602 
CPS, plotted logarithmically from ground surface throughout the borehole.  Anomalies previously 
discussed are clearly indicated between 91 and 117 feet.  The groundwater table is distinctly 
shown at 117 feet. 
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FIGURE MW-58:1.  Ambient Temperature and Fluid Electrical Conductivity; Versar; Atlas "D" Missile Site 4; Cheyenne, WY; 
Wellbore: MW-58
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FIGURE MW-58:2.  Summary of Hydrophysical Logs During Ambient Flow Characterization; Versar; Atlas "D" Missile Site 4; 
Cheyenne, WY; Wellbore: MW-58
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FEC logs acquired immediately following DI water 
emplacement for Ambient Flow Characterization.  The 
logs indicate groundwater was initially drawn into the 
wellbore by the removal of the pump from the logging 
interval.  Water is observed to enter the wellbore from 
approximately 117.6 feet (ambient water level) - 125.4 
feet.  Once water level returned to ambient level, 
within seconds, this interval ceased to produce water 
to the wellbore.  As such, it is not considered a water-
bearing interval under ambient conditions.  The logs 
indicate horizontal groundwater inflow does enter the 
wellbore under ambient conditions at: 
 
1. 159.3 - 161.0 feet: 0.002 gpm 
2. 165.4 - 168.2 feet: 0.001 gpm 
3. 170.5 - 172.0 feet: 0.0003 gpm 
4. 206.4 - 215.0 feet (TD): 0.0055 gpm 
 
The first log, FEC1500, was acquired near the end of 
the DI water emplacement to serve as a baseline of 
conditions downhole. The last log, FEC0709, was 
acquired the following morning after the wellbore sat 
undisturbed overnight. 
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FIGURE MW-58:3. Pumping And Drawdown Data During 4 GPM Production Test;Versar; Atlas "D" Missile Site 4; Cheyenne, WY; Wellbore: MW-58
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Elapsed Time (mins) t=0 at 8:15 Hours on 30 July 2013 

Extraction Total (gallons)
Drawdown (feet) Referenced to AWL of 117.58 ftbgs

Pump on at 1 gpm 

Pump increased to 3 gpm 

Pump increased to 7 gpm 

Water-level reached pump 
inlet. Pumping rate stabilized 
at 4.21 gpm 

Pump off.  Recording water-level recovery.  
Maximum stable drawdown = 19.31 feet 
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FIGURE MW-58:4.  Summary of Hydrophysical Logs During 4 GPM Production Test; Versar; Atlas "D" Missile Site 4; 
Cheyenne, WY; Wellbore: MW-58
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FEC logs acquired during pumping at 5 gpm immediately following DI water emplacement for 
evaluation during stress testing.  The logs indicate groundwater enters the wellbore at:  
1.  117.6 feet (AWL) - 125.4 feet (depth from Figure MW-58:2): 4.20 gpm 
2. 159.3 - 161.0 feet: 0.003 gpm 
3. 165.4 - 168.2 feet: 0.002 gpm 
4. 170.5 - 172.0 feet: 0.0005 gpm 
5. 206.4 - 215.0 feet (TD): 0.006 gpm 
 
Note: the high-conductivity water observed at the top of the logging interval is not the result of 
flow at that depth.  This is the result of water entering the wellbore at approximately 125.4 feet 
and above and dispersing into the logging interval just below the pump at approximately 139 
feet.   The flow at 117.6 feet (ambient water level) to 125.4 feet is estimated by subtracting the 
observed flow below 147 feet (the top of the logging interval) from the observed  time-averaged 
extraction pumping rate of 4.21 while drawdown was stable (water level at the pump inlet).   

Additional note: there is some evidence for flow at 
143 feet (from Figure MW-58:2) and 148 feet, 
however, this cannot be confirmed with these logs 
due to the diameter restrictions of the 3-inch pump 
in 4-inch PVC screen and the inability of the 1.5-inch 
diameter HpL probe to go by the pump.  This means 
the top of the logging interval is 147 feet.  The 
specific flow rate, if any, of these two possible flow 
zones could not be differentiated from that of the 
interval at 117.6 - 125.4 feet.  As such, the remaining 
flow coming from the formation is attributed wholly 
to the interval at 117.6 to 125.4 feet.  There is not 
enough evidence to conclude flow zones at 
approximately 143 and 148 feet. 
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Table MW-58:1.  Summary Of Hydrophysical Logging Results With Hydraulic Conductivity And Transmissivity Estimations; Versar; 
Atlas "D" Missile Site 4; Cheyenne, WY; Wellbore: MW-58

MW-58
121.28
117.58

4.21

Interval       
No.

Top of 
Interval 

(ft)

Bottom 
of 

Interval 
(ft)

Length of 
Interval       

(ft)

Ambient 
Flow1 (gpm)

Darcy Velocity         
in Aquifer2                           

(ft/day)

Interval-Specific 
Flow Rate During 

Pumping             
(gpm)

Interval-Specific 
Hydraulic 

Conductivity3 

(ft/day)

Transmissivity 
(ft2/day)

Interval-Specific 
Fluid Electrical 

Conductivity 
(uS/cm)

1 117.6 125.4 7.8 0.000 NA 4.20 5.46E+00 4.26E+01 490
2 159.3 161.0 1.7 0.002 0.14 0.003 5.97E-03 1.01E-02 490
3 165.4 168.2 2.8 0.001 0.04 0.002 3.62E-03 1.01E-02 490
4 170.5 172.0 1.5 0.0003 0.02 0.0005 1.35E-03 2.03E-03 490
5 206.4 215.0 8.6 0.0055 0.07 0.0060 5.90E-04 5.07E-03 490

Note: Negative flow, if any, is outflow from the wellbore to the aquifer, positive flow is inflow to the wellbore.

  

All depths reported herein are referenced to ground surface.

NA = Not Applicable

Hydrophysical Logging Results - MW-58

1  Ambient horizontal flow is identified in this wellbore under ambient conditions.

2 Darcy Velocity, or Specific Discharge in aquifer, is calculated using the observed volumetric flow rate, the cross-sectional area of the flow interval in the wellbore 
and a wellbore convergence factor of 2.5 (Drost, 1968).  The Darcy Velocity is only applicable to ambient horizontal flow.

3 Hydraulic conductivity and transmissivity estimates are based on single well drawdown data, a porous-medium equivalent model and Hvorslev's 1951 porosity 
equation.

Ambient Depth to Water (ftbgs) Effective Radius (ft) 200
Pumping Rate (gpm) Specific Capacity (gpm/ft dd) 0.22

Well Name Diameter of Wellbore (ft) 0.67
Ambient Depth to Water (ftbtoc) Maximum Steady Drawdown (ft) 19.31
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Well ID: MW-58

Log Ref.: Ground Surface
Depth Driller: 218.0'

Project: Versar, Atlas "D" Missile Site 4

Depth Logger: 216.0'

MISCELLANEOUS NOTES:

1.  All depths references to Ground Surface (GS).

2.  Ground Surface Elevation: 7172 ft.

3.  Geophysically Logged by COLOG on July 30, 2013.

4.  Hydrophysically Logged by COLOG on July 29, 2013.

   

GEOPHYSICAL LOGS

Natural Gamma (cps)
4-Pi Gamma Density (g/cc)
Focused Density (g/cc)
Dual Neutron (cps)
Dual Induction (mS/m)

Date Logged: July 29 & 31, 2013

Location: Cheyenne, WY

LITHOLOGY

COLOG  Main Office

Recorded by: M. Cullum & G. Bauer Witnessed by: Joe Mastromarchi

810 Quail Street, Suite E
Lakewood, CO  80215

Phone: (303) 279-0171Log Ref. Elev.:  7172' at Ground Surface

Depth

1ft:90ft

Geophysics Hydrophysics Depth Geology Interpretation
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0 5000cps
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0 1000cps

Ambient Temperature

10 13degC
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APPENDIX A 
 

STANDARD OPERATING PROCEDURES FOR  
HYDROPHYSICAL LOGGING 
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 Standard Operating Procedures  
HydroPhysical™ Logging for Aquifer Characterization 

 
 
1. Purpose 
 
Application of the HydroPhysical™ (HpL™) logging method to analyze and determine: 
 

• The location of hydraulically conductive intervals within a wellbore  
• The interval specific rate of inflow during well production, in conjunction with the 

drawdown data, can be used to estimate interval specific hydraulic conductivity or 
transmissivity 

• Ambient (non-pumping) flow conditions (inflow and outflow rates, and locations) 
• The hydrochemistry (fluid electrical conductivity (FEC) and temperature) of the 

associated formation waters 
 

In addition, when downhole, discrete point fluid sampling is coupled with the HydroPhysical™ 
Logging technique, analysis of the actual contaminant concentrations associated with each 
identified conductive interval is accomplished for any aqueous phase contaminant. 
 
2. Equipment and Materials 
 
This SOP specifically applies to application of the technique using COLOG's HydroPhysical™ 
Logging Truck 16, which has been specially configured to handle those field conditions 
associated with small diameter, low-moderate yield wells  The maximum capability of the van is 
to a total depth of 700 ft and 350 ft total drawdown (maximum depth to water) . In the event of 
high yield wells, the wireline capability of any COLOG truck can be used to accompany fluid 
management equipment.  
 

- HydroPhysical™ logging truck field equipment includes:  
 
- Fluid management system 

- Back Pressure Regulator or orifices 
- Rubber hose (0.75-inch i.d.) for injection 
- Submersible Pump 
- Evacuation Line 
- Storage tanks (as required) with inlet/outlet valves 
- Surface Pump 
- Fluid management manifold/Monitoring Panel 
- Data Acquisition System (for recording volumes, flow rates, time) 
- Wireline System 
- Wireline winch unit 
- Depth encoder 
- Water level indicator 
- Computer System 
- HydroPhysical™ Logging tool 
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- Downhole Fluid Sampler 
- Deionizing Units 
- Deionized water (prepared with wellbore fluids or transported on-site) 
- Standard Reference Solutions - Electrical conductivity reference solutions (set of 

3 solutions). 
 
3. Procedures 
 
1.) Review well construction details and complete general well information sheet.  The 
HydroPhysical™ logging technique involves dilution of the wellbore fluids with DI water and 
profiling of the wellbore dynamics using a HydroPhysical™ logging tool.  Significant 
aberrations or reductions in the borehole diameter should be identified as the downhole 
equipment can become lodged in the borehole.  Additionally, application of the technique 
requires certain wellbore conditions: 
 

• In open bedrock boreholes, casing must be installed through the overburden and 
grouted at the rock/alluvium interface to inhibit water leakage into the borehole from 
the saturated alluvium.  For cased boreholes, the well should be fully cased and gravel 
packed with single or multiple screened intervals; 

• The diameter of the borehole must be approximately 4 inches or greater for 
application with the slim-tool (1.5-inch o.d.).  Two inch i.d. boreholes may be tested 
using the slug test approach described in Section 5. 

• For newly drilled wells, cuttings and drill fluids must be removed from the affected 
fractures by standard well development procedures. 

 
2.) Review and record additional wellbore construction/site details and fill  out the general 
well information form which includes the following information: 
 

• Ambient depth-to-water 
• Depth of casing 
• Total depth of well 
• Lithology (if available) 
• Estimated well yield and any available drawdown data 
• Type and concentration of contamination 

 
3.) Prepare the deionized (DI) water.  Consult with DI water tank firm for assistance if 
necessary.  If DI water has not been transported to the site, surface or groundwater may be used 
if it is of suitable quality Generally source water containing less than 1000 micro Siemens per 
centimeter (µS/cm) and less then 200 ppb VOCs will not significantly affect the deionizing units, 
but this should be confirmed with DI water firm.  If the groundwater from the well under 
construction cannot be used for DI water generation, then DI water must be transported to the 
site and containerized at the wellhead. 
 
Depending on the amount of HydroPhysical™ testing to be performed (ambient and/or during 
production) the typical volume of DI water required for each borehole is approximately three 
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times the volume of the standing column of formation water in the wellbore per type of 
HydroPhysical™ characterization. 
 
If preparation takes place on site, pump the source water through a pre-filter, to the deionizing 
units, and into the storage tanks. 
 
Monitor the FEC of the DI water in-line to verify homogeneity; the target value is 5 to 25 µS/cm. 
 
4.) Calibrate the HydroPhysical™ logging tool using standard solutions prepared and 
certified by a qualified chemical supply manufacturer.  Fill out tool calibration form following 
the steps defined in the software program, "tools" under the directory, calibration.  Also use a 
separate field temperature / FEC / pH meter to support calibration data.  Record the results of the 
tool calibrations, specifically noting any problems on the tool calibration form.  Also record the 
certification number of the standard solutions. 
 
5.) Set datum on the depth encoder with the FEC sensor on the tool as 0 depth at the top of 
casing.  If inadequate space is available at the wellhead, measure 10 feet from the FEC sensor up 
the cable (using measuring tape) and reference with a wrap of electrical tape.  Lower the tool 
down the hole to the point where the tape equals the elevation at the top of the casing and 
reference that as 10 feet depth on the depth encoder. 
 
6.) Place the top of the tool approximately 3 feet below the free-water surface to allow it to 
achieve thermal equilibrium.  Monitor the temperature output until thermal stabilization is 
observed at approximately + .02 °C. 
 
7.) After thermal stabilization of the logging tool is observed, log the ambient conditions of 
the wellbore (temperature and FEC).  Fill out the water quality log form.  During the logging run, 
the data are plotted in real time in log format on the computer screen and, the data string is 
simultaneously recorded on the hard drive. 
 
Log the ambient fluid conditions in both directions (i.e. record down and up).  The ideal logging 
speed is 5 feet per minute (fpm). For deeper wells the logging speed can be adjusted higher, but 
the fpm should not exceed 20. 
 
At completion of the ambient log, place the tool approximately 10 feet below the free water 
surface.  The tool will remain there during equipment set up as long as borehole conditions 
permit.  Establish and record ambient depth to water using top of protective casing as datum. 
 
8.) Attach back pressure regulator or orifice, if used, and weighted boot, to end of 
emplacement line and secure.  Insure that the injection line is of adequate length to reach the 
bottom of the wellbore. 
 
9.) Lower the flexible emplacement line to the bottom of the well allowing one foot of 
clearance from the well bottom to the outlet of the injection line. 
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10.) Lower tool about 10 feet below the water surface.  The tool will be stationed beneath the 
submersible pump during non-logging times. 
 
11.) Lower submersible pump in the well to a depth just above the logging tool.  Record 
approximate depth of the pump location. 
 
12.) Record all initial readings of gauges at elapsed time 0.0 minutes.  Fill out well testing 
data form. 
 
13.) Mark hoses with a round of electrical tape for reference.  In addition, establish datum for 
tool depth to the nearest foot and mark on wire with wrap of tape.  Reset datum on optical 
encoder for this depth. 
 
14.) When ambient flow characterization is to be conducted, it should be done now, before 
disturbing the aquifer (i.e. by pumping).  Fill out ambient flow characterization (AFC) form.  
Skip to Section 17 for procedures. 
 
15.) After AFC, if performed, conduct a controlled, short term well production test (pump 
test) to characterize the overall hydraulics of the wellbore (drawdown at given pumping rate 
provides total well transmissivity or yield) and to make an initial assessment of formation water 
hydrochemistry.  Begin pumping at a total extraction flow rate appropriate for wellbore under 
investigation (see Section 4 Special Notes).  During this period, record elapsed time of pumping, 
depth to water, total gallons extracted, and extraction flow rate at approximately one minute 
intervals.  
 
During extraction, log the fluid column continuously until at least three wellbore volumes have 
been extracted from the wellbore, or a stabilized water level elevation is obtained.  
 
Review fluid logging results to verify that true formation water is present within the affected 
borehole interval and that the vertical distribution of water quality parameters  within this 
interval is stable. 
 
16.) Review data obtained during the pumping test to determine DI water emplacement and 
pumping/logging procedures.  Extraction procedures for detection and characterization of 
hydraulically conductive intervals and the formation water hydrochemistry are determined based 
on the pumping test information.  The emplacement, testing and pumping procedures will differ 
depending upon well yield and determined lengths of intervals of interest.  In wellbore situations 
where intervals of interest are small (less than 30 feet) and hydraulic characteristics observed 
during borehole advancement and preliminary hydraulic testing indicate hydraulically 
conductive intervals with extremely low flow rates (i.e. <0.10 gpm/foot of drawdown), a slug 
testing procedure can be employed.  In wellbore cases where the preliminary hydraulic testing 
indicates low to moderate total yield (i.e. 0.10 < Q < 4 gpm/foot of drawdown), constant low 
flow rate pumping after DI water emplacement procedures can be employed.  In wellbore 
situations where intervals of interest are large, and high total yield (i.e. > 4 gpm/foot of 
drawdown) is observed, constant pumping during DI water injection procedures will be 
employed. 
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17.) When the fluid column is to be replaced with DI water, (vertical flow characterization, 
slug testing, logging during pumping after DI water emplacement) the following emplacement 
procedures apply: 
 
Pump the DI water to the bottom of the wellbore using the surface pump and the injection riser.  
Simultaneously use the submersible pump to maintain a stable, elevated total head by extracting 
groundwater from near the free-water surface.  When groundwater from the subject well is used 
for DI water generation, generate DI water from the extracted formation water and re-circulated 
to the well bottom via the solid riser. 
 
Use the water level meter to observe the elevated total head during emplacement.  If borehole 
conditions permit (i.e. the absence of constricted borehole intervals), the logging tool is used to 
monitor the advancement of the fluid up the borehole as it displaces the standing formation 
water.  Draw the logging tool up the wellbore in successive increments as the DI water is 
emplaced.  Monitor the electrical conductivity of the fluid expelled from the evacuation pump 
during emplacement procedures.  When FEC values are representative of the DI water, or 
sufficiently diluted formation water, terminate emplacement procedures. 
 
Emplacement is complete when DI water, or sufficiently diluted formation water, is observed 
from the evacuation pump or when logging tool stationed near the pump indicates DI water or 
sufficiently diluted formation water. 
 
Upon completion, turn off the evacuation pump.  Then turn off the injection line. 
 
18.) Record volumes of extracted and injected fluids on the well testing data form.  Calculate 
the volume of DI water lost to the formation. 
 
19.) Take initial background HydroPhysical™ log, or begin continuous logging depending 
upon extraction method ( i.e. slug vs. continuous). 
 
20.) Pumping and testing procedures vary depending upon wellbore hydraulics and 
construction detail. 
 
21.) Continuous logging is conducted until stabilized and consistent diluted FEC logs are 
observed.  If inflow characterization at a second pumping rate is desired, increase extraction rate 
and assure the proper DI water injection rate.  Perform continuous logging until stabilized and 
consistent FEC logs are observed and all diluted formation water is re-saturated with formation 
water. 
 
22.) After stabilized and consistent FEC traces are observed, terminate DI water injection.  
Reduce the total extraction flow rate to the net formation rate and conduct continuous logging.  
Conduct logging until stable and consistent FEC values are observed. 
 
23.) Conduct depth specific sampling at this time. 
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24.) At the conclusion of the above procedures, assess the wellbore fluid conditions and 
compare them with those observed during the original pumping (Step 14). 
 
25.) Turn all pumps off.  First remove the extraction pump from the borehole.  During 
removal, thoroughly clean the evacuation line (2-inch o.d.) with a brush and alconox and rinse 
DI water.  Also clean the outside of the pump.  Place the pump in a drum of DI water and flush 
DI water through the system. 
 
Remove the tool.  Clean the wireline for the tool in a similar manner during its withdrawal from 
the borehole. 
 
Remove the injection line from the well.  Follow the same procedures when cleaning the 
injection line as for the evacuation line. 
 
Store the pumps and logging tools properly for transport. 
 
Place cover on well and lock (if available). 
 
4. Special Notes 
 
On-site pre-treatment of groundwater using activated carbon, can be conducted prior to DI water 
generation, if there is a contaminated groundwater source.  In addition, on-site treatment can also 
be considered to handle extracted fluids that would require containerization and treatment prior 
to disposal. 
 
The rate(s) of pumping are determined by drawdown information previously obtained or at 
rate(s) appropriate for the wellbore diameter and saturated interval thickness.  The appropriate 
extraction rate is a function of length of saturated interval, borehole diameter, and previous well 
yield knowledge.  The appropriate pumping procedures to be employed are also dictated by the 
length of the exposed rock interval. In general, the extraction flow rate should be sufficient to 
induce adequate inflow from the producing intervals.  The concern is that the extraction flow rate 
does not cause extreme drawdown within the well i.e. lowering the free water surface to within 
the interval of investigation. 
 
5. Discussion 
 
LOW YIELD:  Extraction Slug Test After DI water Emplacement 
 
In wells with very low total flow capability (i.e. < 0.10 gpm/foot of drawdown), perform a slug 
test in accordance with procedures developed by Hvorslev (1951).  Rapidly extract a small 
volume of water from near the free water surface using the extraction riser and pump.  A drop in 
piezometric head of about 2 feet should be adequate for the initial test.  Record the rise in the 
free water surface with time and develop a conventional time-lag plot. 
 
When the free water surface has recovered to a satisfactory elevation, log the wellbore fluid 
conditions.  Repeat the procedures described above with successive increases in the drop of 
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piezometric head (or volume extracted).  Let the wellbore recover and record the rise in the free 
water surface.  Repeat logging of the wellbore fluid after the free water surface has recovered to 
a satisfactory elevation.  The number of slug tests performed is determined in the field after 
review of previous logging results. 
 
MODERATE YIELD:  Time Series HydroPhysical™ Logging During Continuous Pumping 
After DI water Emplacement 
 
In the case of moderate yield wells (i.e. 0.10 < Y < 4 gpm/foot of drawdown), maintain a 
constant flow rate from the evacuation pump and record the total volume of groundwater 
evacuated from the wellbore.  Employ a continuous reading pressure transducer (or equivalent 
device) to monitor the depressed total head during pumping, along with the associated pumping 
rate. 
 
Hold the flow rate from the evacuation pump constant at a rate determined for the specific 
borehole.  Drawdown of the free water surface produced during pumping should not overlap any 
identified water producing interval.  Conduct hydrophysical logging continuously.  The time 
interval is a function of flow rate and is specific to each well.  The number of logging runs and 
the length of time required to conduct all loggings is a function of the particular hydraulic 
conditions.  Logging and pumping is continued until the fluid column is re-saturated with 
formation water (i.e. all DI water is removed from the borehole). 
 
HIGH YIELD:  Time Series Wellbore Fluid Logging During Continuous Pumping and 
Simultaneous DI Water Injection 
 
When wells exhibit high yield (> 4 gpm/foot of drawdown), as determined by a review of the 
interval of interest, the borehole diameter and the results obtained from previous information and 
preliminary hydraulic testing, the appropriateness of time series fluid logging during continuous 
pumping and simultaneous DI water injection is determined. 
 
In this case, maintain a constant flow rate from the evacuation pump and record this rate and the 
associated drawdown.  During this period, conduct hydrophysical logging until reasonably 
similar HydroPhysical™ logs are observed and stabilized drawdown is achieved.  After 
reasonably similar downhole fluid conditions are observed and simultaneous with extraction 
pumping, inject DI water at the bottom of the well at a constant rate of 10 to 20% of that 
employed for extraction.  Increase the total rate of extraction to maintain total formation 
production reasonably similar to that prior to DI water injection (i.e. increase the total extraction 
by amount equal to the DI water injection rate). 
 
Periodically record the total volume and flow rate of well fluids evacuated and the total volume 
and flow rate of DI water injected.  Use a continuous reading pressure transducer or similar 
device to monitor the depressed total head during pumping.  Record the depressed total head 
(piezometric surface) periodically, with the associated pumping and injection data. 
 
The evacuation and DI water injection flow rates are held constant at a rate determined for the 
specific wellbore.  Drawdown of the free water surface during pumping must not overlap any 
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identified water producing intervals.  HydroPhysical™ Logging is conducted continuously.  The 
number of logging runs and the length of time required to conduct all loggings is a function of 
the particular hydraulic conditions exhibited by the well under investigation. 

 
  

44



 

    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX B 
 

BORE II MODELING SOFTWARE 
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Abstract 
 

Dynamic wellbore electrical conductivity logs provide a valuable means to determine the flow 

characteristics of fractures intersecting a wellbore, in order to study the hydrologic behavior of fractured 

rocks.  To expedite the analysis of log data, a computer program called BORE II has been developed that 

considers multiple inflow or outflow points along the wellbore, including the case of horizontal flow across 

the wellbore.  BORE II calculates the evolution of fluid electrical conductivity  (FEC) profiles in a wellbore 

or wellbore section, which may be pumped at a low rate, and compares model results to log data in a 

variety of ways.  FEC variations may arise from inflow under natural-state conditions or due to tracer 

injected in a neighboring well (interference tests).  BORE II has an interactive, graphical user interface and 

runs on a personal computer under the Windows operating system.  BORE II is a modification and 

extension of an older code called BORE, which considered inflow points only and did not provide an 

interactive comparison to field data.  In this report, we describe BORE II capabilities, provide a detailed 

user's guide, and show a series of example applications. 
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1.  Introduction 
The variation of formation permeability surrounding a wellbore is useful information not only for 

identifying hydraulically conducting fractures or other high-conductivity features intercepted by the well, 

but also for quantifying the heterogeneity of the medium.  These are essential data in the evaluation of in-

situ flow and transport characteristics at a given site. 

Methods to evaluate permeability values along the depth of a well include the packer method, in 

which constant pressure, constant flow, or pulse tests are conducted in packed-off intervals in a wellbore, 

and various downhole flow meters.  The packer method has the disadvantage that it is very time consuming 

and costly, and the vertical resolution is limited by the interval between the two packers that can be set in 

the well.  Flow meter methods such as spinners and heat pulse flow meters generally allow better vertical 

resolution than the packer method, but they are not as accurate in determining permeability, because they 

mostly measure the wellbore fluid velocity, which is very sensitive to variations in the wellbore radius.  

In 1990, Tsang et al. (1990) proposed a method using logs of fluid electric conductivity (FEC) at 

successive times under constant-pumping conditions to obtain inflow from the formation into the well as a 

function of depth in the well.  In this method, the wellbore is first filled by de-ionized water or water of a 

constant salinity (i.e., ion concentration) distinct from that of the formation water.  This is usually done by 

passing the de-ionized water down a tube to the bottom of the wellbore at a given rate while simultaneously 

pumping at the top of the well at the same rate.  After this is done, the well is pumped at a constant flow 

rate, which can be adjusted to optimize wellbore flow conditions.  An electric resistivity probe is lowered 

into the wellbore to scan FEC as a function of depth along the wellbore.  This is what is called fluid 

conductivity logging.  A series of five or six such logs are obtained at time intervals over a one- or two-day 

period.  At the depth levels where water enters the wellbore, the conductivity log displays peaks, which 

grow with time and become skewed in the direction of water flow.  By analyzing these logs, it is possible to 

obtain the permeability and salinity of each hydrologic layer transmitting water.  The method has been very 

successful, being much more accurate than flow meters and much more efficient (much cheaper) than 

packer tests (Tsang et al. 1990), particularly in low permeability formations.  A typical 1000-m section in a 

deep hole can be tested in two or three days at a spatial resolution of ~0.10 m all along the length of the 

wellbore section.  The method is now being widely used in Europe and the U.S. (Marschall and Vomvoris, 

1995; Pedler et al., 1992; Bauer and LoCoco, 1996), both under natural-state flow conditions and while 

tracer is injected in a neighboring well (i.e., interference tests). 

Along with the method, a code was developed called BORE (Hale and Tsang, 1988), which 

performed the forward calculation to produce wellbore FEC profiles given different inflow positions, rates, 

and concentrations.  The code has been well used over the last decade.  However, it appears now that there 

is a need to revise the code to make it more suitable for current computer environments and to add new 

capabilities.  Thus, the code has been updated to run under current operating systems, provide interactive 

modification of model parameters, and produce graphical comparisons between model and field data.  
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More importantly, the revised code allows the possible inclusion of both flows into and out of the well at 

various depths, a feature that has been observed in real field conditions when different layers penetrated by 

the well have different hydraulic heads.  Furthermore, the new code allows the calculation of the case with 

equal inflow and outflow at the same depth level, which is effectively the special case of horizontal flow 

across the wellbore.  Drost (1968) proposed a measurement of solute dilution in the wellbore to evaluate 

ambient horizontal flow velocity in the formation and it has become a well-accepted method.  The new 

code provides the opportunity to analyze such cases and to identify the depth interval of horizontal flow to 

within ~0.1 m as well as to estimate the flow rate.  Moreover, one can analyze the combination of 

horizontal flow across the wellbore and vertical diffusion or dispersion along the length of the wellbore, 

which is not possible with Drost's solution.  

The report is organized as follows.  In Section 2, the basic capabilities of the revised code, called 

BORE II, are described, and the key parameters associated with BORE II are defined.  Details of the 

mathematical background and numerical approach are described in Appendix 1, which is adapted from 

Hale and Tsang (1988).  A user's guide is presented in Section 3, which includes a description of BORE II's 

interactive user interface, required input items, and options available when running BORE II.  Four 

example applications are given in Section 4 to conclude the report.   

We are still open to further improvements of BORE II; any suggestions and comments are invited 

and should be addressed to the authors. 

2.  BORE II Capabilities 
BORE II calculates FEC as a function of space and time in a wellbore containing multiple feed 

points given the pumping rate of the well, the inflow or outflow rate of each feed point, its location and 

starting time, and, for inflow points, its ion concentration.  A simple polynomial correlation between ion 

concentration, C, and FEC is assumed.  Ion transport occurs by advection and diffusion along the wellbore, 

with instantaneous mixing of feed-point fluid throughout the wellbore cross-section.  These assumptions 

allow use of a one-dimensional model.  BORE II divides the wellbore section under study into equal height 

cells and solves the advection/diffusion equation using the finite difference method.  Further details of the 

mathematical and numerical approach are given in Appendix 1.  

Inflow and Outflow Feed Points   
The original BORE code (Hale and Tsang, 1988) considered inflow points only, so flow through 

the wellbore was upward at all depths.  BORE II allows both inflow and outflow points, so flow in the 

wellbore can be upward, downward, or horizontal at different depths and flow at either end of the wellbore 

section being studied can be into or out of the wellbore section or be zero.  By convention, upward flow in 

the wellbore is positive and flow into the wellbore is positive. 
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Steady and Varying Fluid Flow 
The original BORE code considered steady fluid flow, so feed points had constant flow rates.  

They also had constant concentrations, but delayed starting times for feed-point concentration to enter the 

wellbore were allowed.  BORE II permits both steady and varying fluid flow.  For the steady-flow case, the 

user specifies flow rate, concentration, and concentration start time for each feed point, but for outflow 

points (those with negative flow rates) the concentration and concentration start time are not used.  Variable 

flow rate or concentration can be specified for feed points by interpolating from a table of time, flow rate, 

and concentration.  If a table includes both positive and negative flow rates (i.e., a feed point alternates 

between inflow and outflow), the concentration for the positive flow rate is used when interpolating 

between positive and negative flow rates.   

Concentration Boundary Conditions   
If the flow at the top of the wellbore section under study is into the wellbore, the initial 

concentration for the uppermost cell in the wellbore is used as the inflow concentration.  Analogously, if 

flow at the bottom of the wellbore section is a flow up from greater depths, the initial concentration for the 

lowermost cell in the wellbore is used as the inflow concentration. Furthermore, for inflow points with a 

concentration start time greater than zero, the initial concentration of the wellbore is used as the inflow 

concentration for times less than concentration start time. 

Horizontal Flow  
The special case of horizontal flow through the wellbore, as described by Drost (1968), can also be 

considered, by locating an inflow point and an outflow point with equal magnitude flow rates at the same 

depth.  The flow rates may be specified as either (1) the Darcy velocity through the aquifer or (2) the 

volumetric flow rate into/out of the wellbore.  BORE II multiplies Darcy velocity by the cross-sectional 

area of the feed point (wellbore diameter times cell height) and Drost's αh convergence factor to convert it 

to a volumetric flow rate.  The value of αh can range from 1 (no convergence) to 4 (maximum possible 

convergence, which occurs for the case of a thick, highly-permeable well screen).  Drost suggested that for 

a uniform aquifer with no well screen, αh = 2, and that for typical applications, a good choice for αh is 2.5.  

Horizontal flow feed points may have time-varying flow rates, but for Darcy-velocity calculations to make 

sense, the inflow and outflow rates must be equal and opposite at any time.  Thus, if a feed point location 

changes from a horizontal flow point to a non-horizontal flow point with time, volumetric flow rates must 

be specified rather than Darcy velocities. 
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BORE II Parameters 

The key parameters associated with BORE II are defined below.   
Parameter I/O units* Description 

C g/L Ion concentration in the wellbore; converted to FEC using FEC 
= γ + βC + αC2, where α, β, and γ are user-specified constants 
(default values are provided in the code, see Section 3)  

Ci g/L Ion concentration of ith feed point 

C0 g/L Initial ion concentration in wellbore 

D0 m2/s Diffusion coefficient (may include dispersive effects as well 
molecular diffusion) 

dw cm Wellbore diameter (assumed constant) 

FEC μS/cm Fluid electrical conductivity 

q L/min Fluid flow rate in wellbore (upward flow is positive) 

qi L/min Fluid flow rate of ith feed point; positive for inflow and negative 
for outflow 

qw L/min Fluid flow rate in wellbore at xmax, specified by the user  

q0 L/min Fluid flow rate in wellbore at xmin (or any depth of interest), 
calculated internally  

T or TEMP oC Temperature (assumed constant) 

t hr Time 

tmax hr Maximum simulation time 

t0i hr Concentration start time of ith feed point 

vd m/day Darcy velocity through aquifer for horizontal flow  (qi = 
vdαhΔxdw) 

x m Depth (positive, increases down the wellbore) 

xmin, xmax m Top and bottom, respectively, of wellbore interval being studied 

Δx m Cell height for wellbore discretization 

αh − Drost (1968) convergence factor for horizontal flow 

*I/O units are chosen for convenience; all quantities are converted to SI units before BORE II calculations. 
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3.  BORE II User's Guide 

Operating System 
BORE II may be run under Windows 95, 98, or 2000 by double-clicking the executable icon 

(BOREII.EXE) in Windows Explorer, by double-clicking on a desktop shortcut key to BOREII.EXE, or by 

typing BOREII in the Run command in the Start Menu or in a DOS-prompt window.  BORE II will not run 

in stand-alone DOS or in the DOS-mode of Windows.  BORE II was compiled using Microsoft Fortran 

PowerStation™ Version 4.0, but this software is not necessary to run the program. 

BORE II Graphical Output 
The primary user interface with BORE II is interactive, with the user responding to on-screen 

prompts to modify model parameters and choose options (described below) for the real-time graphical 

display of model results and data.  The basic BORE II output screen consists of three windows.   

• The borehole profile window shows FEC profiles as a function of depth and time.  Simulation time t is 

shown in the upper left corner.  Fluid flow rate at a user-specified depth in the wellbore, q0, is shown in the 

middle of the top line (the depth at which q0 is calculated is set by option P).  The depth of a C-t plot is also 

shown.   

• The inflow parameters window shows the feed-point characteristics for the model that can be modified 

with option M (location, flow rate, and concentration).  Often there are more feed points than can be 

displayed at once on the screen.  BORE II starts out showing the first few (deepest) feed points, then shows 

the feed points in the neighborhood of any point that is being modified.   

• The dialog window allows the user to select options (described below) when running BORE II.  

On computers with small screens, it may be desirable to run BORE II in full-screen mode, so that 

the entire BORE II screen can be seen at once without scrolling.  Full-screen mode is entered by pressing 

Alt-VF (or on some computers by pressing Alt-Enter).  Pressing Esc (or Alt-Enter) terminates full-screen 

mode.  There are three potential problems associated with the use of full-screen mode.   

(1) The status line describing what BORE II is doing (e.g., running, waiting for input) is not visible. 

(2) Drawing an x-t plot (options X, S, D, F, and I), which creates a new window, may be very slow and the 

graphics quality poor.  

(3) On some computers, text is difficult to read after closing the x-t plot window.   

To address the latter two problems, one may terminate full-screen mode before using options X, S, 

D, F, and I.  The new window will be small, but after drawing is complete it may be expanded by pressing 

Alt-VF to enter full-screen mode.  Full-screen mode should be terminated before the new window is closed 

to avoid the final problem. 
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To print an image of the screen, press Alt-PrintScreen to copy the screen image into the clipboard.  

Then open a program such as Microsoft Paint and paste in the image.  It can be manipulated, saved in a 

variety of graphics formats, or printed from Paint.  The image can also be pasted directly into another 

Windows application such as MS Word. 

Input/Output File Overview 
Running BORE II requires one or two external files: a file with an initial set of model input 

parameters (mandatory, known as the input file) and a file with observed data (optional, known as the data 

file). These files are plain ASCII text, and must reside in the same folder as the BORE II executable.  The 

input file contains model parameters such as the depth interval being studied, feed point characteristics, 

problem simulation time, and C-to-FEC conversion factors.  The data file contains observed values of FEC 

and temperature, and optionally contains other fluid properties such as pH.  Detailed instructions for 

preparing an input file and a data file are given below. 

BORE II always creates a temporary file, called BOREII.TMP (see options C and R), and 

optionally creates a new input file (see option V), which is useful if model parameters have been changed 

during the BORE II run.  

Line-by-line Instructions for Input File 
After starting BORE II, the user is prompted to choose the input file from the list of files residing 

in the folder where the BORE II executable is.  Input file names with more than 8 characters before a 

period or blanks will appear in the list of files in an abbreviated form.  File names can be at most 20 

characters long.   

A sample input file is provided that can be modified as needed using a text editor such as Notepad 

or a word processor such as MS Word.  If a word processor is used to create or modify an input file, be sure 

that the file is saved as plain ASCII text. 

The input file is designed to be self-documenting, with header lines preceding data lines.  These 

header lines must be present, but BORE II does not use the text on them.  Data entries are read in free 

format, with individual entries on a given line separated by blanks, tabs, or commas.  This means that 

entries cannot be left blank, even if they are not being used (e.g., concentration for an outflow point).  

Unused entries may be set to zero or any convenient value.  Comments may be added on data lines, after 

the requisite number of entries.  In the sample input file, comments begin with an exclamation point. 

 
Item Computer 

Variables 
Unit Description 

1. TITLE − A description of the problem, 80 characters maximum 

2 header for wellbore geometry 

2. RXMIN m Top of study area, xmin 
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RXMAX m Bottom of study area, xmax 

RDIAM cm Wellbore diameter, dw 

3 header for flow parameters 

3. RQW L/min Flow into (positive) or out of (negative) the bottom of the study 
area, qw 

HALPHA − Factor to account for convergence of horizontal flow lines 
toward the wellbore, αh (Drost, 1968)   

Range: 1.0 – 4.0; default value: 2.5   

Only used for horizontal flow 
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4 header for feed points 

4. IINFN − Number of feed points (maximum 180) 

IQFLAG − Variable flow-rate flag – a 3 digit integer used to identify feed 
points with variable flow (suggested value 999) 

5 header for constant- flow-rate feed points 

5.  Repeat 
IINFN times 

RINFX m Location of feed point, xi* 

For horizontal flow put two feed points at the same location, 
with equal magnitude, opposite sign flow rates 

RINFQ L/min 
(m/day if 
IINFV=1) 

Constant inflow rate (positive) or outflow rate (negative) of feed 
point, qi 

For a variable flow rate, set RINFQ = IIIJJ, where III = 
IQFLAG, and JJ is a two digit integer giving the number of 
times in the variable-flow-rate table, which follows in 5a 

For horizontal flow, vd replaces qi if IINFV = 1 
RINFC g/L Constant feed point concentration, Ci - only used for inflow 

points   

For a variable concentration, set RINFQ = IIIJJ, where III = 
IQFLAG, and JJ is a two digit integer giving the number of 
times in the variable-flow-rate table, which follows in 5a  

RINFT hr Start time for constant feed point concentration, t0i - only used 
for inflow points 

Feed point concentration is C0 of cell containing feed point for t 
<t0i 

IINFV − Horizontal flow Darcy-velocity flag (must be zero for non-
horizontal flow case): 

= 0: RINFQ is flow rate qi into/out of the wellbore in L/min 

= 1: RINFQ is +/−Darcy velocity vd through the aquifer in 
m/day   
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5a header for variable-flow-rate table  (only when RINFQ = IQFLAGJJ) 

5a.  Repeat JJ 
times when 
RINFQ = 
IQFLAGJJ 

RINFQT hr Time tj (set t1 = 0, set tJJ>tmax) 

RINFQQ L/min 
(m/day if 
IINFV=1) 

Volumetric flow rate qj at time tj 

For horizontal flow, vd replaces qj if IINFV = 1 

RINFCC g/L Concentration Cj at tj 

6 header for misc. parameters 

6. TMAX hr Maximum simulation time, tmax 

DPYMAX μS/cm Maximum FEC for plots  

RK m2/s Diffusion coefficient, D0 

7 header for C-to-FEC conversion 

7. RGAMMA μS/cm Conversion from C in g/L to FEC in μS/cm: 

FEC = γ + βC + αC2 

Default values (for 20oC): γ = 0, β = 1870, α = -40 

Set γ = 0, β = 1, α ≈ 1.e-8 for FEC ≈ C 

RBETA [μS/cm]/ 
[g/L] 

RALPHA [μS/cm]/ 
[g/L]2 

8 header for initial conditions 

8. IC0FLAG − Initial concentration flag: 

= 0: C0 = 0, no further input for item 8 

< 0: read uniform non-zero C0 in 8a 

> 0: read IC0FLAG (x,C0(x)) pairs in 8b to describe variable 
initial concentration 

8a header for uniform initial conditions (only when IC0FLAG < 0) 

8a.  when 
IC0FLAG<0 

RC0 g/L Uniform non-zero C0 

8b header for non-uniform initial conditions (only when IC0FLAG > 0) 

8b.  repeat 
IC0FLAG times 
when 
IC0FLAG>0 

RX m x value* 

RC0 g/L C0(x) 

9 header for data file name 

9. CFDATA − Name of data file, 20 characters maximum; 'NONE' if there is 
no data file  

*see Appendix 1, Section A1.5, for additional information on locating feed points and specifying non-
uniform initial conditions 

Sample Input File 
An input file illustrating many of these options is shown below.  Text or numbers following an 

exclamation point (!) are comments, and are not used by BORE II.  

TITLE: Sample Input File with flow from below, horizontal flow, 
variable flow                                                 
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XMIN(m)     XMAX(m)     DIAM(cm)   
.0000       60.00       7.600      
QW(L/min)   HALPHA      !QW=flow from below; HALPHA=hor. flow 
constriction       
 0.50       0.          !default value of HALPHA will be used 
#FEED_PTS   VARIABLE_FLOWRATE_IDENTIFIER                                         
   4               999 
DEPTH(m)    Q (L/min)    C(g/L)      T0(hr)      Q/V_FLAG     
 25.        +1.          6.0         .0000       1 !1st 2 feed pts-hor. 
flow     
 25.        -1.          6.0         .0000       1 !C & T0 not used 
(outflow) 
 30.        99905.       6.0         .0000       0 !C & T0 not used 
(table) 
     T(hr)       Q(L/min)    C(g/L)      !#entries is two digits after  
999 
      .0000       .0000        6.        !first time in table is zero 
      .3000       .2800E-01    5.     
      .5000       .3200        4.     
      1.000       .4600        3.     
      1.500       .4600        2.        !last time in table is > tmax 
 35.        .5           4.0         .2000       0 !final feed pt      
TMAX(hr)    FECMAX      DIFFUSION_COEF.(m2/s)                                    
1.000      5000.       .7500E-09 
RGAMMA      RBETA       RALPHA      !FEC = RGAMMA + C*RBETA + 
C*C*RALPHA         
0.          0.          0.          !default values will be used 
IC0FLAG     !If 0, C0=0; If <0, read one C0; If >0,read IC0FLAG (X,C0) 
pairs     
    1 
X(m)        C0(g/L)  !#entries is IC0FLAG                                     
60.         2.                !Concentration associated with Qw 
DATA_FILE   !'NONE' if there is no data file                                     
NONE         
 

The first two feed points represent constant horizontal flow, and since the Q/V flag (IINFV) is 

one, flow rate is given as Darcy velocity through the aquifer in m/day.  The third feed point has variable 

flow rate and concentration, with a five-entry table specifying the variation with time.  The fourth feed 

point is an inflow point with constant flow rate and concentration and a non-zero concentration start time. 

Note that the flow from below, qw, is positive (into the wellbore section), so the corresponding 

concentration is specified as the initial condition of the lowermost cell in the wellbore (at x = xmin) by using 

IC0FLAG = 1.  If IC0FLAG = 0, the concentration associated with qw would be zero, and if IC0FLAG = -

1, the concentration associated with qw would be the uniform non-zero initial concentration in the wellbore.   

When BORE II writes an input file (option V), it changes several things to the file form shown 

above.  Comments found in the original input file are not reproduced, but two comments are added.  First, 

the cell height and the equation used to calculate it are shown on the line with xmin, xmax, and dw.  Second, if 

feed points represent horizontal flow, then the flag IINVF is set to 0, flow rate is given in L/min, and the 

corresponding Darcy velocity through the aquifer in m/day is added as a comment.  Finally, if IC0FLAG > 

0, BORE II sets IC0FLAG to the number of wellbore cells, and explicitly shows every (x, C0(x)) pair.  This 
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option is useful for identifying the x values of various cells, which may expedite assignment of feed point 

locations or initial conditions.  Part of the input file created by BORE II for the above sample is shown 

below. 

TITLE: Sample Input File with flow from below, horizontal flow, 
variable flow    
XMIN(m)     XMAX(m)     DIAM(cm)    !DX(m) = MAX(|XMIN - XMAX|/180, 
DIAM/100)    
 .0000       60.00       7.600      ! .3333     
QW(L/min)   HALPHA      !QW=flow from below; HALPHA=hor. flow 
constriction       
 .5000       2.500     
#FEED_PTS   VARIABLE_FLOWRATE_IDENTIFIER                                         
    4               999 
DEPTH(m)    Q(L/min)    C(g/L)      T0(hr)      Q/V_FLAG    !Vd(m/day)           
 35.00       .5000       4.000       .2000        0 
 30.00      99905.       6.000       .0000        0 
     T(hr)       Q(L/min)    C(g/L)      !#entries is two digits after  
999 
.0000       .0000       6.000     
      .3000       .2800E-01   5.000     
      .5000       .3200       4.000     
      1.000       .4600       3.000     
      1.500       .4600       2.000     
 25.00       .4398E-01   6.000       .0000        0         ! 1.000     
 25.00      -.4398E-01   6.000       .0000        0         !-1.000     
TMAX(hr)    FECMAX      DIFFUSION_COEF.(m2/s)                                    
1.000       5000.       .7500E-09 
RGAMMA      RBETA       RALPHA      !FEC = RGAMMA + C*RBETA + 
C*C*RALPHA         
.0000       1870.      -40.00     
IC0FLAG     !If 0, C0=0; If <0, read one C0; If >0,read IC0FLAG (X,C0) 
pairs     
  179 
X(m)        C0(g/L)  !#entries is IC0FLAG                                     
 59.83       2.000     
 59.50       .0000     
 59.17       .0000     
 58.83       .0000     
…(169 entries with C0=0 not shown)… 
 2.167       .0000     
 1.833       .0000     
 1.500       .0000     
 1.167       .0000     
 .8333       .0000     
 .5000       .0000     
DATA_FILE   !'NONE' if there is no data file                                     
NONE                 

 

Line by Line Instructions for Data File 
The data file is read in the fixed format shown below.  If data are available in a different format, 

an auxiliary program should be used to convert it to this form (a simple preprocessor called PREBORE, 
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described in Appendix 2, converts the data file format used by BORE to the new format shown below).  

Note that because a fixed format is used, blank entries are allowed; they are interpreted as zero. 

Lines 1-8 are header lines, not used by BORE II. 

Each line of the remainder of the file contains: 

Variable x FEC TEMP DAT3 DAT4 DAT5 HR MIN SEC 

Units m μS/cm oC    − − − 

Format F10.3 F10.3 F10.3 E10.3 E10.3 E10.3 I3 I2 I2 

Columns 1-10 11-20 21-30 31-40 41-50 51-60 62-64 66-67 69-70 

The entries DAT3, DAT4, and DAT5 represent optional data types that may be collected with certain 

logging tools, such as pH and dissolved oxygen (see options A and Y for ways to display this data).  Note 

that there is one blank column before each of the HR, MIN, and SEC entries, to make the data file more 

readable.  The first time entry corresponds to t = 0 for the model. 

BORE II Options 
The following options are available on the BORE II main menu.  Either uppercase or lowercase 

letters may be used, and should be followed by pressing ENTER. 

C − (C)-x plot − Displays FEC versus depth for data and/or model continuously in time (an animation); 
stores [x (m), t (sec), data FEC (μS/cm), model FEC (μS/cm)] in file BOREII.TMP for later use by option 
R or post-processing. 

T − c-(T) plot − Displays FEC versus time for data and model for a chosen depth. 

R − d/m cu(R)ve − Displays FEC versus depth plots for data and model at a series of times (snapshots of 
the option C display); uses results of most recent option C, read from BOREII.TMP.  Does not work if 
there is no data file or if there are only data at one depth in data file. 

N − i(N)flow-c − Displays inflow FEC for a chosen feed point as a function of time. 

 

A − p(A)ram display − Displays all data profiles (FEC, TEMP, DAT3, DAT4, DAT5) simultaneously, 
using user-specified plot limits (selections 3-6).  For selection 1, all points are connected on one continuous 
curve; for selection 2, points that are beyond depth or time limits start new curve segments. 

X − (X)-t plot − Displays a color-coded plot of model FEC versus depth and time in a new window, then 
repeats the plot in the borehole profile window. 

S − tool (S)tudy x-t plot − Same as X, but limits display to what would be obtained with a tool whose 
parameters (number of probes, gap between probes, and tool velocity) are specified  by the user. 

D − (D)ata x-t − Displays a color-coded plot of data traces versus depth and time in a new window, then 
repeats the plot in the borehole profile window (data type specified by option Y, default is FEC). 

F − (F)ill data x-t − Same as D, except that data traces are interpolated to fill the x-t plane. 
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I − d/m d(I)ff x-t − Displays a color-coded plot of the difference between model and data FEC versus depth 
and time in a new window, then repeats the plot in the borehole profile window.  User selects whether to 
show data traces (mode 1) or filled data (mode 2). 

M − (M)odify inp− Opens interactive session for modifying location, flow rate, and concentration of feed 
points, or adding new feed points.  User is prompted to enter feed point number and given the chance to 
modify or maintain current parameters.  To add a new feed point, specify a feed point number greater than 
that for any existing feed point.  If horizontal flow is implemented using option M, flow rate must be 
specified as volumetric flow rate through the wellbore in L/min. 

P − (P)lot adjust − Sets new values of parameter minimum and maximum; tmax; difference range for option 
I; and depth for which wellbore flow rate q0 is displayed in borehole profile window (default depth is xmin). 

G − (G)rid − Sets grid spacing for new window showing x-t plots. 

Y − data t(Y)pe − Chooses data type (FEC, TEMP, DAT3, DAT4, DAT5) to display in options C, T, D, 
and F.  Model results always show FEC, so option C and T plots, which show both model and data, must be 
read carefully.  Note that options R and I are not affected by the choice of data type, but always compare 
model and data FEC. 

Z − print − Displays instructions for printing a screen image. 

V − sa(V)e − Creates a new input file with current model parameters.  User is prompted for new file name. 

Q − (Q)uit − Terminates BORE II program.  

 
4.  Example Applications 

Five example applications are presented to illustrate the capabilities of BORE II.   Although 

BORE II simulates the forward problem (it produces wellbore FEC profiles given different inflow 

positions, rates, and concentrations), it is most commonly used in an inverse mode, in which inflow 

positions, rates and concentrations are varied by trial and error until the model matches observed values of 

wellbore FEC profiles.  Initial guesses for the trial and error process may be obtained using direct integral 

methods (Tsang and Hale, 1989; Tsang et al., 1990) or other means (see example 2 below).  Example 

applications 3, 4, and 5 demonstrate such comparisons to real data provided to us as typical field data sets 

by G. Bauer (private communication, 2000).  The results of these example applications do not necessarily 

provide physically realistic flow rates and inflow concentrations, because they employ the artificial equality 

FEC = C.  Furthermore, rough matches to real data, as are obtained here, can often be obtained equally well 

with a variety of different parameters (i.e., the solution of the inverse problem is non-unique).  The input 

files for the example applications are shown in Appendix 3.   

 
 Problem Data File Input File Features 
1 Up flow up_num.dbt 

(numerically 
simulated) 

up_num.inp Advection and dilution, 
diffusion/dispersion minor  

2 Horizontal flow hor_an.dbt 
(analytical 

hor_an.inp Dilution only, no advection or 
diffusion/dispersion 
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solution) One pair inflow/outflow points 
3 Horizontal flow hor_real.dbt 

(real data) 
hor_real.inp Dilution and diffusion/dispersion 

Multiple pairs inflow/outflow points 
Initial time added to data 

4 Down flow down_c.dbt 
(real data) 

down_c.inp Advection, dilution, and 
diffusion/dispersion 

Variable inflow concentration 
5 Combination 

flow 
comb_ic.dbt 
(real data) 

comb_ic.inp Advection, dilution, and 
diffusion/dispersion 

Non-uniform initial conditions 
 

1.  Up Flow − Numerically Simulated Data 
Perhaps the most common application of BORE II is to the case of up flow - when one pumps 

from the top of the wellbore section, and fluid enters the wellbore at one or more feed points.  Figure 1 

shows C versus x for several times for a typical up flow case (obtained with BORE II option R).  Each feed 

point has the same inflow rate and the same concentration, and there is also up flow from below.  At early 

times, the feed points show up as individual FEC peaks, but as time passes, the deeper peaks merge with 

those above them, creating a step-like structure.  The data set for this example is not real, but the results of 

a numerical simulation using the flow and transport simulator TOUGH2 (Pruess, 1987; 1991; 1995; 1998).  

TOUGH2 has been verified and validated against analytical solutions, other numerical models, and 

laboratory and field data.  The TOUGH2 simulation uses a one-dimensional model with the same cell 

spacing as BORE II and constant mass sources located at the BORE II feed points.  Thus, BORE II and 

TOUGH2 are solving the same problems, and comparing the results for wellbore FEC profiles verifies that 

the BORE II calculations are done correctly. 

2.  Horizontal Flow – Analytical Solution and Numerically Simulated 

Data 
For horizontal flow in the absence of diffusion/dispersion along the wellbore, an analytical 

solution for the concentration observed in the wellbore as a function of time, C(t), is given by (Drost, 

1968): 

 

C(t) = Ci − [Ci − C(0)]exp
−2tvdα h

πrw

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ ,     (1) 

 
where Ciis the formation (inflow) concentration, t is time (s), vd is the Darcy velocity through the aquifer 

(m/s), αh is the aquifer-to-wellbore convergence factor, and rw is the wellbore radius (m).  Figure 2 shows 

the analytical solution and the BORE II results for this problem, obtained using option T.  The agreement is 

excellent.  Note that for small values of vd, if C(0) = 0, the analytical solution becomes approximately 
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C(t) = Ci 1− exp
−2tvdαh
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Thus, any combination of Ciand vd whose product is a constant gives the same value of C.  This condition 

corresponds to the early-time straight-line portion of Figure 2.  The analytical solution may be implemented 

in a spreadsheet to expedite the choice of BORE II parameters, by examining the solution for various 

values of vd and Ci.  Note that care must be taken to use a consistent set of units for t, vd, and rw in 

Equations (1) and (2).  For example, when time is in seconds, BORE II input parameters vd in m/day and rw 

in cm must be converted to m/s and m, respectively. 

Figure 2 also shows the evolution of concentration at and near a horizontal flow layer when 

diffusion/dispersion along the wellbore is significant (D0 = 10-5 m2/s).  For this case, the analytical solution 

is not applicable, but BORE II results compare very well to numerically simulated data obtained using 

TOUGH2.  When dispersion is significant, use of the Drost solution generally results in an underestimation 

of Ci and an overestimation of vd.  These errors do not arise when using BORE II, since 

diffusion/dispersion can be explicitly included. 

3.  Horizontal Flow – Real Data 
As indicated in Figure 2, the addition of diffusion or dispersion modifies the depth-FEC profile 

arising from a thin layer of horizontal flow, by widening the base of the FEC peak.  A thick layer of 

horizontal flow produces a distinct signature, with an FEC response that has a wide peak as well as a wide 

base.  To model a thick layer of horizontal flow, one may use several adjacent inflow/outflow point pairs in 

the model.  Figure 3 compares model and data profiles (G. Bauer, private communication, 2000) of C 

versus x for several times, using option R.  Seven pairs of inflow/outflow points are used, assigned to seven 

adjacent cells.  By multiplying the number of inflow/outflow pairs by cell thickness, one may estimate the 

thickness of the layer of horizontal flow, in this case 2.3 m.  See Appendix 1, Section A1.5, for additional 

information about assigning feed points to specific cells. 

For this particular data set, the earliest observations show a variable FEC profile.  One possible 

way to address this is to specify a non-uniform initial concentration distribution in the wellbore.  An 

alternative approach (used here) is to add a dummy entry to the data file, specifying a time prior to the first 

real data time, at which the FCE distribution in the wellbore is assumed to be uniform.  In general, it is not 

possible to determine when, if ever, the FEC distribution in the wellbore is uniform, but the approach can 

work quite well, as shown in Figure 4, which shows C versus t at the center of the horizontal flow zone 

(option T).  The data zero time taken from the header of the data file, where the date and time of the 

logging run are specified. 
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4.  Down Flow − Real Data 
Figure 5 compares model and data profiles (G. Bauer, private communication, 2000) of C versus x 

for several times (option R) for a case with primarily down flow.  A uniform non-zero initial concentration 

is used (IC0FLAG < 0) to approximate the low, slightly variable initial concentration.  Two shallow inflow 

points have variable concentrations that increase in time, which suggests that de-ionized water penetrated 

into the fractures when it was introduced into the wellbore to establish low-concentration initial conditions 

for logging.  A low-concentration feed point at x = 158.5 m creates up flow above it, but the remainder of 

the wellbore section shows down flow. 

5.  Combination Flow − Real Data 
Figure 6 compares model and data profiles (G. Bauer, private communication, 2000) of C versus x 

for several times (option R) for a case with combination flow.  A non-uniform initial condition has been 

used, which is extracted from the data file using the preprocessor PREBORE (see Appendix 2).  Note that 

there are more entries in the initial condition specification (232) than there are cells in the model (179).  

Thus, some cells are assigned more than one initial condition.  For cells where this occurs, only the final 

initial condition assigned is used.  See Appendix 1, Section A1.5, for additional information on specifying 

non-uniform conditions.  Figure 7 shows the same information as Figure 6, but plotted in a different way, 

with the difference between data and model FEC plotted as an x-t plot (option I).  The blue and orange 

diagonal features indicate that the largest discrepancy between model and data gradually deepens with time.  
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Appendix 1:  Mathematical Background and Numerical Approach 
The principal equation governing wellbore FEC variation is the equation for the transport of mass 

(or ion concentration) in the wellbore.  However, additional consideration must be given to the 

determination of FEC as a function of ion concentration and the temperature dependence of FEC. 

A1.1  FEC as a Function of Concentration 
The relationship between ion concentration and FEC is reviewed, for example, by Shedlovsky and 

Shedlovsky (1971), who give graphs and tables relating these two quantities.  Hale and Tsang (1988) made 

a sample fit for the case of NaCl solution at low concentrations and obtained  

FEC = 1,870 C− 40 C2,        (A.1) 

where C is ion concentration in kg/m3 (≈ g/L) and FEC is in μS/cm at 20oC.  The expression is accurate for 

a range of C up to ≈ 6 kg/m3 and FEC up to 11,000 μS/cm.  The quadratic term can be dropped if one is 

interested only in values of C up to ≈ 4 kg/m3 and FEC up to 7,000 μS/cm, in which case the error will be 

less than 10%.   

Fracture fluids typically contain a variety of ions, the most common being Na+, Ca2+, Mg2+, Cl-, 

SO4
2-, and HCO3

-.  If a hydrochemical analysis has been completed, various methods are available for 

computing an equivalent NaCl concentration for other ions.  Schlumberger (1984) presents charts of 

multiplicative factors that convert various solutes to equivalent NaCl concentrations with respect to their 

effect on electric conductivity. 

A1.2  Temperature Dependence of FEC  
BORE II calculations are made assuming a uniform temperature throughout the wellbore.  Actual 

wellbore temperatures generally vary with depth, so temperature corrections must be applied to field FEC 

data to permit direct comparison with model output. 

The effect of temperature T on FEC can be estimated using the following equation (Schlumberger, 

1984) 

FEC(20o C) =
FEC(T)

1 + S(T − 20o C)
,       (A.2) 

where S = 0.024. 

Generally, temperature increases with depth below the land surface.  If full temperature logs are 

available, these data can be used to correct the corresponding FEC values.  However, if no complete logs 

are available, a simplifying assumption may be made that the temperature variation in the wellbore is linear 

and can be modeled by: 

T = Ax + B,          (A.3) 
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where A and B are parameters determined by fitting any available temperature versus depth data.  If the fit 

is unsatisfactory, other relationships with higher order terms must be used. 

A1.3  Governing Equation 
 The differential equation for mass or solute transport in a wellbore is: 

∂
∂x

Do
∂C
∂x

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ −

∂
∂x

Cv( )+ S =
∂C
∂t

,       (A.4) 

where x is depth, t is time, and C is ion concentration.  The first term is the diffusion term, with D0 the 

diffusion/dispersion coefficient in m2/s, the second term is the advective term, with v the fluid velocity in 

m/s, and S is the source term in kg/m3s.  This one-dimensional partial differential equation is solved 

numerically using the finite difference method, with upstream weighting used in the advective term.  The 

following initial and boundary conditions are specified: 

C(x,0) = C0(x),          (A.5) 

C(xmin,t) = C0(xmin) for flow into the wellbore from above, 

C(xmax,t) = C0(xmax) for flow into the wellbore from below, 

D0 = 0 for x<xmin and x>xmax.  

The first condition allows for the specification of initial ion concentrations in the wellbore.  The second and 

third conditions allow for advective flow of ions into the wellbore interval from above and below.  The 

final condition indicates that diffusion and dispersion do not take place across the boundaries of the 

wellbore interval.  In general, advection will be the dominant process at the boundaries.  If diffusion or 

dispersion is dominant for a particular problem, the boundaries should be extended in order to prevent 

improper trapping of electrolyte. 

A1.4  Discretization in Time   
Time stepping is explicit, with the time step Δt determined by stability constraints for advection 

Δt ≤
πdw

2Δx
8qmax

,          (A.6) 

and diffusion   

Δt ≤
Δx2

4D0

,          (A.7) 

where qmax (m3/s) is the maximum fluid flow rate anywhere in the wellbore.  BORE II starts its calculation 

at t = 0.  The first time in the data file is also identified with t = 0.  If it is apparent that model and data 

times are not synchronized, then one may insert an additional line into the data file after the header lines, 

with an earlier time than the first real data time, in order to reset the data zero time.  On the inserted line, 

FEC, x, and other data entries may be left blank or copied from the first real data line. 
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A1.5  Discretization in Space 
The wellbore interval between xmin and xmax is uniformly divided into N cells and it is assumed that 

the wellbore has uniform diameter, dw.  Cell height Δx is determined as the larger of (xmax - xmin)/180 and 

dw.  Position values indicate depth in the wellbore and thus x is zero at the surface and increases downward.  

The cell index increases upward, with cells 1 and N located at the bottom and top, respectively, of the 

wellbore interval.  In general, the ith node (the center of the ith cell) is located at 

xi = xmax - (i-1/2)Δx,         (A.8) 

with the ith cell extending from xmax - (i - 1)Δx  to xmax - iΔx.   

BORE II assigns feed points and initial concentrations to cell i if the location of the feed point or 

C0(x) value lies within the boundaries of the ith cell.  If multiple feed points are assigned to the same cell, 

they will all be accounted for, but if multiple initial conditions are assigned to the same cell, only the final 

one assigned will be used.  By definition, the lower boundary of cell 1 is at xmax, but due to round-off errors, 

the upper boundary of cell N may not be at xmin.  Hence, it is often useful to know the x coordinates of each 

node.  These are displayed in the input file written by BORE II (option V) when IC0FLAG > 0.  Thus, if 

the user sets IC0FLAG = 1, inputs one (x, C0(x)) pair, and uses option V, then a new input file will be 

created with IC0FLAG = N and a complete list of the x coordinates for all nodes, with C0 = 0 for all cells 

except the one identified in the original input file.  Alternatively, if the initial conditions are taken from the 

data file with PREBORE (or taken from any source that is independent of the nodal coordinates), then 

using option V will create an input file that shows the actual initial conditions assigned to each cell. 

The list of nodal x coordinates may be useful when modeling a thick fracture zone or aquifer, in 

order to place one feed point in each cell over a given depth range.  Similarly, when using IC0FLAG > 0 to 

specify non-uniform initial concentrations, one must assign a C0 value to each cell in the interval of interest 

in order to obtain a continuous C profile, because no interpolation is done between scattered initial 

concentrations.  Finally, knowing the coordinate of the top cell in the model is useful for assigning the 

initial concentration that serves as the boundary condition for inflow into the wellbore interval from above.  

For inflow from below, either x = x1 or x = xmax may be used. 

A1.6  Calculation of Flow Rates 
Feed point flow rates may be constant in time, in which case a steady-state flow field is assumed 

in the wellbore, or variable, with feed point flow rates determined by linear interpolation between tabulated 

values.  Although feed point flow rate may vary, true transient wellbore flow including fluid 

compressibility effects is not considered.  Rather, the wellbore fluid flow field is assumed to change 

instantly from one steady-state flow field to another.  In other words, the flow rate out of cell i is always the 

sum of the flow rates from all feed point locations within the boundaries of cell i plus the flow rate out of 

cell i-1. 
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Appendix 2:  The Preprocessor PREBORE 
PREBORE is a simple Fortran program that does preprocessing for BORE II.  It runs under either 

Windows or DOS.  PREBORE converts the old BORE data file format into the new BORE II data file 

format.  Depth is converted from feet to meters, and other data columns are realigned.  PREBORE can also 

create a file with (x,C0) pairs to be added to the BORE II input file as initial conditions (this option requires 

that x values steadily increase or steadily decrease in each profile).   

If data file conversion is being done, the user is prompted to enter the old and new data file names.   

If a file with initial conditions is being created, the user is prompted for the following information:  

the name of the BORE II data file; a name for the initial condition file; which profile in the data file to use; 

the direction of logging (downward assumes x values increase in the data file, upward assumes they 

decrease, and both assumes the profiles alternately increase and decrease in x); and the conversion factors 

(γ, β, α) between FEC and C (default values 0, 1870, -40).  In addition to creating an ASCII text file with 

(x,C0) pairs, which may be added to the BORE II input file using a text editor or word processor, 

PREBORE prints out the number of pairs on the screen, which should be used for IC0FLAG.  Note that 

IC0FLAG may be greater than the number of cells in the model (usually about 180), but that in this case 

not all the C0 values will be used (see Appendix 1, Section A1.5). 

Data file conversion and initial condition creation can be done in the same PREBORE run.  In this 

case the user must specify both old and new data file names in addition to the parameters describing the 

creation of initial conditions. 
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Appendix 3:  Input Files for Example Applications 

A2.1  Example Application 1 – Up Flow – up_num.inp 
TITLE: up flow with flow from below, compare to synthetic data                   
XMIN(m)     XMAX(m)     DIAM(cm)    !DX(m) = MAX(|XMIN - XMAX|/180, 
DIAM/100)    
 .0000       180.0       14.00      ! 1.000     
QW(L/min)   HALPHA      !QW=flow from below; HALPHA=hor. flow 
constriction       
 .7500       2.500     
#FEED_PTS   VARIABLE_FLOWRATE_IDENTIFIER                                         
    3               999 
DEPTH(m)    Q(L/min)    C(g/L)      T0(hr)      Q/V_FLAG    !Vd(m/day)           
 160.5       .7500       100.0       .0000        0 
 130.5       .7500       100.0       .0000        0 
 50.50       .7500       100.0       .0000        0 
TMAX(hr)    FECMAX      DIFFUSION_COEF.(m2/s)                                    
24.00       100.0       .7500E-09 
RGAMMA      RBETA       RALPHA      !FEC = RGAMMA + C*RBETA + 
C*C*RALPHA         
.0000       1.000       .1000E-07 
IC0FLAG     !If 0, C0=0; If <0, read one C0; If >0,read IC0FLAG (X,C0) 
pairs     
    0 
DATA_FILE   !'NONE' if there is no data file                                     
up_num.dbt           
 

A2.2  Example Application 2 – Horizontal Flow Analytical Solution – 
hor_an.inp 

TITLE: Horizontal Flow - Compare to Analytical Solution 
XMIN(m)     XMAX(m)     DIAM(cm)     
0.000       50.000      7.600 
QW(L/min)   HALPHA       
0.          2.850000          
#FEED_PTS   VARIABLE_FLOWRATE_IDENTIFIER   
       2    999    
DEPTH(m)    Vd(m/d)     C(g/L)      T0(hr)      Q/V_FLAG     
  25.0000     1.        1000.     .0000          1 
  25.0000    -1.        1000.     .0000          1 
TMAX(hr)    FECMAX      DIFFUSION_COEF.(m2/s)     
3.0000      1000.       1.e-10 
RGAMMA      RBETA       RALPHA       
0.000000    1.000000    1.e-08 
IC0FLAG      
0 
DATA_FILE    
hor_an.dbt         
The input file for the case with significant dispersion is identical, except that the diffusion coefficient is 
increased from 10-10 m2/s to 10-5 m2/s. 
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A2.3  Example Application 3 – Horizontal Flow - hor_real.inp 
TITLE: Horizontal Flow Example                                                
XMIN(m)     XMAX(m)     DIAM(cm)    !DX(m) = MAX(|XMIN - XMAX|/180, 
DIAM/100) 
 .0000       60.00       7.600      ! .3333     
QW(L/min)   HALPHA      !QW=flow from below; HALPHA=hor. flow 
constriction    
 .0000       2.500     
#FEED_PTS   VARIABLE_FLOWRATE_IDENTIFIER                                      
   14               999 
DEPTH(m)    Q(L/min)    C(g/L)      T0(hr)      Q/V_FLAG    !Vd(m/d)          
26.73       .5295E-02   730.0       .0000        0         ! .1204     
 26.73      -.5295E-02   .0000       .0000        0         !-.1204     
 26.39       .5295E-02   730.0       .0000        0         ! .1204     
 26.39      -.5295E-02   .0000       .0000        0         !-.1204     
 26.06       .5295E-02   730.0       .0000        0         ! .1204     
 26.06      -.5295E-02   .0000       .0000        0         !-.1204     
 25.73       .5295E-02   730.0       .0000        0         ! .1204     
 25.73      -.5295E-02   .0000       .0000        0         !-.1204     
 25.39       .5295E-02   730.0       .0000        0         ! .1204     
 25.39      -.5295E-02   .0000       .0000        0         !-.1204     
25.06       .5295E-02   730.0       .0000        0         ! .1204     
 25.06      -.5295E-02   .0000       .0000        0         !-.1204     
 24.73       .5295E-02   730.0       .0000        0         ! .1204     
 24.73      -.5295E-02   .0000       .0000        0         !-.1204     
TMAX(hr)    FECMAX      DIFFUSION_COEF.(m2/s)                                 
4.000       400.0       .7500E-04 
RGAMMA      RBETA       RALPHA      !FEC = RGAMMA + C*RBETA + 
C*C*RALPHA      
.0000       1.000       .1000E-07 
IC0FLAG     !If 0, C0=0; If <0, read one C0; If >0,read IC0FLAG (X,C0) 
pairs  
    0 
DATA_FILE   !'NONE' if there is no data file                                  
hor_real.dbt         
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A2.4  Example Application 4 – Down Flow – down_c.inp 
TITLE: downflow, variable source conc., uniform non-zero initial conc.      
XMIN(m)     XMAX(m)     DIAM(cm)    !DX(m) = MAX(|XMIN - XMAX|/180, 
DIAM/100)    
 140.0       240.0       7.600      ! .5556     
QW(L/min)   HALPHA      !QW=flow from below; HALPHA=hor. flow 
constriction       
 .0000       2.850     
#FEED_PTS   VARIABLE_FLOWRATE_IDENTIFIER                                         
   12               999 
DEPTH(m)    Q(L/min)    C(g/L)      T0(hr)      Q/V_FLAG    !Vd(m/day)           
 239.0      -.7000       .0000       .4000        0 
 212.0      -1.000       .0000       .4000        0 
 187.0       .7500       1800.       .4000        0 
 183.0       .1900       1900.       .4000        0 
 181.0       .1200       1900.       .4000        0 
 178.0       .5000E-01   1900.       .4000        0 
 176.0       .4000E-01   1900.       .4000        0 
 174.0       .3000E-01   1900.       .4000        0 
 171.0       .1000E-01   1900.       .4000        0 
 164.4      99905.       1900.       .4000        0 
     T(hr)       Q(L/min)    C(g/L)      !#entries is two digits after  
999 
      .0000       .4400       80.00     
      .4000       .4400       100.0     
      1.200       .4400       1100.     
      1.900       .4400       1650.     
      4.500       .4400       1950.     
 162.0      99904.       1800.       .0000        0 
     T(hr)       Q(L/min)    C(g/L)      !#entries is two digits after  
999 
.0000       .6000E-01   80.00     
      .4000       .6000E-01   200.0     
      1.900       .6000E-01   1650.     
      4.500       .6000E-01   1950.     
 158.5       .1000       80.00       .0000        0 
TMAX(hr)    FECMAX      DIFFUSION_COEF.(m2/s)                                    
4.400       1700.       .1000E-02 
RGAMMA      RBETA       RALPHA      !FEC = RGAMMA + C*RBETA + 
C*C*RALPHA         
.0000       1.000       .1000E-07 
IC0FLAG     !If 0, C0=0; If <0, read one C0; If >0,read IC0FLAG (X,C0) 
pairs     
   -1 
C0 (g/L)    !Uniform, non-zero C0                                                
 80.00     
DATA_FILE   !'NONE' if there is no data file                                     
down_c.dbt           
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A2.5  Example Application 5 – Combination Flow – comb_ic.inp 
TITLE: Combination flow example, non-uniform initial concentration               
XMIN(m)     XMAX(m)     DIAM(cm)    !DX(m) = MAX(|XMIN - XMAX|/180, 
DIAM/100)    
 .00000      50.000      7.6000     ! .2778     
QW(L/min)   HALPHA      !QW=flow from below; HALPHA=hor. flow 
constriction       
 .00000      2.8500     
#FEED_PTS   VARIABLE_FLOWRATE_IDENTIFIER                                         
   12               999 
DEPTH(m)    Q(L/min)    C(g/L)      T0(hr)      Q/V_FLAG    !Vd(m/day)           
45.000     -.13000      .00000      .00000       0 
 33.300      .11000      800.00      .15000       0 
 33.300     -.31000      .00000      .00000       0 
 27.500     -1.0500      .00000      .00000       0 
 25.700      .30000      810.00      .15000       0 
 25.400      .30000      810.00      .15000       0 
 25.140      .30000      810.00      .15000       0 
 24.900      .30000      810.00      .15000       0 
 23.500      .12000      800.00      .15000       0 
21.500      .40000E-01  800.00      .15000       0 
 14.000      .15000E-01  750.00      .15000       0 
 12.200      .10000E-01  750.00      .15000       0 
TMAX(hr)    FECMAX      DIFFUSION_COEF.(m2/s)                                    
 1.0000      1000.0      .50000E-03 
RGAMMA      RBETA       RALPHA      !FEC = RGAMMA + C*RBETA + 
C*C*RALPHA         
.00000      1.0000      .10000E-07 
IC0FLAG     !If 0, C0=0; If <0, read one C0; If >0,read IC0FLAG (X,C0) 
pairs     
  232 
X(m)        C0(g/L)  !#entries is IC0FLAG                                     
1.524  2 
1.615  2 
1.707  3 
1.829  3 
1.951  3 
2.073  3 
2.225  3 
2.377  3 
2.53  3 
2.713  3 
2.865  3 
3.018  3 
3.353  589 
3.536  597 
3.719  588 
3.871  583 
4.054  584 
…(208 entries not shown)… 
43.282 2 
43.8  2 
43.983 2 
44.166 1 
44.318 1 
44.501 1 
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44.684 1 
DATA_FILE   !'NONE' if there is no data file                                     
comb_ic.dbt          
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Figure 1.  Concentration (=FEC) versus depth at a series of times for example application 1 - up flow.  Data 
are numerically simulated using the TOUGH2 code.  Figure is a BORE II screen-print after running option 
R. 
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Figure 2.  Relative concentration versus time for example application 2 – horizontal flow.  When 
diffusion/dispersion is negligible, the concentration increase only occurs at the depth of the horizontal flow 
layer.  The solid line shows the analytical solution as given by Drost (1968), Equation (1).     
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Figure 3.  Concentration (= FEC) versus depth at a series of times for example application 3 – a thick layer 
of horizontal flow.  Dashed lines represent field data, solid lines represent BORE II results.  
Diffusion/dispersion is significant. 
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Figure 4.  Concentration (= FEC) versus time at the center of the horizontal flow zone of example 
application 3, illustrating the addition of a data zero time. 
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Figure 5.  Concentration (= FEC) versus depth at a series of times for example application 4 – down flow.  
Figure is a BORE II screen-print after running option R. 
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Figure 6.  Concentration (= FEC) versus depth at a series of times for example application 5 – combination 
flow.  Figure is a BORE II screen-print after option R. 
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Figure 7. FEC difference between model and data as a function of depth and time (an x-t plot) for example 
application 5 – combination flow.  Figure is a BORE II screen-print after option I, mode 2. 
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LIMITATIONS 
 
COLOG's logging was performed in accordance with generally accepted industry 
practices.  COLOG has observed that degree of care and skill generally exercised by 
others under similar circumstances and conditions.  Interpretations of logs or 
interpretations of test or other data, and any recommendation or hydrogeologic 
description based upon such interpretations, are opinions based upon inferences from 
measurements, empirical relationships and assumptions.  These inferences and 
assumptions require engineering judgment, and therefore, are not scientific certainties.  
As such, other professional engineers or analysts may differ as to their interpretation.  
Accordingly, COLOG cannot and does not warrant the accuracy, correctness or 
completeness of any such interpretation, recommendation or hydrogeologic description. 
 
All technical data, evaluations, analysis, reports, and other work products are instruments 
of COLOG's professional services intended for one-time use on this project.  Any reuse 
of work product by Client for other than the purpose for which they were originally 
intended will be at Client's sole risk and without liability to COLOG.  COLOG makes no 
warranties, either express or implied.  Under no circumstances shall COLOG or its 
employees be liable for consequential damages. 
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