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Abstract Communities and water utilities are increasing-
ly being forced to implement more hydrogeologically
complex alternative water supply and storage options to
meet increasing freshwater demands. The performance of
managed aquifer recharge projects, including aquifer
storage and recovery, is controlled by the movement and
mixing of stored freshwater and native groundwater, and
fluid–rock interactions, which, in turn, are strongly
influenced by aquifer heterogeneity. Advanced borehole
geophysical logging techniques developed for the oil and
gas industry such as neutron-gamma ray spectroscopy,
microresistivity imaging, and nuclear magnetic resonance,
can provide hitherto unavailable fine-scale data on
porosity (total and effective), hydraulic conductivity,
salinity, and the mineralogical composition of aquifers.
Data on aquifer heterogeneity obtained from advanced
borehole geophysics logs, combined with information on
larger-scale aquifer hydraulics obtained from pumping
tests, have the potential for improving aquifer character-
ization and modeling needed for feasibility assessments
and the design and optimization of the operation of
managed aquifer recharge systems.
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Introduction

Borehole geophysical logging has evolved tremendously
since the first electrical logs were acquired in 1927 in

Pechelbronn, France. The development of borehole
geophysical logging technology has been driven largely
by the needs of the oil and gas industry. Oil and gas have
great monetary value and exploration and production
costs. A strong incentive therefore exists to develop
technologies that may improve exploration success and
recovery rates. Borehole geophysical logging is widely
used in groundwater investigations (e.g., Keys and
MacCary 1971; Keys 1989, 1990), but at a lower techno-
logical level.

The technologic gap between oil and gas and ground-
water investigations has several reasons. First and fore-
most is that most groundwater development projects do
not require a high level of technologic sophistication. In
areas where the local hydrogeology is understood, a
combination of basic geophysical logs, aquifer perfor-
mance testing and coarse-scale groundwater modeling is
sufficient for the design and construction of a production
wellfield. As water in most areas has a relatively low
monetary value, the cost of applying advanced technology
cannot be economically justified, irrespective of its
benefits. Additionally, there is a knowledge gap in which
many groundwater professionals are not aware of recent
technologies employed in the oil and gas industry.

As new water supplies become scarcer, and more
costly alternative water supplies are turned to, the
complexity of hydrogeologic investigations is increasing.
For example, the design and successful operation of
aquifer storage and recovery (ASR) and other types of
managed aquifer recharge (MAR) systems requires
knowledge of the type and degree of aquifer heterogene-
ity, location of productive and confining strata, and water
quality and mineralogical variation within storage-zone
strata. Desalination systems that treat brackish groundwa-
ter require that long-term water quality stays within the
design parameters of the treatment system. Detailed
hydrogeologic data are required for meaningful predictive
solute-transport modeling of long-term water quality,
which are often not obtainable using traditional ground-
water investigation techniques.

Advanced borehole geophysical logging techniques
developed for the oil and gas industry can provide fine-
scale data on variations in porosity, permeability, miner-
alogy, and water quality that could not otherwise be
practicably obtained. Advanced borehole geophysical
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logging was recently employed in Florida as part of
exploratory well programs for ASR projects for the city of
Daytona Beach and the Seminole Tribe of Florida, and for
a 333-well system that is planned as part of the
Comprehensive Everglades Restoration Plan (CERP).
This article reviews the applications of some of the logs
and their advantages and limitations.

Information needs of MAR projects

Aquifer heterogeneity may strongly affect the movement
and mixing of recharged and ambient water, and is
therefore a critical issue that needs to be evaluated for
the successful design and operation of MAR systems.
MAR projects often involve the recharge of water into an
aquifer of dissimilar water quality. For example, some
ASR systems store freshwater in aquifers containing
brackish water. ASR systems involve the injection and
recovery of a specific volume of water and their
performance is sensitive to local hydrogeologic condi-
tions. For example, the concentration of flow into thin
high-transmissivity zones can result in high degrees of
mixing and lateral migration under prevailing hydraulic
gradients (Maliva et al. 2006). The occurrence of a dual-
porosity system within an aquifer may have deleterious
impacts on the performance of MAR systems. A large
contrast in permeability between the aquifer matrix and
fractures (or solution flow conduits) would result in the
rapid and unpredictable flow of recharged water in the
fractures and incomplete flushing of native water out of
adjoining matrix blocks. Diffusional exchange between
the fractures and matrix can cause an unacceptable
deterioration in the quality of the stored water (e.g., Cook
and Moncaster 1998; Eastwood and Stanfield 2001; Gaus
et al. 2002). ASR systems have been abandoned because
unanticipated hydrogeologic conditions resulted in very
poor recovery efficiencies (Maliva et al., 2006) or
recovered water quality. It is therefore important to be
able to better characterize aquifer hydrogeology and use
that data to predict the performance of MAR systems,
prior to incurring the full cost of constructing an entire
system.

Fluid–rock interactions can adversely impact the
quality of stored water. The introduction of oxygenated
water into aquifers containing reduced minerals such as
pyrite, can cause the leaching of metals into stored waters.
The leaching of arsenic caused by the oxidation of pyrite
has become a major concern for ASR systems, as the
arsenic concentration in some ASR systems have
exceeded applicable groundwater and drinking water
quality standards (e.g., Arthur et al. 2000, 2002, 2005,
2007; Stuyfzand 1998; Mirecki 2004; Vanderzalm et al.
2007). Data on the mineralogy of the storage zone,
especially the location of strata with relatively high
concentrations of iron sulfide minerals, are thus needed
for the optimal design of ASR and other MAR systems.

MAR system performance can be simulated using
solute-transport and geochemical modeling, but data

deficiencies and uncertainties limit the accuracy of
predictive simulations. In addition to basic aquifer
hydraulic data (transmissivity, storativity, leakance), data
are needed on (1) the abundance and distribution of
reactive minerals, (2) degree of aquifer heterogeneity and
location of flow zones, (3) type of porosity and perme-
ability (single versus dual-porosity), (4) effective porosity,
and (5) dispersivity. Modeling studies have shown that
dispersivity has a primary impact on the performance of
ASR systems, as quantified by recovery efficiency (Merritt
1985, Quiñones-Aponte and Wexler 1995; Yobbi 1996;
Maliva et al. 2005, 2006). However, dispersivity is the
parameter for which there is the greatest uncertainty, as
actual system-specific dispersivities are very difficult to
evaluate in advance of actual ASR system construction
and testing. Geostatistical methods have the potential for
the estimation of dispersivity values if quantitative data
can be obtained on the distribution of hydraulic conduc-
tivity from geophysical log or other sources (Gelhar and
Axness 1983; Domenico and Schwartz 1998).

Advanced geophysical logs

Geophysical logs performed for groundwater investiga-
tions usually have been restricted to a basic suite that
includes caliper, natural gamma ray, resistivity (or dual
induction), sonic, flowmeter, temperature, and fluid
resistivity logs. Borehole video surveys are often run on
water-filled boreholes. Advanced geophysical logs can
provide detailed information well beyond that obtainable
from the basic suite of logs. In particular, neutron-gamma
ray spectroscopy, microresistivity imaging, and nuclear
magnetic resonance logs can provide additional hydro-
geologic information needed for some MAR projects.

The examples of advanced geophysical logs presented
herein were obtained from an ASR exploratory well on the
Seminole Tribe of Florida Brighton Reservation, located
in Glades County, Florida, USA. The logs were run
primarily on limestones and dolostones of the Ocala
Limestone (Late Eocene) and Avon Park Formation
(Middle Eocene), which constitute the potential ASR
storage zone strata in the upper part of the Floridan
Aquifer System (Fig. 1). The nominal borehole (bit size)
diameters were 23 cm (above 274 m) and 19 cm. A
minimal borehole diameter of 16.5 cm is needed to
provide clearance for the logging tools. The borehole
was drilled using the reverse-air rotary method and was
filled with water. However, the discussed logs are
routinely run on mudded holes in the oil and gas industry.

Neutron-gamma ray spectroscopy log

Neutron-gamma ray spectroscopy logging provides a
means for measuring the elemental and, in turn, mineral-
ogic composition of a formation (Barson et al. 2005). The
neutron-gamma ray spectroscopy log is similar to the
more widely used neutron porosity log in that a neutron
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source releases high-energy neutrons into the formation.
The emitted neutrons release gamma rays as the result of
the collision and interaction of the neutrons with atomic
nuclei in the formation. Neutron-gamma ray spectroscopy
logs differ from the neutron porosity log in that the
logging tool (sonde) measures the full spectrum of gamma
rays generated from neutron-element interactions, whereas
the neutron porosity log measures only the slowed down
neutrons. The released gamma rays have characteristic
energies that depend upon the specific element and type of
interaction.

Neutron-gamma ray spectroscopy logs differ in the
source of neutrons. The elemental capture spectroscopy
(ECS) sonde (Schlumberger 2006) uses a standard
americium beryllium (AmBe) neutron source (same as is
used in neutron porosity tools) and a bismuth germanate
(BGO) detector to measure the released gamma rays. The
reservoir saturation tool (RST) is similar to the ECS
except that it employs an electronic pulsed neutron
generator, and thus does not have a significant radioactive
source. In some jurisdictions, use of a radioactive source
is prohibited or restricted in aquifers that may be used for
potable supply.

The measured gamma ray energy spectrum is pro-
cessed using an algorithm to deconvolve the contributions
to the entire spectrum from specific elements based on
known detector spectral responses for each important
constituent. By using the entire measured energy spectrum
for the deconvolution, instead of just individual gamma
ray peaks, the precision and accuracy of the measurement
is significantly improved, while retaining a reasonable
logging speed. The relative elemental spectral yields are
then converted to dry-weight elemental concentrations
using an oxide closure method that accounts for elements
(predominantly oxides) that are not measured. Matrix
properties and quantitative dry-weight lithologies can then
be calculated from the dry-weight elemental concentra-
tions using empirical relationships derived from core
chemistry and mineralogical databases. The measurements
have sensitivities and precisions of 1% dry weight
concentration or less. The ECS and RST logs can, thus,
provide information on the mineralogy of the formation
including the abundance of carbonate (calcite and dolo-
mite), total clay (and some clay mineral types), QFM
(quartz, feldspar, and mica), siderite and pyrite, as well as
anhydrite, salt, and coal in certain geologic environments.

The ECS log has several specific applications for
groundwater investigations. The log can be used to
differentiate between clay-rich and clean intervals, as well
as quartz sand versus carbonate, which can be important
for determining the optimal depths to set casings and
screen (Fig. 2). Reduced iron minerals such as iron
sulfides (pyrite) and siderite, can have a major impact on
the geochemistry of ASR and aquifer recharge systems
(e.g, Stuyfzand 1998; de Ruiter and Stuyfzand 1998). The
ECS can detect pyrite at concentrations of less then 0.5%
dry weight concentration. Knowledge of the location and
abundance of pyrite in an aquifer may be useful in better
understanding and managing fluid–rock interactions.
However, trace quantities of pyrite and other reactive
minerals that are below the detection limits of neutron-
gamma ray spectroscopy logs can still adversely impact
the quality of stored water. The ECS can also detect
elements primarily associated with pore waters such as
chlorine. Elemental chlorine concentration data can be
used to estimate the chloride concentration of pore waters.

Microresistivity imaging log

Microresistivity imaging logs provide an image of the
borehole wall generated from numerous simultaneous
microresistivity measurements. For example, the FMI
Fullbore Formation MicroImager provides microresistiv-
ity-based images generated from up to 192 microresistivity
measurements around the borehole wall. An applied
voltage causes an alternating current to flow from each
electrode button on the sonde through the formation to a
receiver electrode located higher on the sonde. As the
current emerges from the button on a tool pad or flap, its
path is initially focused on a small volume of the
formation directly facing the button. The current path

Fig. 1 Stratigraphy and lithologies of the Seminole Tribe of
Florida Brighton ASR exploratory well. The upper part of the
Floridan Aquifer System was evaluated as a potential ASR storage
zone
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expands rapidly to cover a large volume of formation
between the button and upper electrodes. The measured
current consists of a high-resolution component, modulat-
ed by resistivity variations in the formation directly facing

the button, and a low-resolution component modulated by
the resistivity of the zone between the button and upper
electrode. The microresistivity image of the borehole wall
is created from the current measured by the array of

Fig. 2 Elemental capture spectroscopy (ECS) log from the Brighton Reservation ASR exploratory well. Elemental concentrations are
expressed in dry weight percent (wt%), parts per thousands (ppk) or parts per million (ppm). Chlorine concentrations are expressed as
concentrations in solution throughout the formation (Cl Wet) and in the producible water (Prod. Cl). The top of the Upper Floridan Aquifer
is evident at about 201 m by a sharp downhole decrease in quartz and clay concentration. The relatively high uranium and thorium
concentrations in the overlying Hawthorn Group is due to the present of phosphate (carbonate apatite), which is detected by the ECS log.
The Hawthorn Group also contains more abundant iron sulfide minerals than the underlying Upper Floridan Aquifer carbonates
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buttons. The high-resolution component dominates the
image because its value varies from button to button. A
360° image of the borehole wall, fully oriented in three-
dimensional space with respect to true north and borehole
inclination, is generated, which is typically presented as a
flat “unwrapped” colored diagram with the color variation
corresponding to changes in resistivity (Fig. 3). The
spacing of the button electrode and pad and flap design
and high frequency of the data transmitted results in a
vertical and azimuthal resolution of 5 mm (0.2 inches).
The dimensions of any feature that is 5 mm or larger can

be readily estimated from the image. Fine-scale features,
as small as 50 µm, containing conductive fluids are visible
on the FMI logs. The FMI log is thus well suited to detect
water-filled vugs and fractures in aquifer strata.

The microresistivity log data can be quantitatively
analyzed to estimate fine-scale variations in porosity using
the Archie (1942) equation as follows:

Ro

Rw
¼ a

�m

Fig. 3 Fullbore Formation MicroImager (FMI) log from the Brighton Reservation ASR exploratory well, which was used to image
fractures, bedding and other sedimentologic features, and determine macroporosity. Water-filled pores and vugs have the highest
conductivity and appear dark brown, whereas low porosity intervals appear white or yellow. The porosity histogram, (second column) is
used to estimate fine-scale total and macroporosity (third column). The FMI log also provide information of the orientation of beds (fourth
column), which in the exploratory well have dips of less than 10°
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Where Ro = measured true resistivity (Rt) of a 100%
water filled formation, Rw = resistivity of the pore fluids,
Φ = porosity, and ‘a’ and ‘m’ are constants related to
lithology. The constant ‘m’ is referred to as the
cementation factor and is commonly between 1.8 and
2.0. The ‘a” constant is usually equal to 1.0. Micro-
resistivity logs have a shallow depth of investigation and
thus measure the resistivity of the flushed or invaded
zone surrounding the borehole. Local porosity variations
around the borehole wall can be quantitatively estimated
using the resistivity of the mud or water invading the
formation surrounding the borehole obtained from more
standard resistivity logs.

The FMI log has a several applications for groundwater
investigations. The FMI log can be used to identify
fractures and determine their orientation and aperture
width. The latter can be used to estimate the hydraulic
conductivity of the fracture. However, the permeability of
fractures is affected by other factors besides aperture
width such as roughness. The FMI can be used to identify
and quantify the abundance of large pores and vugs in
carbonates. This is accomplished by performing a porosity
spectrum analysis wherein the scaled resistivity image is
transformed into a high-resolution porosity map using
well-established petrophysical relationships, as described
above. A porosity histogram is then computed at each
depth level, which is statistically analyzed to determine
the fraction of the overall pore volume at each depth level
that comprises large pores and vugs. The final result of the
porosity spectrum analyses are continuous logs of sec-
ondary (macro) and matrix porosity. A general limitation
of quantitative analysis of FMI and other imaging logs is
that fractures and vugs imaged on the FMI may have been
enlarged or created during drilling and thus may not be
representative of the undisturbed formation.

The FMI log also allows for the visualization of
sedimentary structures, breccias, and slumped intervals.
In siliciclastic deposits, the FMI log can detect both the
presence and orientation of cross-bedding, which can be
important for depositional environment interpretations and
can impact horizontal permeability anisotropy. As a
resistivity log, the FMI data can be used to differentiate
between clean sands and carbonates, and more clay-rich
shales and marls. The FMI can also detect the presence of
thin clay or shale layers, which can greatly increase
vertical to horizontal anisotropy ratios. Structural dip can
be determined from the orientation of bedding (Fig. 3).

FMI images are similar in appearance to those
generated by acoustic televiewer (ATV) or borehole
televiewer (BHTV) logs, which generate images of the
borehole wall using high-frequency acoustic energy. Both
types of logs can image fractures and bedding. The major
advantage of the FMI log is its greater resolution and
ability to obtain quantitative porosity and pore type
information from its resistivity measurements. The reso-
lution of both the FMI and ATV/BHTV logs is compro-
mised by borehole irregularity (rugosity). Optical
televiewer (OTV) logs are also used in groundwater
investigations to image borehole walls. The digital images

can be processed to provide estimates of vuggy porosity
based on grayscale contrasts between vugs and adjoining
limestone matrix. OTV logs require that the boreholes be
filled with clear water and may underestimate vuggy
porosity if some pores are not darker than the adjoining
matrix (Cunningham et al. 2004).

Nuclear magnetic resonance logs

Nuclear magnetic resonance (NMR) logging provides a
measure of the total fluid-filled porosity and pore-size
distribution of a formation, from which the bound and
moveable water distribution and hydraulic conductivity
are estimated. Current NMR logging techniques are
discussed by Kenyon et al. (1995), Coates et al. (1999),
Allen et al. (2000), Henderson (2004) and Freedman
(2006). The NMR tool contains a large permanent magnet
that aligns the non-lattice bound hydrogen atoms in the
formation along its magnetic field, which is referred to as
the longitudinal direction. A series of magnetic pulses
from a radio frequency antenna on the tool rotates the
magnetic field vector perpendicular to the direction of
polarization. The rotation of the magnetic field cause the
hydrogen nuclei (protons) to precess (i.e., rotate in a
gyroscopic manner) around the direction of the polariza-
tion field (transverse direction). The precessing protons
create oscillating magnetic fields, which generate weak
radio signals that are measured by the NMR tool.

After each radio frequency (RF) pulse, the protons start
to tip back or relax towards the original direction of
polarization. The response signal decays exponentially
with a characteristic time constant (T2), which is called the
transverse relaxation or decay time. Ideally, the protons
will continue to precess around the direction of the
external magnetic field until they encounter an interaction
that would change their spin orientation out of phase with
the others in the transverse direction. The key interaction
is grain surface interaction, which is interaction of the
spinning protons with a pore wall. The rate of proton
interaction with pore walls is inversely related to pore
size. In small diameter pores, the protons will reach a pore
wall faster, and have shorter relaxation times, than would
occur in a larger diameter pores. The distribution of
relaxation (T2) times thus provides a measure of the
distribution of pore sizes.

NMR relaxation data are displayed as a plot of T2

times (in milliseconds) versus amplitude (Fig. 4). The total
water-filled porosity is determined from the total area
under the T2 distribution curve, which reflects the
relaxation of all the precessing protons. Unlike other
standard log porosity measurements, the NMR total water-
filled porosity measurement is lithology-independent. Pore
volumes are represented by fractions of the total area. The
empirical algorithms used to interpret the T2 distribution
are based on NMR measurements of thousands of core
samples from around the world. The relaxation time cut-
offs in the T2 distribution between the different pore size
‘bins’ (e.g., clay bound water, capillary bound water,
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microporosity, mesoporosity, and macroporosity) have
also been empirically determined from NMR measure-
ments of core. Microporosity, mesoporosity, and macro-
porosity are differentiated based on inferred pore throat
diameters, with micropores having throats less than
0.5 μm in diameter and macropores having throats greater
than 5.0 μm. Mesopores have pore throats between 0.5
and 5.0 μm in diameter. The T2 distribution can be further
subdivided into more numerous pore size bins with a
smaller size range.

The T2 distribution cut-offs between different pore size
bins is consistent for different general formation types, but
there is variation between types. For example, the T2 time
cutoff for the upper size limit of capillary bound-water
filled porosity (i.e., the boundary between microporosity
and mesoporosity) typically differs between sandstones
and limestones (Fig. 4). A default value of 200 ms for
limestones was used for the Brighton exploratory well log,
whereas a value of 33 ms is commonly used for sand-
stones. General lithology based cutoff values can be used
to estimate pore size distribution. However, for best results
NMR analyses should be performed on cores from the
local study area to calibrate the T2 distribution cut-offs.

There has been some uncertainty on the relationships
between T2 distributions and porosity distributions in
carbonates, which may be related to the more heteroge-
neous pore-size distribution and geometry in carbonate
rock and the movements of protons between micropores
and macropores (Allen et al. 2000). Early NMR methods
in carbonates were found to be less useful in zones of
macroporosity (Ahr et al. 2005). Improved characteriza-

tion of carbonates was found to be possible by combining
NMR T2 measurements and FMI evaluations of macro-
porosity (Ahr et al. 2005).

NMR logging has a number of applications for
groundwater investigations. Estimates of permeability
and hydraulic conductivity can be obtained from the
NMR total porosity and T2 distributions using empirically
established relationships (Fig. 5). The NMR log can be
used to identify both potential flow (storage) and
confining zones for MAR projects. Data on the distribu-
tion of hydraulic conductivity obtained from NMR logs
can be used to estimate dispersivity values. The transmis-
sivity values of an interval of an aquifer can be estimated
by integrating the NMR hydraulic conductivity over the
depth interval.

A limitation of the NMR method is that valid measure-
ments require a porosity of greater than 3% and thus
measurements are typically insensitive to individual
fractures. NMR hydraulic conductivity values thus largely
reflect the hydraulic conductivity of the formation matrix.
Where a total transmissivity value is obtained from an
aquifer pumping test, a significant difference between the
pump test and NMR-derived value would indicate the
presence of a dual-porosity system. The difference
between the total and NMR-derived transmissivity may
provide an estimation of the contribution of fractures and
conduits. The NMR log also provides an estimate of
effective porosity (moveable water), which is an important
variable for solute-transport modeling.

Discussion and conclusions

Advanced borehole geophysical logging is complementa-
ry to, but cannot replace, standard aquifer performance
testing to evaluate aquifer hydraulics such as transmissiv-
ity, storativity, and leakance values. Borehole geophysical
logs (excluding cross-well technology) evaluate formation
properties only in the vicinity of the borehole. The
primary advantage of borehole geophysical logs is that
they can provide a near-continuous high-resolution record
of in situ formation properties, which is not practicably
possible or cost-effectively obtained by other means. Of
particular value, advanced borehole geophysical logging
can be used to elucidate porosity types and distribution,
and fine-scale variations in aquifer hydraulic conductivity
and aquifer composition. Such data can be imported
directly into geological data management or workflow
software and, in turn, groundwater flow and solute-
transport models.

The quality of data obtained from borehole geophysical
logs is influenced by borehole conditions. Best results are
obtained from relative smooth and constant-diameter
boreholes. Poor results may be obtained from boreholes
that are very irregular (i.e., have a high degree of rugosity).
Geophysical logs do not differentiate between fractures and
vugs present in undisturbed formations and secondary
porosity features generated or enlarged during drilling such
as by local borehole collapse (spalling) of fractured rock,

Fig. 4 Example of a nuclear magnetic resonance (Combinable
Magnetic Resonance; CMR) log T2 distribution diagram. Total
water-filled porosity can be divided into clay-bound, capillary-
bound, and mobile (free-fluid) water. The T2 time cut-offs between
porosity types vary with lithology and are empirically based values
obtained from numerous core analyses. The default values used for
sandstones and carbonates are shown. More accurate formation-
specific cut-off values can be determined from NMR analyses of
core samples
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although imaging logs can identify borehole breakouts and
sometimes drilling induced fractures.

Data processing is a critical component of geophysical
log interpretation. General or lithology-specific empirical
algorithms are used to obtain estimations of the petro-
physical properties from the raw measurements. There is
always an element of uncertainty in the data processing,

and thus log interpretations, as borehole and lithologic
conditions are variable. For most accurate results, geo-
physical logs should be calibrated against site-specific
data, to the extent practically possible. For more limited-
scale investigations (e.g., logging one exploratory well),
sufficient data are often not practically available for local
calibration of all logs. However, it is still often possible to

Fig. 5 Nuclear magnetic resonance (CMR) log from the Brighton Reservation ASR exploratory well, which was used to characterize the
hydraulic conductivity and pore size distribution of potential storage zone and confining strata. The T2 distribution diagrams and
logarithmic mean values are provided in the left track. The T2 time cut-offs between microporosity and mesoporosity (short) and between
mesoporosity and macroporosity (long) are also marked. The total porosity and abundance of pore size types is provided in the middle
column. At about 302 m, there is a downhole transition from chalky microporous limestones to interbedded carbonate mudstones to
grainstones (cemented carbonate sands). The increase in macroporosity below 302 m results in a pronounced increase in the estimated
hydraulic conductivity (right column). The transmissivity of the 195–285-m interval was calculated to be 44.1 m2/day from the CMR log
using the NMR-FMI carbonate analysis algorithm (Ahr et al. 2005), which is in general agreement with values obtained from a flow test of
the same interval of 22.7 m2/day using the pressure buildup data and 59.5 m2/day estimated from the specific capacity. An estimated flow
profile (fraction of total flow versus depth) can also be obtained from the hydraulic conductivity data (right column)
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check some log results. Log-derived salinity values, for
example, can be checked against water quality data
obtained during drilling or from a packer test. Transmis-
sivity values obtained from NMR logs can be checked
against values obtained from pumping tests.

The alternative to geophysical logging to obtain fine-
scale data on formation porosity and hydraulic conductiv-
ity is continuous coring of the formation and then
performing numerous, closely spaced core plug or mini-
permeameter measurements, which is a far more expen-
sive and time-consuming proposition. An additional
limitation of core analyses is that recovery is often less
than 100% and intervals with the greatest hydraulic
conductivity (and thus of greatest interest for groundwater
investigation) often have the poorest recovery. Fractured
intervals in particular are often recovered as rubble.

Any testing program for an MAR project should be
justifiable in terms of costs versus benefits. Running
advanced geophysical logs represents an additional cost
for an MAR project. The actual cost for a logging program
depends upon the specific suite of logs run, borehole
depth, and mobilization distance. The cost for an advanced
geophysical logging program is estimated to be on the
order of 1–3% of the total cost to design, construct, and test
a typical water utility-scale (4,000 m3/day) ASR project.
An advanced geophysical logging program will thus not
significantly impact the economic viability of an ASR
project and would provide value if the additional hydro-
geologic information provided by the logging reduces the
risk of a failed system. Geophysical logging costs may
also be offset by replacing or reducing need for other
types of data collection (such as coring and packer
testing).
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