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Abstract.  Hydraulic logging methods provide impor-
tant information for groundwater investigations being con-
ducted in areas underlain by fractured bedrock systems.  
Geophysical surveying techniques are used to delineate and 
characterize hydraulically active zones, delineate the extent 
of contamination and contaminant sources, identify geo-
logic features, optimize monitoring well placement, and 
guide remediation efforts.  Borehole-geophysical methods 
provide information about physical, chemical, and hydrau-
lic properties of rock, sediments, and fluids in the subsur-
face and provide important information on subsurface bed-
rock structures including lithology, rock fabric, location, 
orientation, and hydraulic properties of fractures.  Effective 
use of geophysical data requires that the data be interpreted 
in the context of known local and regional geology and 
hydrogeology.  In addition, because of the complexity and 
heterogeneity of crystalline-rock aquifers, a suite of bore-
hole-geophysical methods is used to determine the location, 
extent, and nature of fractures and other structural features 
in the bedrock aquifer.  The geophysical data from each 
borehole are analyzed together to provide an integrated 
interpretation, thereby reducing the ambiguity that can 
occur by interpreting each geophysical log individually. 

SUMMARY OF LOGGING METHODS  

A suite of borehole geophysical logs are collected to 
provide an integrated approach to subsurface characteriza-
tion (Shapiro and others, 1999).  Improvements in tech-
nology, portable computers, and data collection software 
have increased the potential for rapid, noninvasive, and 
cost-effective subsurface characterization through the ap-
plication of geophysical methods.  Geophysical logging is 
used to collect data on subsurface characteristics and 
properties, which are acquired with a personal computer, 
computer-driven software, a portable winch, and selected 
geophysical tools (Fig. 1).  The logging methods described 
include caliper, single-point resistance, normal and lateral 
resistivity, electromagnetic (EM) induction, fluid, flow-
meter (under ambient and stressed conditions), camera, 
acoustic televiewer (ATV), and deviation.  Information 
about these methods is summarized in Table 1. 

 

Figure 1.  Logging a 6-inch-diameter crystalline-bedrock  
well in Lawrenceville, Georgia. Inset shows a three-arm  
caliper tool being calibrated with a steel ring.  
Photographs by Lester J. Williams, USGS. 

Caliper logging is used to generate a continuous pro-
file of the borehole diameter measured in units of length 
with depth.  The caliper tool is pulled up the borehole, 
allowing three spring-loaded arms to open or close as they 
pass borehole enlargements, or restrictions (Keys, 1990). 
Changes in the borehole diameter generally are related to 
fractures but also can be caused by changes in lithology or 
borehole construction or integrity.  Fracture openings in 
the bedrock are easily distinguished from the changes that 
correspond to borehole enlargements as shown in the cali-
per log obtained from a crystalline-bedrock well in Law-
renceville, Gwinnett County, Georgia (Fig. 2).  The log 
can be collected relatively quickly and is one of the least 
expensive tools to run, process, and interpret data.  
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Table 1. Summary of selected geophysical logging methods 

[Relative cost: 1–3, from inexpensive to expensive; time: 1–3, from fast to slow; relative difficulty: 1–3, from easy to difficult] 

Method Purpose Property measured Cost Time Difficulty

Caliper Generate continuous profile of borehole diameter Borehole diameter 1 1 1 

Single-point resistance Delineate changes in lithology, porosity, and (or) clay 
content of surrounding formation or changes in poro-
sity and total dissolved solids in the formation water 

Resistance of formation, fluids in 
formation, and borehole fluids 

1 1 1 

Normal resistivity Determine changes in resistivity of the fluids in the 
formation and (or) lithology 

Resistivity of the formation; with 
additional data, true resistivity  
can be calculated 

1 1 1 

Electromagnetic  
induction 

Delineate changes in rock type or in electrical  
properties of fluids in the rock formation;  
corroborate surface resistivity surveys 

Bulk apparent conductivity of the 
formation and pore fluids surrounding 
the borehole 

1 2 2 

 Fluid resistivity Identify differences in concentration of total dissolved 
solids in borehole fluid; these differences typically 
indicate sources of water that have come from 
different transmissive zones 

Electrical resistivity of borehole fluid, 
from which specific conductance  
is calculated 

1 1 1 

Fluid temperature Identify where water enters or exits the borehole Temperature of borehole fluid; 
differential temperature (rate of change 
of the tempera-ture) is calculated 

1 1 1 

Heat-pulse, 
electromagnetic, and 
spinner flowmeter 

Map fluid flow regime and transmissive fractures in  
the borehole 

Direction and magnitude of vertical flow 
within the borehole 

3 3 3 

Camera Characterize rock type, identify changes in rock type 
and small-scale geologic structures, locate and 
describe fractures, describe borehole construction,  
and identify problems with borehole integrity and  
(or) possible signs of contamination 

Visual fish-eye view and side-looking 
view of borehole 

2 2 2 

Acoustic televiewer Map location and orientation of fractures  
intersecting borehole and generate a high- 
resolution acoustic-caliper log  

Amplitude and travel time of the 
reflected acoustic signal 

3 3 3 

Deviation Three-dimensional geometry of the borehole Azimuthal direction and the inclination 
of the borehole 

2 2 2 

 

Single-point resistance logging measures the electri-
cal resistance between a surface electrode (or mudfish) 
and an electrode in the down-hole probe.  The measure-
ment, which is highly influenced by borehole diameter, 
includes the resistance of the formation, fluids saturating 
the formation, and fluids in the borehole.  The resistance, 
which is recorded in ohms, is highly influenced by bore-
hole diameter. Increases in borehole diameter typically are 
associated with a decrease in resistance.  Single-point re-
sistance can be used to delineate changes in lithology, clay 
content, porosity, and total dissolved solids in the forma-
tion water.  The single-point resistance log can be col-
lected relatively quickly and is one of the least expensive 
tools to run, process, and interpret data. 

Normal resistivity logging (long- and short) meas-
ures the apparent resistivity of the formation in ohm me-
ters. The tool applies a constant current across two elec-
trodes while measuring the potential between two other 
electrodes.  The volume of investigation is a sphere whose 
diameter is equal to twice the potential-electrode spacings, 
which are typically either 16 or 64 inches.  However, the 

shape and volume of investigation change depending on the 
resistivity of the formation.  The apparent resistivity has to 
be corrected for borehole diameter, drilling mud invasion, 
and formation bed thickness to obtain true resistivity. 

The lateral resistivity tool is similar to the normal re-
sistivity tool in that it applies a current across two elec-
trodes, while measuring potential across the other two elec-
trodes.  The potential electrodes are separated by 2.6 feet 
(ft).  Because the electrode spacing is less than that of the 
long- and short-normal resistivity tool, lateral resistivity 
measurements sample a larger volume of the formation 
and resistivity anomalies are nonsymmetrical. 

Resistivity logs are relatively cost-effective and easy 
to collect and interpret.  Their most useful application in 
crystalline rocks is in regimes where the resistivity of the 
formation is too high for the induction conductivity meter 
to resolve.  In hard, resistive crystalline bedrock, water-
bearing zones typically are indicated by low resistivity. 
An annotated lateral resistivity log, shown in Figure 3, 
easily distinguishes the water-bearing zones in a crystal-
line-bedrock well. 
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Figure 2.  Caliper log from a crystalline-bedrock 
well in Lawrenceville, Georgia.  Thick bars denote 
fracture openings.  Hole is about 8 inches in 
diameter to 400 feet and 6 inches below that depth. 
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Figure 3.  Lateral resistivity log from a  
crystalline-bedrock well in Lawrenceville,  
Georgia.  Same well as shown in Figure 2. 



Electromagnetic-induction logging records the bulk 
electrical conductivity of the rocks and fluids in the rocks 
surrounding the borehole (Williams and others, 1993).  
The tool uses an electromagnetic induction field to induce 
an electrical current in the surrounding formation.  The in-
duced current in the formation generates a secondary elec-
tromagnetic field.  At low induction numbers (less than 
100 millimhos/meter), the strength of the electromagnetic 
field is proportional to the formation conductivity.  Changes 
in electrical conductivity are caused by variations in poros-
ity, borehole diameter, dissolved concentration of the water 
in the rocks, and metallic minerals.  The EM-induction 
probe is designed to maximize vertical resolution and radial 
penetration and to minimize the effects of the borehole 
fluid.  The tool response is most sensitive to the bedrock 
and porewater approximately 1 ft away from the probe, and 
the tool has a vertical resolution of approximately 2 ft. In 
boreholes with diameters of 6 inches or less, the specific 
conductance of the borehole fluids has a negligible effect 
on the induction log response (Keys, 1990).  The log is used 
to delineate changes in rock type or in electrical properties 
of water in the rock formation. EM-induction logs are 
relatively inexpensive to collect but do require calibration.  

Fluid logging methods, such as fluid resistivity and 
fluid temperature, measure properties of the water column.  
Fluid logs are typically run first to measure an undisturbed 
water column that represents the ambient conditions in the 
borehole.  The fluid logs can be collected again under 
stressed conditions (pumping or injection), and a compari-
son between ambient and stressed conditions can be used 
to identify the location of the contributing inflow zones. 
These logs are relatively easy and inexpensive to collect 
and interpret. 

Flowmeter logging using heat-pulse, electromagnetic, 
or a spinner flowmeter measures the direction and magni-
tude of vertical fluid flow within the borehole.  Flowmeter 
measurements are collected at discrete locations, usually 
above and below fractures identified in the other geo-
physical logs, or as a continuous log in a trolling mode.  

The heat-pulse flowmeter uses a thermal trace to 
measure the direction and rate of vertical flow in a bore-
hole (Hess, 1986).  It is used at stationary points along  
the borehole above and below fractures.  Used in conjunc-
tion with other geophysical logs, individual fractures or 
fracture zones where water enters or exits the borehole can 
be identified. 

The electromagnetic flowmeter can be used in a com-
bination of stationary-mode and trolling-mode measure-
ments to determine vertical flow in the borehole and iden-
tify inflow and outflow locations (Moltz and others, 
1994).  Electromagnetic flowmeter measurements that are 
collected at stationary locations can provide higher resolu-
tion measurements than under trolling conditions. The 
flow profiles collected under the trolling mode can be 
proportioned to the higher-resolution measurements made 

at points.  The electromagnetic flowmeter concurrently 
measures temperature and fluid resistivity. 

The spinner flowmeter measures vertical flow by re-
cording the rotation rate of either 3- or 4-bladed impeller 
mounted with adjustable needle bearings on a freely-
rotating shaft.  Frictional forces associated with shaft rota-
tion must be overcome; below this threshold velocity, the 
tool does not respond.  The threshold velocity of a typical 
spinner flowmeter is about 5 feet per minute (ft/min), 
which limits its use to higher flow conditions.  Spinner 
flowmeters can be used in stationary and trolling modes. 

Under ambient conditions, differences in hydraulic 
head between two sufficiently transmissive fractures pro-
duce vertical flow in the borehole.  Water enters the bore-
hole at the fracture zone with the higher head and flows 
toward and out of the fracture with the lower head.  Be-
cause vertical flow does not occur between transmissive 
zones with the same head, flowmeter logging also must be 
conducted under stressed conditions to identify transmis-
sive fractures with the same head.  The electromagnetic 
flowmeter log in Figure 4 indicates the presence of multi-
ple transmissive fractures with differing heads.  Under 
ambient conditions water flowed from fractures with high 
hydraulic head into the borehole, upward through the 
borehole, and exited the borehole through fractures with 
lower head, just below the bottom of casing (Fig. 4).  In 
addition, water exited the borehole at the base of casing. 
Under pumping conditions of 50 gallons per minute, water 
entered the borehole at the transmissive fractures with 
high head and flowed upward in the borehole. However, 
the pumping did not reverse the ambient flow regime, and 
water continued to exit the borehole near the base of the 
casing (Fig. 4, top arrows). 

Flowmeter logging is expensive relative to the other 
methods described herein.  The effort in data collection 
varies, depending on the number of fractures that are hy-
draulically active and the flow regimes in the borehole. 
The time and difficulty of the interpretation also depends 
on the complexity of the flow regime.  The interpretation 
of flowmeter data can be semiquantitative or quantitative.   
The quantitative results can be verified with an iterative 
modeling approach described by Paillet (1998).  Although 
the interpretation and modeling process is more time con-
suming, the quantitative results yield a unique solution 
providing information on the transmissivity and head of 
individual transmissive zones in the borehole.  

Camera logging records both fish-eye and side-
looking views of the borehole above and below the water 
and can provide a direct inspection of the borehole wall 
and details of the borehole construction.  The color im-
ages, which are continuously labeled with depth, are col-
lected and recorded on videotape.  The images can be used 
to characterize rock type, identify changes in rock type 
and small-scale geologic structures, locate and describe 
fractures, describe the borehole construction, and identify 



problems with borehole integrity and (or) possible signs of 
contamination (Johnson and Dunstan, 1998).  The images 
can be used in conjunction with other logs to help inter-
pret anomalies observed in the other logs.  This method of 
borehole imaging is relatively cost-effective, and logs can 
be collected quickly.  However, detailed interpretation of 
the video logs can be time consuming. 

Acoustic televiewer logging produces a high-resolu-
tion, magnetically oriented, digital image that is used to 
map the location and orientation of fractures that intersect 
the borehole (Williams and Johnson, 2000). The ATV tool 
emits a narrow acoustic beam that rotates 360 degrees (°) 
and is focused at the borehole wall.  The acoustic wave 
moves through the fluid in the borehole and is reflected 
off the borehole wall and recorded by the tool. The log 
records the amplitude and travel time of the reflected 
wave, which can be displayed as a flattened 360° image of 

the borehole wall.  The acoustic televiewer is a relatively 
expensive tool and data collection and interpretation can 
be time consuming.  Because of the high resolution of 
data collection, the recommended logging speed of about 
5 ft/min is much slower than the logging speed of most 
other logs, which is 10–20 ft/min. 

Deviation logging measures the borehole deviation 
by providing a record of the three-dimensional geometry 
of the borehole (Keys, 1990). The deviation log records 
the azimuthal direction (0–360°) and the inclination (0–
90°) over the depth of the borehole. Borehole deviation 
tools generally indicate direction to within ±2° and incli-
nation to within ±0.5°. Deviation logs are collected simul-
taneously with acoustic and optical images with the 
televiewer tools. The results of this log are used to correct 
the orientation of fractures determined from the acoustic 
and optical-imaging tools. 
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Figure 4.  (A) Flowmeter logs from a crystalline-bedrock well in Lawrenceville, Georgia, 
showing ambient and pumping conditions. Top left facing arrows indicate fractures where 
water is flowing out of the borehole. Right facing arrows show water entering the borehole 
along artesian fractures between 100 and 250 feet. (B) Caliper log shown for reference.  
Survey conducted on December 4, 2001. 



LITERATURE CITED 

Hess, A.E. 1986. Identifying hydraulically conductive frac-
tures with a slow-velocity borehole flowmeter: Cana-
dian Geotechnical Journal, v. 23, no. 1, pp. 69–78. 

Johnson, C.D., and A.H. Dunstan. 1998. Lithology and 
fracture characterization from drilling investigations in 
the Mirror Lake area, Grafton County, New Hamp-
shire.  U.S. Geological Survey Water-Resources Inves-
tigations Report 98-4183, 211 pp. 

Keys, W.S. 1990. Borehole geophysics applied to ground-
water investigations. U.S. Geological Survey Tech-
niques of Water-Resources Investigations, book 2, 
chap. E-2, 149 pp. 

Moltz, F.J., G.K. Bowman, S.C. Young, and W.R. Waldrop. 
1994. Borehole flowmeters—field application and data 
analysis. Journal of Hydrology, v. 163, pp. 347–371.  

Paillet, F.L. 1998. Flow modeling and permeability esti-
mation using borehole flow logs in heterogeneous frac-
tured formations.  Water Resources Research, v. 34, 
no. 5, pp. 997–1010. 

Shapiro, A.M., P.A. Hsieh, and F.P. Haeni.  1999.  Inte-
grating multidisciplinary investigations in the charac-
terization of fractured rock. In Proceedings of the 
Technical Meeting of the U.S. Geological Survey Toxic 
Substances Hydrology Program.  Morganwalp, D.W., 
and H.T. Buxton (eds.), held March 8–12, 1999, 
Charleston, South Carolina.  U.S. Geological Survey  
Water-Resources Investigations Report 99-4018C,  
v. 3, pp. 669–680. 

Williams, J.H., and C.D. Johnson. 2000. Borehole-wall 
imaging with acoustic and optical televiewers for frac-
tured-bedrock aquifer investigations.  In Proceedings 
of the 7th Minerals and Geotechnical Logging Sympo-
sium, held October 24–26, 2000, Golden, Colo.  Min-
erals and Geotechnical Logging Society, pp. 43–53, 
CD–ROM. 

Williams, J.H., W.W. Lapham, and T.H. Barringer. 1993. 
Application of electromagnetic logging to contamina-
tion investigations in glacial sand and gravel aquifers. 
Ground Water Monitoring and Remediation Review,  
v. 13, no. 3, pp. 129–138. 


	LITERATURE CITED

