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1. INTRODUCTION

1.1 PURPOSE. This discussion provides an introduction to procedures for geophysical
exploration for engineering, geological, and environmental (to include hazardous, toxic
and radioactive waste) investigations. Descriptions and guidance are provided for
geophysical methods typically used in these investigations. The discussion furnishes a
broad overview of geophysical applications to common engineering, environmental and
geological problems. Descriptions of the most commonly conducted geophysical
procedures are given. These contents are not proposed to explicitly develop field

procedures and data reduction techniques for geophysical surveys.

1.2 WORKER AND ENVIRONMENTAL SAFETY. This discussion does not purport to
address the safety risks associated with geophysical exploration. Geophysical surveys
have their own associated hazards, particularly with active energy sources. Some active
sources are: shallow explosions for seismic methods; applied electrical current with
resistivity methods; and, pulsed electromagnetic fields for ground-penetrating radar.
These hazards are addressed regularly by the geophysical survey crew during planning
and field deployment. The addition of environmental site hazards may compound the
risks of geophysical exploration. Every instance of compounded hazard cannot be
uniquely addressed in this discussion. Geophysical personnel and the survey customer
must have a continuous dialogue and flexible plan to consider and accommodate the
aspects of environmental hazards. In addition, that plan should incorporate health and

safety practices in accordance with applicable regulations and expert guidance.
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2. GEOPHYSICAL METHODOLOGY

2.1 USES OF GEOPHYSICAL SURVEYS

2.1.1 OBJECTIVES.

2.1.1.1 THREE CLASSES OF OBJECTIVES are addressed by geophysical surveys:
the measurement of geologic features, the in situ determination of engineering
properties, and the detection of hidden cultural features. Geologic features may include
faults, bedrock lows, discontinuities and voids, and groundwater. Engineering properties
that can be determined in situ include elastic moduli, electrical resistivity and, to a lesser
degree, magnetic and density properties. Hidden cultural features available for
geophysical detection and characterization include buried underground tanks and pipes,

contaminant plumes, and landfill boundaries.

2.1.1.2 APPLIED GEOPHYSICS can contribute to the solution of most geotechnical
engineering and environmental problems. The geophysical technique does not often
directly measure the parameter needed to solve the problem under consideration. Each
geophysical procedure measures a contrast. A few problems of interest in engineering
may be developed directly from the measured contrast, i.e. finding the resistivity for
design of a grounding mat of an electrical power grid. The vast majority of objectives are
inferred from the known geologic data and the measured geophysical contrast. Some

surveyed contrasts that provide indirect hypotheses are:

e Media velocities from seismic methods to determine the top of rock.

e Streaming potentials from the self-potential technique to locate a flowing
reservoir conduit in a dam abutment.

e High conductivities measured with a terrain conductivity meter to locate an

inorganic plume on the groundwater surface.
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e High apparent conductivity assessed with a metal detector which infers a large
metallic cache of possibly buried drums.
e Low density contrast measured with a gravimeter due to a suspected abandoned

shallow coal mine.

2.1.2 GENERAL OBSERVATIONS. Several general observations should be kept in

mind when considering applications of geophysical methods.

2.1.2.1 RESOLUTION, THAT IS, the ability of the geophysical measurements to
differentiate between two similar geologic situations, varies widely between geophysical
methods. Resolution is a function of time and effort expended and may be improved up
to a limit, usually far in excess of the resources available to conduct the study.
Ambiguity usually indicates a practical limit on geophysical results before the lack of

resolution becomes a factor.

2.1.2.2 MOST GEOPHYSICAL methods do not directly measure the parameter desired
by the project manager, geologist or engineer. Resistivity and acoustic bursts (for
acoustic emissions) are exceptions. The correlation of measured geophysical contrasts
with geologic inferences most often is empirical and certainly is dependent on the
quality of both the results and the hypotheses. Usually an inverse solution is determined
in geophysical exploration. Inversion implies that a cause was inferred from an effect.
The physical property, the cause, is inferred from the field survey readings, the effects.
Inverse resolutions are not unique conclusions, and provide a most likely solution
selected from numerous possibilities. Forward solutions proceed from cause to effect
and are unique determinations. Forward analyses are often preliminary evaluations to
predict amplitudes and relations from possible physical conditions. Forward solutions
may be used subsequent to field surveys to assess hypothesis variants among geologic

alternatives.
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2.1.2.3 THE INTERPRETATION OF GEOPHYSICAL contrasts is based on geologic
assumptions. Ambiguity is inherent in the geophysical interpretation process.

Preparation of geophysical models almost always assumes the following:

e Earth materials have distinct subsurface boundaries.
e A material is homogeneous (having the same properties throughout).

e The unit is isotropic (properties are independent of direction).

These assumptions are, in many cases, at variance with the reality of geologic
occurrences. Units may grade from one material type to another with no distinct surface
between two materials. At some scale, inhomogeneities exist in practically all units.
Properties may occasionally vary greatly in magnitude with direction, such as in shales.
Ambiguity, however, can be summarized as an equivalence of geometry/size and a
material’s properties. Structure may be reevaluated by changing physical parameters.
Ambiguity applies to all geophysical methods, and is most conveniently resolved by
understanding geologic reality in the interpretation. The extent to which these
presumptions are valid or the magnitude that the assumptions are in error will have a

direct bearing on the conclusions.

2.1.2.4 1T IS IMPORTANT to differentiate between accuracy and precision in
geophysical results. Geophysical measurements are very precise. The measurements
can be repeated to a remarkable degree on another day, even by another field crew. If
accuracy is evaluated as the convergence of the geophysical interpretation with
measured geologic data, then geophysical results are not particularly accurate by
themselves. However, when appropriate subsurface investigations are integrated with
geophysical measurements, large volumes of material can be explored both accurately

and cost-effectively.

2.1.2.5 THERE IS NO SUBSTITUTE FOR specific geologic or engineering observations
(such as borings, test pits, trenches, geophysical well logging, and cross-hole tests), the

inferred objective solution. These borings or other tests are used to validate and
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calibrate the geophysical results, and ultimately to improve the accuracy of the
integrated conclusions. Except where accuracy considerations are not important, some

form of external calibration of the empirical geophysical assumptions is required.

2.1.2.6 INTERPRETATION IS A CONTINUQUS process throughout geophysical
investigations. The adequacy of the field data to achieve the project objectives is
interpreted on the spot by the field geophysicists. Data processing, the steps of
preparing the field data for geophysical interpretation, often includes judgements and
observations based on the experience of the processor. Implementation of a
geophysical model, which satisfactorily accounts for the geophysical observations, fits
only the narrowest definition of interpretation. Correlation of the geophysical model with
available ground truth can be a laborious interpretative process, especially since
iterations of both the geophysical models and the geologic model are usually required.
Production of the final product in a form useful to the customer (engineer or geologist) is

the most necessary interpretative step.

2.1.2.7 APPLIED GEOPHYSICS is only one step in a phased, sequential approach in
performing a geologically based task. Any goal requires basic data, a problem
statement, investigation of the problem and solution development. Problems in
geological, geotechnical or environmental projects require some basic geological
information prior to use of geophysical techniques. The determined geophysical
contrasts are evaluated and a solution inferred for the likely environment. This
hypothesis itself may require geologic assessment with borings or other field
exploration. The planning of the phased, sequential solution will provide the best

solution at the lowest cost.

2.1.3 GEOPHYSICAL METHODS. Geophysical methods can be classified as active or
passive technigues. Active techniques impart some energy or effect into the earth and
measure the earth materials’ response. Passive measurements record the strengths of

various natural fields which are continuous in existence. Active techniques generally
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produce more accurate results or more detailed solutions due to the ability to control the

size and location of the active source.

2.1.3.1 THERE ARE SCORES OF geophysical techniques which have demonstrated
commercial success. In addition, innumerable variations of well-known techniques have
been applied in special cases. This manual cites many surface, subsurface, and
airborne geophysical methods. The included procedures have been utilized most often

or have significant applicability to engineering, environmental, and geologic problems.

2.1.3.1.1 CLASSIFIED BY PHYSICAL EFFECT measured, the following surficial
techniques are options:

« Seismic (sonic) methods

» Electrical and electromagnetic procedures, with natural electrical fields (self-
potential), resistivity (AC and DC fields), and dielectric constant (radar) theory.

« Gravitational field techniques

» Magnetic field methods

2.1.3.1.2 GEOPHYSICAL MEASURES can also be applied in the subsurface and
above the earth’s surface. Down-hole application of geophysics provides in situ
measurements adjacent to the borehole or across the medium to the surface.
Subsurface applied geophysics gains detailed insight into the adjoining earth materials.
Airborne geophysics is usually not as detailed as surface procedures but offers the
distinct advantages of rapid coverage without surface contact.

2.1.3.1.3 VIBRATION THEORY may be applicable. Consideration of earthquake
problems, blasting and machine foundations, acoustic emission theory, and
nondestructive testing may also be considerations. These topics are unified under

vibration theory, but are accomplished by differing program approaches.
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2.1.3.2 THE NUMBER OF GEOLOGIC ISSUES considered are limited to the problems
most commonly encountered in an engineering or environmental context, since the
number of geologic problems is vastly larger than the number of geophysical methods.
The accompanying matrix of Table 2-1 displays the cited methods versus the problem
types, and evaluates the applicability of the method. One cannot rely blindly on the
applicability of this table, because geology is the most important ingredient of the
selection of method. This matrix will suggest potential geophysical techniques for
particular needs. Geologic input, rock property estimates, modeling, interference effects,
and budgetary constraints are co-determining factors of method selection. In an attempt
to reduce the impact of geology, the evaluation assumes that a moderate degree of

geologic knowledge is known before the matrix is consulted.

2.1.4 CONTRACTING CONSIDERATIONS. Most geophysical work is done by
geophysical contractors. Even in-house work is usually done by specialists and the

following discussion applies to internal, as well as external,

2.1.4.1 THE MOST IMPORTANT part of the contracting process is the preparation of a
set of written objectives. The primary pitfall is the tendency of geophysicists to focus on
what can be measured, and not on the needs of the customer. If siting monitoring wells
on bedrock lows is the objective, detailed bedrock lithology is probably unimportant. The
action of writing down the explicit desired final results will often radically change the

approach to the problem.

2.1.4.2 THE SCOPE OF WORK also requires a common understanding between
contractor and purchaser. However, undue restrictions in the scope of work may
prevent an alteration of parameters, quantities, techniques, or methods. Such
alterations are common on geophysical projects. Because of the close cooperation
required between the customer and the producer, daily reports (including preliminary

results) are almost always required.
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2.1.4.3 LESS IMPORTANT, but critical factors subject to negotiation, are: standby time,
inclement weather payments, contents of field reports, liability, terms of payment, rights-
of entry, responsibility for locating underground utilities, deadlines, and rates.
Geophysical daily rates are usually straightforward. The productivity of field crews,
however, is dependent on some or all of the following factors: terrain, vegetation,
hazardous waste, insects and other biohazards, weather (particularly season), logistics,
commute time or access to the field location, third-party observers, experience and
resourcefulness of field crew, and interference with geophysical measurements (noise,

often related to industrial or urban location).

2.1.4.4 THE GEOPHYSICIST(S) MUST have access to all relevant information
concerning the site. This data includes: site geology, site maps, boring logs, sources
and contaminant types that are known or presumed, hazards and safety conditions
impacting field work, etc. The development of field work and the hypotheses from the
processed geophysical material depend upon validation of the known conditions. Field
safety and hazard avoidance may only occur when the field crew has knowledge of all
field conditions. Significant liability reverts to the government when all known

information is not shared with the geophysical crew.

2.1.4.5 A SITE VISIT IS RECOMMENDED and should be undertaken by an
experienced estimator of geophysical costs. Many geophysical contracts are let on a
line-mile, per station, or lump-sum basis. However, if the common objective is neither
the bankruptcy of the contractor nor the overcharging of the customer, usually a method
can be found to “share the misery” on difficult projects. There is no substitute for
experience and trust to supplement written documents purporting to cover all

eventualities.

2.1.4.6 A FIELD-RELEASE CLAUSE may be a useful vehicle for both the customer
and the geophysical contractor. This clause allows contract termination, if the
contractor’s ability to assess the objective after a short field evaluation is unlikely.

Careful scrutiny of the field results near a ground truth area allows the contract to be
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site-justified, the objective revised, or the contract to be ended. The contract is modified

by the consequences of the field-release evaluation.
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2.1.4.7 EFFECTIVELY WRITTEN contracts provide the clear objective of the

geophysical work and the minimum reporting requirements.

2.2 RESPONSIBILITIES OF THE PROJECT TEAM. The objective of any investigation
is maintained by exchange of information between the customer and the geophysical
contractor. The customer directs the inquiry, but is rarely a specialist in the application

of particular procedures.

2.2.1 INTERDISCIPLINARY TEAM. Geophysical exploration is a highly specialized
field. Few geophysicists are equally adept at all facets of geophysics. The project
manager, the technical specialist (usually an engineer or geologist), and the

geophysicist(s) form an interdisciplinary team to meet the objective.

2.2.2 STATED OBJECTIVE. The project manager is required to have a known and
written objective. The technical specialist correlates the site information and identifies
tasks to be completed to reach project goals. Engineering and geologic requirements
are evaluated by the specialist and the role of geophysics in satisfying those
requirements in detail. A phased approach including preliminary geologic investigations,
geophysical contracting, and final engineering evaluation is developed. The geophysical
contractor accomplishes the objective established by the manager, as developed from

phased site information directed by the specialist.

2.2.3 GEOPHYSICAL SEQUENCE. The geophysical exploration should be considered
early in the development of site characterization. Monetary and time efficiency will be
greatest when the geophysical surveys are part of a phased program, especially at
large and/or geologically complex sites. Early geophysical exploration allows some
subsequent geologic, engineering, or environmental verification. Problems studied late
in the field assessment may have little funding for their resolution remaining in budgets
to perform necessary work. Further, there will be little advantage from geophysics
performed late in exploration programs, as compared to early geophysical application
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where subsequent investigations may be revised in location and detail.
3. MAGNETIC METHODS

3.1 INTRODUCTION

3.1.1 THE EARTH POSSESSES a magnetic field caused primarily by sources in the
core. The form of the field is roughly the same as would be caused by a dipole or bar
magnet located near the earth’s center and aligned subparallel to the geographic axis.
The intensity of the earth’s field is customarily expressed in S.I. units as nano-teslas
(nT) or in an older unit, gamma (y): 1 g =1 Nt = 10 uT. Except for local perturbations,
the intensity of the earth’s field varies between about 25 and 80 uT over the
coterminous United States.

3.1.2 MANY ROCKS AND MINERALS are weakly magnetic or are magnetized by
induction in the earth’s field, and cause spatial perturbations or “anomalies” in the
earth’s main field. Man-made objects containing iron or steel are often highly
magnetized and locally can cause large anomalies up to several thousands of nT.
Magnetic methods are generally used to map the location and size of ferrous objects.
Determination of the applicability of the magnetics method should be done by an
experienced engineering geophysicist. Modeling and incorporation of auxiliary

information may be necessary to produce an adequate work plan.

3.2 THEORY. The earth’s magnetic field dominates most measurements on the surface
of the earth. The earth’s total field intensity varies considerably by location over the
surface of the earth. Most materials except for permanent magnets, exhibit an induced
magnetic field due to the behavior of the material when the material is in a strong field
such as the earth’s. Induced magnetization (sometimes called magnetic polarization)
refers to the action of the field on the material wherein the ambient field is enhanced
causing the material itself to act as a magnet. The field caused by such a material is
directly proportional to the intensity of the ambient field and to the ability of the material

to enhance the local field, a property called magnetic susceptibility. The induced
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magnetization is equal to the product of the volume magnetic susceptibility and the

inducing field of the earth:

I=kF (6'1)

k = volume magnetic susceptibility (unitless)
| = induced magnetization per unit volume

F = field intensity in tesla (T)

3.2.1 FOR MOST MATERIALS k is much less than 1 and, in fact, is usually of the order
of 10°® for most rock materials. The most important exception is magnetite whose
susceptibility is about 0.3. From a geologic standpoint, magnetite and its distribution
determine the magnetic properties of most rocks. There are other important magnetic
minerals in mining prospecting, but the amount and form of magnetite within a rock
determines how most rocks respond to an inducing field. Iron, steel, and other
ferromagnetic alloys have susceptibilities one to several orders of magnitude larger than

magnetite. The exception is stainless steel, which has a small susceptibility.

3.2.2 THE IMPORTANCE OF MAGNETITE cannot be exaggerated. Some tests on rock
materials have shown that a rock containing 1 percent magnetite may have a
susceptibility as large as 103, or 1,000 times larger than most rock materials. Table 6-1
provides some typical values for rock materials. Note that the range of values given for

each sample generally depends on the amount of magnetite in the rock.

3.2.3 THUS IT CAN BE SEEN that in most engineering and environmental scale
investigations, the sedimentary and alluvial sections will not show sufficient contrast
such that magnetic measurements will be of use in mapping the geology. However, the
presence of ferrous materials in ordinary municipal trash and in most industrial waste
does allow the magnetometer to be effective in direct detection of landfills. Other ferrous

objects which may be detected include pipelines, and underground storage tanks.
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Rock Type Susceptibility (k)

Altered ultra basics 10 to 10*
Basalt 10 to 107
Gabbro 10*
Granite 10% to 10°3
Andesite 10°*
Rhyolite 10°° to 10
Metamorphic rocks 10* to 10®
Most sedimentary rocks 10® to 105
Limestone and chert 10°
Shale 10° to 10
Table 6-1

Approximate Magnetic Susceptibility of Representative Rock Types

3.3. FIELD WORK. Ground magnetic measurements are usually made with portable
instruments at regular intervals along more or less straight and parallel lines which
cover the survey area. Often the interval between measurement locations (stations)

along the lines is less than the spacing between lines.

3.3.1 THE MAGNETOMETER is a sensitive instrument which is used to map spatial
variations in the earth’s magnetic field. In the proton magnetometer, a magnetic field
which is not parallel to the earth’s field is applied to a fluid rich in protons causing them
to partly align with this artificial field. When the controlled field is removed, the protons
precess toward realignment with the earth’s field at a frequency which depends on the
intensity of the earth’s field. By measuring this precession frequency, the total intensity
of the field can be determined. The physical basis for several other magnetometers,
such as the cesium or rubidium-vapor magnetometers, is similarly founded in a
fundamental physical constant. The optically pumped magnetometers have increased
sensitivity and shorter cycle times (as small as 0.04 s) making them particularly useful in

airborne applications.

3.3.1.1 THE INCORPORATION OF COMPUTERS and non-volatile memory in

magnetometers has greatly increased the ease of use and data handling capability of
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magnetometers. The instruments typically will keep track of position, prompt for inputs,

and internally store the data for an entire day of work. Downloading the information to a
personal computer is straightforward and plots of the day’s work can be prepared each

night.

3.3.1.2 TO MAKE ACCURATE ANOMALY maps, temporal changes in the earth’s field
during the period of the survey must be considered. Normal changes during a day,
sometimes called diurnal drift, are a few tens of nT but changes of hundreds or
thousands of nT may occur over a few hours during magnetic storms. During severe
magnetic storms, which occur infrequently, magnetic surveys should not be made. The
correction for diurnal drift can be made by repeat measurements of a base station at
frequent intervals. The measurements at field stations are then corrected for temporal
variations by assuming a linear change of the field between repeat base station
readings. Continuously recording magnetometers can also be used at fixed base sites
to monitor the temporal changes. If time is accurately recorded at both base site of the
variations at the base site.

3.3.1.3 THE BASE-STATION memory magnetometer, when used, is set up every day
prior to collection of the magnetic data. The base station ideally is placed at least 100 m
from any large metal objects or travelled roads and at least 500 m from any power lines
when feasible. The base station location must be very well described in the field book

as others may have to locate it based on the written description.

3.3.1.4 SOME QC/QA PROCEDURES require that several field-type stations be
occupied at the start and end of each day’s work. This procedure indicates that the
instrument is operating consistently. Where it is important to be able to reproduce the
actual measurements on a site exactly (such as in certain forensic matters) an
additional procedure is required. The value of the magnetic field at the base station
must be asserted (usually a value close to its reading on the first day) and each day’s
data corrected for the difference between the asserted value and the base value read at

the beginning of the day. As the base may vary by 10-25 nT or more from day to day,
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this correction ensures that another person using the SAME base station and the SAME
asserted value will get the same readings at a field point to within the accuracy of the
instrument. This procedure is always good technique but is often neglected by persons
interested in only very large anomalies (> 500 nT, etc.).

3.3.2 INTENSE FIELDS from man-made electromagnetic sources can be a problem in
magnetic surveys. Most magnetometers are designed to operate in fairly intense 60-Hz
and radio frequency fields. However extremely low frequency fields caused by
equipment using direct current or the switching of large alternating currents can be a
problem. Pipelines carrying direct current for cathodic protection can be particularly
troublesome. Although some modern ground magnetometers have a sensitivity of 0.1
nT, sources of cultural and geologic noise usually prevent full use of this sensitivity in

ground measurements.

3.3.2.1 AFTER ALL CORRECTIONS have been made, magnetic survey data are
usually displayed as individual profiles or as contour maps. ldentification of anomalies
caused by cultural features, such as railroads, pipelines, and bridges is commonly made

using field observations and maps showing such features.

3.3.2.2 FOR SOME PURPOSES a close approximation of the gradient of the field is
determined by measuring the difference in the total field between two closely spaced

sensors. The quantity measured most commonly is the vertical gradient of the total field.

3.3.2.3 THE MAGNETOMETER is operated by a single person. However, grid layout,
surveying, or the buddy system may require the use of another technician. If two
magnetometers are available production is usually doubled as the ordinary operation of

the instrument itself is straightforward.

3.3.3.DISTORTION.
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3.3.3.1.STEEL AND OTHER FERROUS METALS in the vicinity of a magnetometer can
distort the data. Large belt buckles, etc., must be removed when operating the unit. A
compass should be more than 3 m away from the magnetometer when measuring the
field. A final test is to immobilize the magnetometer and take readings while the
operator moves around the sensor. If the readings do not change by more than 1 or 2
nT, the operator is “magnetically clean.” Zippers, watches, eyeglass frames, boot
grommets, room keys, and mechanical pencils, can all contain steel or iron. On very

precise surveys, the operator effect must be held under 1 nT.

3.3.3.2.TO OBTAIN A REPRESENTATIVE reading, the sensor should be operated well
above the ground. This procedure is done because of the probability of collections of
soil magnetite disturbing the reading near the ground. In rocky terrain where the rocks
have some percentage of magnetite, sensor heights of up to 4 m have been used to
remove near-surface effects. One obvious exception to this is some types of ordnance
detection where the objective is to detect near-surface objects. Often a rapid reading
magnetometer is used (cycle time less than 1/4 s) and the magnetometer is used to
sweep across an area near the ground. Small ferrous objects can be detected, and
spurious collections of soil magnetite can be recognized by their lower amplitude and
dispersion. Ordnance detection requires not only training in the recognition of
dangerous objects, but experience in separating small, intense, and interesting

anomalies from more dispersed geologic noise.

3.3.4 DATA RECORDING METHODS will vary with the purpose of the survey and the
amount of noise present. Methods include: taking three readings and averaging the
results, taking three readings within a meter of the station and either recording each or
recording the average. Some magnetometers can apply either of these methods and
even do the averaging internally. An experienced field geophysicist will specify which
technique is required for a given survey. In either case, the time of the reading is also

recorded unless the magnetometer stores the readings and times internally.
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3.3.4.1 SHEET-METAL BARNS, POWER LINES, and other potentially magnetic
objects will occasionally be encountered during a magnetic survey. When taking a
magnetic reading in the vicinity of such items, describe the interfering object and note
the distance from it to the magnetic station in your field book.

3.3.4.2 ITEMS TO BE RECORDED in the field book for magnetics:

Station location, including locations of lines with respect to permanent landmarks

or surveyed points.

¢ Magnetic field and/or gradient reading. (Optional depending on use of memory
magnetometers) which record these parameters and the station number.

e Time. (Optional depending on use of memory magnetometers) which record
these parameters and the station number.

Nearby sources of potential interference.

3.3.4.3 THE EXPERIENCED MAGNETICS operator will be alert for the possible

occurrence of the following conditions:

3.3.4.3.1 EXCESSIVE GRADIENTS may be beyond the magnetometer’s ability to make
a stable measurement. Modern magnetometers give a quality factor for the reading.
Multiple measurements at a station, minor adjustments of the station location and other

adjustments of technique may be necessary to produce repeatable, representative data.

3.3.4.3.2 NEARBY METAL OBJECTS may cause interference. Some items, such as
automobiles, are obvious, but some subtle interference will be recognized only by the
imaginative and observant magnetics operator. Old buried curbs and foundations,
buried cans and bottles, power lines, fences, and other hidden factors can greatly affect

magnetic readings.
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3.3.5 INTERPRETATION. Total magnetic disturbances or anomalies are highly variable
in shape and amplitude; they are almost always asymmetrical, sometimes appear
complex even from simple sources, and usually portray the combined effects of several
sources. An infinite number of possible sources can produce a given anomaly, giving

rise to the term ambiguity.

3.3.5.1 ONE CONFUSING ISSUE is the fact that most magnetometers used measure
the total field of the earth: no oriented system is recorded for the total field amplitude.
The consequence of this fact is that only the component of an anomalous field in the
direction of earth’s main field is measured. Figure 6-1 illustrates this consequence of the
measurement system. Anomalous fields that are nearly perpendicular to the earth’s field

are undetectable.

3.3.5.2 ADDITIONALLY, THE INDUCED nature of the measured field makes even
large bodies act as dipoles; that is, like a large bar magnet. If the (usual) dipolar nature
of the anomalous field is combined with the measurement system that measures only
the component in the direction of the earth’s field, the confusing nature of most

magnetic interpretations can be appreciated.

3.3.5.3 TO ACHIEVE A QUALITATIVE UNDERSTANDING of what is occurring,
consider Figure 6-2. Within the contiguous United States, the magnetic inclination, that
is the angle the main field makes with the surface, varies from 55-70 deg. The figure
illustrates the field associated with the main field, the anomalous field induced in a
narrow body oriented parallel to that field, and the combined field that will be measured
by the total-field magnetometer. The scalar values which would be measured on the
surface above the body are listed. From this figure, one can see how the total-field
magnetometer records only the components of the anomalous field.
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Magnetic field vector examples for two anomalous targets
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Actual and measured fields due to magnetic inclination
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4. SUBSURFACE GEOPHYSICAL METHODS

4.1 GENERAL IN-HOLE LOGGING PROCEDURES

4.1.1 INTRODUCTION. Borehole geophysics, as defined here, is the science of
recording and analyzing measurements in boreholes or wells, for determining physical
and chemical properties of soils and rocks. The purpose of this section is to provide the
basic information necessary to apply the most useful geophysical well logs for the
solution of problems in groundwater, the environmental field, and for engineering

applications. Some of the objectives of geophysical well logging are:

e Identification of lithology and stratigraphic correlation.

e Measuring porosity, permeability, bulk density, and elastic properties.
e Characterizing fractures and secondary porosity.

e Determining water quality.

e |dentifying contaminant plumes.

e Verifying well construction.

Space limitations prevent a comprehensive discussion of the various logging
techniques; references may be included for those who need further information on
specific techniques. Although the U.S. Government and some private industry have
been converting to the metric system for logging equipment and log measuring units,
the inch-pound (IP) system is still standard in the United States. In this discussion, the

IP system is used where IP is the standard for presently used equipment.

4.2 BENEFITS OF LOGGING. The main objective of borehole geophysics is to obtain
more information about the subsurface than can be obtained from drilling, sampling, and
testing. Although drilling a test hole or well is an expensive procedure, it provides
access to the subsurface where vertical profiles or records of many different kinds of
data can be acquired.
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4.2.1 GEOPHYSICAL LOGS provide continuous analog or digital records of in situ
properties of soils and rocks, their contained fluids, and well construction. Logs may be
interpreted in terms of: lithology, thickness, and continuity of aquifers and confining
beds; permeability, porosity, bulk density, resistivity, moisture content, and specific
yield; and the source, movement, chemical and physical characteristics of groundwater
and the integrity of well construction. Log data are repeatable over a long period of time,
and comparable, even when measured with different equipment. Repeatability and
comparability provide the basis for measuring changes in a groundwater system with
time. Changes in an aquifer matrix, such as in porosity by plugging, or changes in water
guality, such as in salinity or temperature, may be recorded. Thus, logs may be used to
establish baseline-aquifer characteristics to determine how substantial future changes
may be or what degradation may have already occurred. Logs that are digitized in the
field or later in the office may be corrected rapidly, collated, and analyzed with

computers.

4.2.2 SOME BOREHOLE GEOPHYSICAL tools sample or investigate a volume of rock
many times larger than core or cuttings that may have been extracted from the
borehole. Some probes record data from rock beyond that disturbed by the drilling
process. Samples provide point data from laboratory analysis. In contrast, borehole logs
usually are continuous data, and can be analyzed in real time at the well site to guide
completion or testing procedures. Unlike descriptive logs written by a driller or geologist,
which are limited by their authors’ experience and purpose and are highly subjective,
geophysical logs may provide information on some characteristic not recognized at the
time of geophysical logging. Data from geophysical logs are useful in the development
of digital models of aquifers and in the design of groundwater supply, recharge, or
disposal systems. A log analyst with the proper background data on the area being
studied can provide reasonable estimates of hydraulic properties needed for these
purposes. Stratigraphic correlation is a common use of geophysical logs; logs also
permit the lateral extrapolation of quantitative data from test or core holes. Using logs, a

data point in a well can be extended in three dimensions to increase its value greatly.
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Many techniques used in surface geophysics are related closely to techniques in
borehole geophysics, and the two are considered together when setting up
comprehensive groundwater, environmental, or engineering investigations. Geophysical
logs, such as acoustic-velocity and resistivity, can provide detailed profiles of data that

are useful in interpreting surface surveys, such as seismic and resistivity surveys.

4.2.3 LIMITATIONS OF LOGGING.

4.2.3.1 GEOPHYSICAL LOGGING cannot replace sampling completely, because some
information is needed on each new area to aid log analysis. A log analyst cannot
evaluate a suite of logs properly without information on the local geology. Logs do not
have a unique response; for example, high gamma radiation from shale is
indistinguishable from that produced by granite. To maximize results from logs, at least
one core hole should be drilled in each depositional basin or unique aquifer system. If
coring the entire interval of interest is too expensive, then intervals for coring and
laboratory analysis can be selected on the basis of geophysical logs of a nearby hole.
Laboratory analysis of core is essential either for direct calibration of logs or for
checking calibration carried out by other means. Calibration of logs carried out in one
rock type may not be valid in other rock types because of the effect of chemical

composition of the rock matrix.

4.2.3.2 IN SPITE OF THE EXISTENCE of many equations for log interpretation and
charts that provide values like porosity, log analysis still is affected by many variables
that are not completely understood. Correct interpretation of logs is based on a
thorough understanding of the principles of each technique. For this reason,
interpretation of logs in the petroleum industry largely is done by professional log
analysts. In contrast, very few log analysts are working in the environmental and
engineering fields so interpretation of logs for these applications often is carried out by

those conducting the investigation.
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4.2.3.3 A THOROUGH UNDERSTANDING of the theory and principles of operation of
logging equipment is essential for both logging operators and log analysts. An
equipment operator needs to know enough about how each system works to be able to
recognize and correct problems in the field and to select the proper equipment
configuration for each new logging environment. A log analyst needs to be able to
recognize malfunctions on logs and logs that were not run properly. The maximum
benefit is usually derived from a logging operation where operators and analysts work
together in the truck to select the most effective adjustments for each log.

4.2.4 COST OF LOGGING. Cost of logging can be reduced significantly by running only
those logs that offer the best possibility of providing the answers sought. Further
reductions in cost can be achieved by logging only those wells that are properly located
and constructed to maximize results from logging. In contrast, more money needs to be
spent on log analysis. More time may be required to analyze a suite of logs for
maximum return than to run the logs; too often this time is not budgeted when the

project is planned.

4.2.5 PLANNING A LOGGING PROGRAM.

4.2.5.1 A LOGGING PROGRAM must be properly planned to be of maximum benefit.
Borehole geophysics is frequently applied to environmental investigations, such as
hydrogeology to aid site selection, monitoring, determining well construction, and
planning remediation. In planning a logging program for environmental applications, one
of the most difficult questions to answer is what geophysical logs will provide the most
information for the funds available. There are several important steps in the decision-

making process.

e What are the project objectives?
e What is the hydrogeology of the site?
e How will test holes be drilled and wells constructed?

e Who will do the logging and log analysis?
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e What are the financial limitations and how else might some of this data be
obtained?

The log selection process needs to start at the time of the initial work plan.

4.2.5.2 IN ADDITION TO SELECTING the general types of logs to be run, many
varieties of some logging tools exist (e.g., resistivity, flowmeter, and caliper). The logs
selected should meet specific project objectives, provide the necessary information in

the rock units to be drilled, and consider the planned well construction.

4.2.6 LOG ANALYSIS.

4.2.6.1 IN RECENT YEARS, computer techniques have dominated log analysis;
however, this development has not changed the basic requirements for getting the most
information from logs. First, background information on each new hydrogeologic
environment is essential where logs are to be used. The amount and kind of
background data needed are functions of the objectives of the program. Second, the
suite of logs to be run should not only be based on project objectives but also on
knowledge of the synergistic nature of logs. Two logs may provide answers that may not
be possible with either log separately, and each additional log may add much more to a
total understanding of the system. Third, logs need to be selected, run, and analyzed on
the basis of a thorough understanding of the principles of each log, even if the final
results come out of a computer. The process of log analysis can be simplified into

several steps, as follows:

4.2.6.1.1 DATA PROCESSING, which includes depth matching, merging all logs and
other data from a single well, and editing and smoothing the data set.

4.2.6.1.2 CORRECTION OF BOREHOLE effects and other errors.
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4.2.6.1.3 CONVERSION OF log measurements to hydrogeologic and engineering

parameters of interest, such as porosity.

4.2.6.1.4 COMBINING LOGS and other data from all wells on a project so the data can

be extrapolated laterally in sections or on maps.

4.2.6.2 QUALITATIVE ANALYSIS. Logs were first used for the identification of rock
and fluid types, their lateral correlation, and the selection of likely producing intervals for
well completion; these uses are still vital today in many fields. Qualitative log analysis is
based mostly on knowledge of the local geology and hydrology, rather than on log-
response charts or computer plots. Examination of outcrops, core, and cuttings, coupled
with an understanding of log response, will permit the identification and correlation of

known aquifers and confining beds.

4.2.6.2.1 LITHOLOGIC INTERPRETATION of logs needs to be checked against data
from other sources, because geophysical logs do not have a unigue response. This
requirement is also true of stratigraphic correlation, where gross errors can be made by
just “matching the wiggles.” Correlation by matching log character can be done without
understanding the response to lithology, but this approach can lead to erroneous
results. Even within one depositional basin, the response of one type of log may shift
from lateral facies changes. For example, the feldspar content of a sandstone may
increase toward a granitic source area, which probably would cause an increase in the
radioactivity measured by gamma logs. This measurement might be interpreted
mistakenly as an increase in clay content unless other logs or data were available. For
this reason, the synergism of composite-log interpretation is stressed in this manual.
Logs should be interpreted as an assemblage of data, not singly, to increase the

accuracy of analysis.

4.2.6.2.2 ACCURACY OF qualitative interpretation usually improves with an increase in
the number of wells that are logged in an area and the amount of available sample data.

A gradual change in log response across a depositional basin may indicate a facies
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change. One anomalous log caused by unusual hole conditions may be identifiable
when compared with a number of logs with consistent response; such errors are not
likely to repeat. Continuous core or a large number of core samples from one test hole
is more useful than a few non-representative samples scattered throughout the section.
If continuous coring of one hole cannot be funded, then geophysical logs of a nearby

hole can be used to select representative intervals for coring.

4.2.6.3 QUANTITATIVE ANALYSIS. Obtaining quantitative data on aquifers or rocks
under dam sites is an important objective of many environmental and engineering
logging programs; however, the proper steps to ensure reasonable accuracy of the data
often are not followed. The scales on logs in physical units, such as percent porosity
and bulk density, in grams per cubic centimeter (g/cc), or resistivity, in Wm, must be
determined. Even if the procedures described under log calibration and standardization
are followed carefully, corroborating data for the particular rocks and wells logged are
needed. Repeatability is ensured by logging selected depth intervals a second time;
equipment drift is indicated by changes in response as a function of time or
temperature. Because of the effect of rock matrix or specific rock type, calibration in one
rock type may not ensure accurate parameter scales in another rock type. For this
reason, if the rocks being logged are not the same as those in which the equipment was
calibrated, core analyses are needed to check values on the logs. Before any log data
are used quantitatively, they must be checked for extraneous effects, such as hole

diameter or bed thickness.

4.2.6.3.1.DATA ARE OF QUESTIONABLE value where hole diameter is significantly
greater than bit size, or from intervals where bed thickness is equal to, or less than, the
vertical dimension of the volume of investigation for the probe. The volume of
investigation is defined for the purposes of this discussion as that part of the borehole
and surrounding rocks that contributes 90 percent of the signal that is recorded as a log.
The radius of investigation is the distance from the sensor out to the 90 percent
boundary. These terms do not mean that the volume of investigation is spherical or that

the boundary is a sharp cutoff. Instead, a gradual decrease in contribution to the signal
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occurs with increasing distance from the borehole. The size and shape of the volume of
investigation changes in response to varying borehole conditions, the physical
properties and geometry of boundaries in the rock matrix and the source to detector
spacing. Bed-thickness effects on log response can be best explained using the
concept of volume of investigation and its relation to source-to detector spacing. If a bed
is thinner than the vertical dimension of the volume of investigation or thinner than the
spacing, the log seldom provides accurate measurement of the thickness or physical
properties of that bed because, under these conditions, the volume of investigation
includes some of the adjacent beds. From the standpoint of quantitative-log analysis,
the best procedure is to eliminate from consideration those depth intervals that
demonstrate diameter changes that are significant with respect to the hole diameter
response of the logging tool.

4.2.6.3.2 BOTH VERTICAL AND horizontal scales on logs need to be selected on the
basis of the resolution and accuracy of the data required. Logs obtained by large
commercial logging service companies generally have vertical scales of 20 or 50 ft/in.,
which is not adequate for the detail required in many engineering and environmental
studies, where the wells may be only about 100 m deep. Similarly, the horizontal scales
on many service-company logs are compressed, to avoid off-scale deflections. Logs
digitized in the field will overcome many of these problems and this subject is discussed
in detail later. Some logs may be run too fast for the accuracy and thin bed resolution
required. When the detector is centered on the contact between two beds of sufficient
thickness, half the signal will be derived from one unit, and half from the other; selection
of contacts at half amplitude for nuclear logs is based on this fact. If a nuclear or other
slow responding log is run too fast, contacts will be hard to pick and will be displaced

vertically.

4.2.6.3.3 FEW LOGS MEASURE the quantity shown on the horizontal scale directly; for
example, the neutron log does not measure porosity; it responds chiefly to hydrogen
content. The difference between porosity and hydrogen content can lead to a large

porosity error where bound water or hydrocarbons are present. Thus, a knowledge of
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the principles of log-measuring systems is prerequisite to the accurate quantitative

analysis of logs.

4.2.6.4 SYNERGISTIC ANALYSIS. Multiple log analysis takes advantage of the
synergistic nature of many logs; usually much more can be learned from a suite of logs
than from the sum of the logs individually. For example, gypsum cannot be
distinguished from anhydrite with either gamma or neutron logs alone, but the two logs
together are diagnostic in areas where gypsum and anhydrite are known to exist. They
are both very low in radioactive elements, but gypsum has a significant amount of water
of crystallization, so it appears as high porosity on the neutron log. In contrast, anhydrite
appears as very low porosity on neutron logs. Both minerals will be logged as high
resistivity. Computer analysis of logs can be very helpful in identifying such relationships

because shading to emphasize differences between logs is easily accomplished.

4.2.6.4.1 EXAMINING A SUITE of logs from a distance is good practice, so that
significant trends and shifts in response become more obvious, in contrast to the detall
seen up close. Thus replotting logs at different vertical or horizontal scales, using a
computer, may bring out features not previously obvious. The suite of logs needs to be
examined for similarities and differences, and explanations need to be sought for log
response that departs from that anticipated, based on the available background
geologic data. When searching for explanations for anomalous log response, first
examine the caliper log to determine if an increase in borehole diameter offers a
possible reason. Although many logs are titled borehole compensated or borehole-
corrected, almost all logs are affected to some degree by significant changes in
borehole diameter. All drill holes, except those drilled in very hard rocks like granite,
have thin intervals where hole diameter exceeds bit size sufficiently to cause anomalous
log response. Logs usually can be corrected for average borehole diameter, but thin
zones of different diameter spanned by the logging tool are difficult to correct. Drilling

technique can have a major effect on variations in borehole diameter.
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4.2.6.4.2 WELL CONSTRUCTION information also may explain anomalous response,
as may information on the mineral or chemical composition of the rock. Casing, cement,
and gravel pack have substantial effects on log character. Some logs are designed
specifically to provide information on the location and character of casing and cement.

These logs are described in the section on well completion logging.

4.2.6.5 COMPUTER ANALYSIS. Computer analysis of geophysical well logs is how
used widely, and if done properly, can contribute significantly to results from log
interpretation. The very large amount of data in a suite of well logs cannot easily be
collated or condensed in the human mind so that all interrelations can be isolated and
used; computer analysis makes this possible. All of the major commercial well-logging
service companies offer digitized logs and computer interpretation. Software packages
for log editing and analysis are available that will run on microcomputers with sufficient
memory, data storage, and graphics capability. Although the spreadsheet was not
designed for log analysis, someone who understands logs can manipulate the data and
plot the results. They do not, however, offer all of the features and flexibility of a
program written specifically for log analysis. Programs written for the analysis of oil well
logs have many features not needed for environmental and engineering applications

and are often more expensive.

4.2.6.5.1 COMPUTER ANALYSIS of logs offers a number of advantages over other
methods used in the past: a large mass of data can be collated and displayed; logs can
be corrected and replotted; scales can be changed; smoothing and filtering operations
can be carried out; cross-plots can be made between different kinds of logs, and
between logs and core data; calibration curves, correlation functions, and ratios can be
plotted, as well as cross-section and isopach maps. Finally, these results can be plotted
as publication-quality figures at a cost lower than hand plotting. Although all of these
manipulations can be carried out by hand, the large quantity of data present in a suite of
logs, or in the logs of all wells penetrating an aquifer system, is ideally suited for
computer analysis. Figure 7-1 is a computer-generated cross section of three test holes.

The lithology was entered with key terms capitalized so that a column with lithologic
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symbols could be automatically generated. The correlation lines were sketched using

the program and shading between logs can also be added, as in Figure 7-2.

4.2.6.5.2 CHANGING THE VERTICAL and horizontal scales of logs independently was
almost impossible before computer processing was available; now replotting to produce
scales best suited for the intended purpose is a simple matter. Correcting for nonlinear
response or changing from a linear to a logarithmic scale are also relatively simple
procedures. Most probes output a pulse frequency or a voltage that is related to the
desired parameter by an equation which can easily be solved using a computer. Data
from probe calibration can be entered in the computer to produce a log in the
appropriate environmental units. For example, most neutron logs are recorded in pulses
per second, which can be converted to porosity, if proper calibration and standardization
data are available. Other logs that might be computed from raw digital data are:
differential temperature, acoustic velocity from transit time, and acoustic reflectivity or

acoustic caliper.

4.2.6.5.3 A COMPUTER IS suited ideally for correcting logs and plotting them with
calibrated scales. Depth correction is required on a large number of logs, and it can be
carried out at the same time the computer is being used to make the first plot of
digitized data. The most common correction needed is a consistent depth shift for the
entire log to make it correlate with other logs of the same well or with core data, but

stretching of part of a log can also be carried out.

4.2.6.5.4 ANOTHER IMPORTANT TECHNIQUE for log analysis is the computer
plotting of data obtained from logs against data from other logs, core analyses, or tests.
The technique most used is the cross plot, which compares the response of two
different logs. A cross plot of transit time from the acoustic-velocity log versus porosity
from the neutron log, calibrated for limestone, is given in Figure 7-3. Data were plotted
from digitized commercial logs of Madison test well No. 1 drilled by the U.S. Geological
Survey in Wyoming. The calibration lines labeled sandstone, limestone, and dolomite

were obtained from a plot in a book of log-interpretation charts provided by the company
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that did the logging. These two logs indicate that two major rock types are in the interval
plotted: limestone and dolomite. The group of points to the right of the dolomite line
indicates secondary porosity in the dolomite. Another kind of cross-plot that can be
made using a computer is illustrated in Figure 7-4. The plot shows a third log variable
plotted on the Z axis as a function of the neutron log response. This is the same rock
sequence shown in Figures 7-1 and 7-2. When the figure is plotted in color or displayed
on a color monitor, the bars in the center track are the same color as the areas on the
cross plot representing various lithologic units and the neutron log response is shown by

colors. The numerical values in the plot represent the neutron log values.

4.2.6.6 DIGITIZING LOGS. Geophysical logs may be digitized at the well while they are
being run or subsequently from the analog record. Onsite digitizing is the most accurate
and least expensive; with computers now on some logging trucks, real-time processing
of the data may be carried out. Onsite digitizing also provides backup for recovery of
data that are lost on the analog recorder because of incorrect selection of scales. Off-
scale deflections lost from the analog recorder will be available from the digital record.
Some systems permit immediate playback of the digital record to the analog recorder
with adjustment of both horizontal and vertical scales. Some probes transmit digital
information to the surface and others transmit analog data which are digitized at the
surface. There are advantages and disadvantages to both systems but regardless of
which is used, logs should be digitized while being run. For most logs it is Figure 7-4.
Three-dimensional “Z-plot” of gamma, density, and neutron log response of a test hole
in the Chicago area data, such as acoustic wave forms and televiewer logs, are
digitized in other formats.
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Computer plot of gamma and neutron logs of three test holes in the Chicago area

showing stratigraphic correlation based on logs and lithology
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Figure 7-2
Cross section of four test holes in the Chicago area showing correlation enhanced by

computer shading between gamma and induction logs
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Figure 7-4

Three-dimensional “Z-plot” of gamma, density, and neutron log response of a test hole

in the Chicago area

4.2.6.6.1 SAMPLE INTERVAL AND sample time need to be correctly selected for
onsite digitizing of logs. Sample intervals of 0.15 m are used widely in both the
petroleum industry and in groundwater hydrology; however, for detailed engineering and
environmental investigations, intervals as small as 0.03 m are often used. If too many
samples of the data are recorded, some samples can later be erased, and they can be
averaged or smoothed; if not enough samples are recorded, needed information may be
lost. Sample time is the duration of time over which a single sample is recorded. Sample
time may be milliseconds (ms) or less for analog voltages but may be 1 s or longer for
pulse signals from a nuclear-logging probe. Digital data may be printed, plotted, or

displayed on a computer monitor while the log is being run. An analog display in real
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time is needed because watching a log develop is one of the best ways to avoid major

errors in logging and to optimize probe and data output configuration.

4.2.6.6.2 INFORMATION ON the digital record should be listed on the log heading of
the analog plot. This information includes the label on the recording medium, file
number, sample interval, time, depth interval recorded, and any calibration information

pertinent to the digital record.

4.2.6.6.3 ALTHOUGH OFFICE digitizing of analog records is expensive and time-
consuming, no other choice may exist for old logs. Because of the training needed to
digitize logs correctly, particularly multicurve-commercial logs, better and less expensive
results usually are obtained from a company specializing in digitizing geophysical logs.
To have logs digitized commercially, certain specifications or instructions must be
provided to the company with the purchase order. The types of logs to be digitized must
be listed, along with the specific curve on each log, the depth interval, the sample
interval, and vertical and horizontal scales. If editing of logs is to be done, it must be
specified but usually this should be done by the user. In addition to specifying the
computer-compatible recording medium, the user can request a printout of all digital
data and check plots of the logs. If the check plots are on the same scale as the

original, they can be overlaid to verify the accuracy of digitizing.

4.2.7 BOREHOLE EFFECTS.

4.2.7.1 THE MANNER IN which a test hole or well is drilled, completed, and tested has
a significant effect on geophysical logs made in that well. One of the objectives of
logging is to obtain undisturbed values for such rock properties as porosity, bulk density,
acoustic velocity, and resistivity, but the drilling process disturbs the rock near the drill
hole to varying degrees. Although a number of different types of logging probes are
called borehole compensated or borehole corrected, all probes are affected by the
borehole to some degree. Borehole effects on geophysical logs can be divided into

those produced by the drilling fluids, mud cake, borehole diameter, and well-
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construction techniques. All these procedures can be controlled to produce better logs,
if that is a high-priority objective. In some situations, it may be cost effective to drill two
holes close together -- the first designed to optimize logging and the second cored in
the depth intervals suggested by those logs. Even if drilling and completion techniques
are beyond control, their effect on log response can be reduced by proper probe

selection and an understanding of borehole effects.

4.2.7.2 ALL DRILL HOLES, except those drilled in very hard rocks like granite, have
thin intervals where hole diameter exceeds bit size sufficiently to cause anomalous log
response. From the standpoint of quantitative-log analysis, the best procedure is to
eliminate from consideration those depth intervals that demonstrate diameter changes
that are significant with respect to the hole diameter response of the logging tool.

4.2.7.3 THE DIFFERENCE BETWEEN a rotary-drilled hole and a nearby core hole in
an area where the sedimentary rocks change very little over great distances is shown in
Figure 7-5. The core hole was drilled very slowly, with considerable circulation of drilling
mud to maximize core recovery. Core recovery was close to 100 percent in these well-
cemented mudstones, sandstones, anhydrite, and dolomite. The coring procedure
caused significant variations in borehole diameter, partly because of solution of halite
cement and veins during the lengthy drilling process, which included numerous trips
with the core barrel. The core hole produced some very poor quality logs. The rotary
hole was drilled very rapidly to minimize hole-diameter changes. Although increases in
hole diameter occurred at the same depths in both holes, the range of diameter was
much greater in the core hole. Stratigraphic correlation can be done with caliper logs in
this area because hole-diameter changes are closely related to rock type. The very
sharp deflections just above 60 m are the result of the solution of halite veins. The very
rugose interval below 90 m probably is the result of thin-bedded layers of anhydrite and

mudstone.

© J. Paul Guyer 2015 39



CALIPER
Or—r——— 7T T =t . T __r_1

— e S ——— A — -

100}~ =

3 i)
200} :

DEPTH FROM LAND SURFACE, IN FEET

300}~ -

1 1 \ L 1 I
7 8 g 10 1 12 13 14
HOLE DIAMETER, IN INCHES

400
Figure 7-5

Effect of drilling technique on hole diameter. Holes are close together in an area of

persistent lithology, Upper Brazos River basin, Texas
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4.2.7.4 THE HYDROSTATIC PRESSURE of the fluid column is an important factor in
preventing caving in poorly consolidated materials. This same pressure can cause
invasion of an aquifer by the mud filtrate and the development of a filter cake or mud
cake on the wall of the hole. Mud cake may reduce permeability and, thus, change
results obtained from various flow-logging devices. The thickness of mud cake often is
related to the permeability and porosity of the rocks penetrated. Invasion by drilling
fluids may change the conductivity of the pore water and reduce porosity and
permeability in the vicinity of the drill hole. Hydraulic fractures can be induced in hard
rocks by overpressure during drilling. One technique that is available for determining the
extent of alteration of rock and fluid properties adjacent to the borehole is the use of
different spacing between source and detector in acoustic or nuclear probes or between
electrodes in resistivity probes. Longer spacing usually increases the volume of
investigation or increases the percentage of the signal that is derived from material
farther from the drill hole. The casing, cement, and gravel pack also have substantial
effects on log character. Well completion logs are designed specifically to provide

information on the location and character of casing and annular materials.

4.2.8 OPERATION OF LOGGING EQUIPMENT. If maximum benefit is to be obtained
from an in-house logger that is purchased or rented on a long-term basis, an operator
needs to be trained and assigned sole responsibility for the maintenance and repair of
that unit. Logging equipment used by a number of people without adequate training and
experience will have higher repair costs and more downtime than equipment assigned

to one experienced person.

4.2.8.1 THE LARGER LOGGING service companies are based almost entirely on oil-
well operations; smaller companies rely mostly on environmental, engineering, water-
wells or mineral exploration holes. Oil-well logging equipment is larger, and, therefore,
more expensive, so that the costs per meter of log are much higher. Oil-well logging
probes may be too large for some environmental or engineering test holes, and a large
drill rig is needed on the hole to suspend the upper logging sheave. A number of smaller
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local companies specialize in logging shallower, smaller diameter test holes or wells;
some drillers own their own logging equipment. The smaller equipment owned by these
companies may not include all the logging techniques available from the commercial
service companies. Depth charges, standby time, and mileage costs will be lower for
these small companies, but they may not have the calibration facilities common to the
larger companies. The low bidder may not provide quality data so proof of ability to
perform should be required and a written quality assurance and quality control program
should be followed.

4.2.8.2 THE TOTAL COST of commercial logging may be difficult for the inexperienced
to calculate from price lists, because of the various unit costs involved. Depth and
operation charges usually are listed per foot, and a minimum depth is specified. Mileage
charges usually prevail over 250 km (150 miles) per round trip. The price of logging on

environmental projects may be based on the following:

e Dalily service charge.

e Footage charges.

e Mobilization.

e Need for special health and safety measures or training.
e Equipment decontamination.

e Probe and cable loss insurance.

e Crew per diem.

e Any reports, special processing, or data processing required.

The well needs to be ready for logging when the equipment arrives because standby
charges are relatively high. The customer is required to sign an agreement before any
logging is done, stating that he assumes full responsibility for the cost of any probes that
are lost, the cost of all fishing operations for lost probes, and the cost of any damage to
the well. If a radioactive source is lost, fishing is required by law, and the well must be
cemented up if the source is not recovered. The use of radioactive sources requires a

written agreement which must be addressed in the logging contract.
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4.2.9 LOG-QUALITY CONTROL.

4.2.9.1 CONTROL OF THE QUALITY of geophysical logs recorded at the well site is
the responsibility of all concerned, from the organization providing the logs to the
analyst interpreting them; the ultimate responsibility lies with the professional who
ordered and accepted the logs. No widely accepted standard or guidelines for log
quality control exist at present; however, ASTM is presently working on a set of
guidelines. Neither private logging companies nor government logging organizations
accept responsibility for the accuracy of the data recorded. Agreements signed prior to
logging by commercial companies usually include a disclaimer regarding the accuracy
of the log data; therefore, the customer needs to assure that the best practices are
followed. To obtain the most useful data, the logging program needs to be discussed
early in the planning process with a local representative of the organization that will do

the logging.

4.2.9.2 A GEOSCIENTIST who understands the project objectives and the local
geohydrology needs to be in the logging truck during the entire operation. The observer
first will specify the order in which the logs will be run. Usually fluid logs will be run first,
if the fluid in the well has had time to reach equilibrium. Nuclear logs always will be run
last, or through drill stem if necessary, to reduce the possibility of losing a radioactive
source. The observer usually makes preliminary interpretations of the logs as they come
off the recorder. Based on immediate analysis, reruns can be requested if problems on
the logs can be demonstrated. So many factors must be remembered by the observer
to help control the quality of logs that many major oil companies provide a quality-
control checklist. Log headings that have blanks for a complete set of well and log data
also can serve as partial quality Control checklists. Incomplete log headings may
prevent quantitative analysis of logs and make qualitative analysis much more difficult.
Copies of digital data and field prints of all logs, including repeat runs, and field
calibration or standardization should be left with the project manager before the logging

equipment leaves the site. This data should be checked by a qualified person to
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determine if it is complete and without obvious problems before the logging equipment

leaves.

4.2.9.3 LOG HEADINGS MAY be divided into two basic sections: information on the
well and data pertaining to the logging equipment and operations. The completed
heading needs to be attached to the analog record in the field. A short reference to the
log-heading information entered on the digital recording of each log enables the two
records to be related. This reference will include the following information, as a
minimum:hole number, date, log type, run number. The format of a log heading is not

important; the information is essential.

4.2.9.4 THE WELL-INFORMATION section of the heading must contain all of the

following, if available:

e Well name and number.

e Location - township, range, section, distance from nearest town, etc.
e Owner.

e Driller, when drilled, drilling technique, and drilled depth.

e Elevation of land surface.

e Height of casing above land surface.

e Depth reference.

e Complete description of all casing, type, size, and depth intervals.

e Location of cement, bentonite, perforations, and screens.

e Drilled size(s) (or bit size) and depth intervals.

e Fluid type, level, resistivity, and temperature.

4.2.9.5 THE LOG INFORMATION section of a heading will contain different information
for each type of log, although the same heading can be used for similar logs. The

following information is needed on the heading for each log:

e Type of log, run ( of ), date.

© J. Paul Guyer 2015 44



e Number or description of logging truck.

e Logging operator(s), observers.

¢ Probe number and description -- including diameter, type, detector(s), spacing,
centralized or decentralized, source type and size, etc.

e Logging speed.

e Logging scales - vertical (depth) and horizontal, including all changes and depths
at which they were made.

e Recorder scales - millivolts (span) and positioning.

e Module or panel settings - scale, span, position, time constant, discrimination.

e Power supply - voltage, current.

e Calibration and standardization data - pre- and post-log digital values recorded

on heading and analog positions on logs.

4.2.9.6 LIST ALL OTHER LOGS of the well run on the same date. Also briefly describe
all problems or any unusual response during logging; mark at the appropriate depth on
the log.

4.2.10 CALIBRATION AND STANDARDIZATION OF LOGS.

4.2.10.1 LOGS NEED TO BE properly calibrated and standardized, if logs are to be
used for any type of quantitative analysis or used to measure changes in a groundwater
system with time. Calibration is considered to be the process of establishing
environmental values for log response in a semi-infinite model that closely simulates
natural conditions. Environmental units are related to the physical properties of the rock,
such as porosity or acoustic velocity. Probe output may be recorded in units, such as
pulses per second, that can be converted to environmental units with calibration data.
Calibration pits or models are maintained by the larger commercial service companies;
these are not readily available for use by other groups. The American Petroleum
Institute maintains a limestone-calibration pit for neutron probes and a simulated shale
pit for calibrating gamma probes, and a pit for calibrating gamma spectral probes at the
University of Houston; these have been accepted internationally as the standards for oil-

© J. Paul Guyer 2015 45



well logging. Boreholes that have been carefully cored, where the cores have been
analyzed quantitatively, also may be used to calibrate logging probes. To reduce depth
errors, core recovery in calibration holes needs to approach 100 percent for the
intervals cored, and log response can be used to elect samples for laboratory analyses.
Because of the possibility of depth errors in both core and logs, and of bed-thickness
errors, samples need to be selected in thicker units, where log response does not vary
much. It is advisable to have a well for periodic logging to determine if log response is

consistent.

4.2.10.2 STANDARDIZATION is the process of checking response of the logging
probes in the field, usually before and after logging. Standardization uses some type of
a portable field standard that usually is not infinite and may not simulate environmental
conditions. Frequent standardization of probes provides the basis for correcting for
system drift in output with time and for recognizing other equipment problems. The
frequency of log standardization should be related to project objectives - if accurate data
are needed, standardization should be more frequent.

4.2.11 LOGGING TECHNIQUES/TOOLS.

4.2.11.1 SPONTANEOUS POTENTIAL LOGGING.

4.2.11.1.1. PRINCIPLES. Spontaneous potential (SP) is one of the oldest logging
techniques. It employs very simple equipment to produce a log whose interpretation
may be quite complex, particularly in freshwater aquifers. This complexity has led to
misuse and misinterpretation of spontaneous potential (SP) logs for groundwater
applications. The spontaneous potential log (incorrectly called self-potential) is a record
of potentials or voltages that develop at the contacts between shale or clay beds and a
sand aquifer, where they are penetrated by a drill hole. The natural flow of current and
the SP curve or log that would be produced under the salinity conditions given are
shown in Figure 7-6. The SP measuring equipment consists of a lead or stainless steel

electrode in the well connected through a millivolt meter or comparably sensitive
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recorder channel to a second electrode that is grounded at the surface (Figure 7-7). The

SP electrode usually is incorporated in a probe that makes other types of electric logs

simultaneously so it is usually recorded at no chemical activities of fluids in the borehole

and adjacent rocks, the temperature, and the type and amount of clay present; it is not

directly related to porosity and permeability.
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The chief sources of spontaneous potential in a drill hole are electrochemical,
electrokinetic, or streaming potentials and redox effects. When the fluid column is
fresher than the formation water, current flow and the SP log are as illustrated in Figure
7-6; if the fluid column is more saline than water in the aquifer, current flow and the log
will be reversed. Streaming potentials are caused by the movement of an electrolyte
through permeable media. In water wells, streaming potential may be significant at
depth intervals where water is moving in or out of the hole. These permeable intervals
frequently are indicated by rapid oscillations on an otherwise smooth curve.
Spontaneous potential logs are recorded in millivolts per unit of chart paper or full scale
on the recorder. Any type of accurate millivolt source may be connected across the SP
electrodes to provide calibration or standardization at the well. The volume of
investigation of an SP sonde is highly variable, because it depends on the resistivity and
cross-sectional area of beds intersected by the borehole. Spontaneous potential logs
are more affected by stray electrical currents and equipment problems than most other
logs. These extraneous effects produce both noise and anomalous deflections on the
logs. An increase in borehole diameter or depth of invasion decreases the magnitude of
the SP recorded. Obviously, changes in depth of invasion with time will cause changes
in periodic SP logs. Because the SP is largely a function of the relation between the
salinity of the borehole fluid and the formation water, any changes in either will cause
the log to change.

4.2.11.1.2 INTERPRETATION AND APPLICATIONS. Spontaneous potential logs have
been used widely in the petroleum industry for determining lithology, bed thickness, and
the salinity of formation water. SP is one of the oldest types of logs, and is still a
standard curve included in the left track of most electric logs. The chief limitation that
has reduced the application of SP logs to groundwater studies has been the wide range
of response characteristics in freshwater environments. As shown in Figure 7-6, if the
borehole fluid is fresher than the native interstitial water, a negative SP occurs opposite
sand beds; this is the so-called standard response typically found in oil wells. If the
salinities are reversed, then the SP response also will be reversed, which will produce a

positive SP opposite sand beds. Thus, the range of response possibilities is very large
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and includes zero SP (straight line), when the salinity of the borehole and interstitial
fluids are the same. Lithologic contacts are located on SP logs at the point of curve
inflection, where current density is maximum. When the response is typical, a line can
be drawn through the positive SP-curve values recorded in shale beds, and a parallel
line may be drawn through negative values that represent intervals of clean sand. A
typical response of an SP log in a shallow-water well, where the drilling mud was
fresher than the water in the aquifers, is shown in Figure 7-8. The maximum positive SP
deflections represent intervals of fine-grained material, mostly clay and silt; the
maximum negative SP deflections represent coarser sediments. The gradational
change from silty clay to fine sand near the bottom of the well is shown by a gradual
change on the SP log. The similarity in the character of an SP log and a gamma log
under the right salinity conditions also is shown in this figure. Under these conditions,
the two types of logs can be used interchangeably for stratigraphic correlation between
wells where either the gamma or the SP might not be available in some wells. The
similarity between SP and gamma logs also can be used to identify wells where salinity
relationships are different from those shown in Figure 7-8. Spontaneous-potential logs
have been used widely for determining formation-water resistivity (Rw) in oil wells, but
this application is limited in fresh groundwater systems. In sodium chloride type saline

water, the following relation is used to calculate Rw:
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SP = -K log (R /R) (7-1)
where

SP = log deflection. in mV

K =60+ 0.133T

I’ = borehole temperature. in degrees Fahrenheit
(metric and IP units are mixed for equation
validity)

R = resistivity of borehole fluid. in Qm

m

R, = resistivity of formation water., in 2m

W

The SP deflection is read from a log at a thick sand bed; Ry, is measured with a mud-
cell or fluid-conductivity log. Temperature may be obtained from a log, but it also can be
estimated, particularly if bottom-hole temperature is available. The unreliability of
determining R, of fresh water using the SP equation has been discussed in the
technical literature. Several conditions must be met if the equation is to be used for
groundwater investigations. These conditions are not satisfied in most freshwater wells.
The conditions are as follows: Both borehole fluids and formation water need to be
sodium chloride solutions. The borehole fluid needs to be quite fresh, with a much
higher resistivity than the combined resistivity of the sand and shale; this requirement
usually means that the formation or interstitial water must be quite saline. The shales
need to be ideal ion-selective membranes, and the sands need to be relatively free of

clay. No contribution can be made to the SP from such sources as streaming potential.

4.2.11.2 SINGLE-POINT RESISTANCE LOGGING.
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4.2.11.2.1 PRINCIPLES. The single-point resistance log has been one of the most

widely used in non-petroleum logging in the past; it is still useful, in spite of the
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increased application of more sophisticated techniques. Single-point logs cannot be
used for quantitative interpretation, but they are excellent for lithologic information. The
equipment to make single-point logs usually is available on most small water-well
loggers, but it is almost never available on the larger units used for oil-well logging. The
resistance of any medium depends not only on its composition, but also on the cross-
sectional area and length of the path through that medium. Single-point resistance
systems measure the resistance, in W, between an electrode in the well and an
electrode at the surface or between two electrodes in the well. Because no provision
exists for determining the length or cross-sectional area of the travel path of the current,

the measurement is not an intrinsic characteristic of the material between the
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electrodes. Therefore, single-point resistance logs cannot be related quantitatively to
porosity, or to the salinity of water in those pore spaces, even though these two
parameters do control the flow of electric current. A schematic diagram of the
equipment used to make conventional single-point resistance and spontaneous
potential logs is shown in Figure 7-7. The two curves can be recorded simultaneously if
a two-channel recorder is available. The same ground and down-hole electrodes (A and
B) are used for both logs. Each electrode serves as a current and as a potential sensing
electrode for single-point logs. The single-point equipment on the right side of the figure
actually measures a potential in volts (V) or mV which can be converted to resistance by
use of Ohm’s law, because a constant current is maintained in the system. For the best
single-point logs, the electrode in the well needs to have a relatively large diameter, with
respect to the hole diameter, because the radius of investigation is a function of
electrode diameter. The differential system, with both current and potential electrodes in
the probe, which are separated by a thin insulating section, provides much higher
resolution logs than the conventional system but is not available on many loggers.
Scales on singlepoint resistance logs are calibrated in W per inch of span on the
recorder. The volume of investigation of singlepoint resistance sonde is small,
approximately 5 to 10 times the electrode diameter. Single-point logs are greatly
affected by changes in well diameter, partly because of the relatively small volume of

investigation.

4.2.11.2.2 INTERPRETATION AND APPLICATIONS. Single-point resistance logs are
useful for obtaining information on lithology; the interpretation is straightforward, with the
exception of the extraneous effects described previously. Single-point logs have a
significant advantage over multielectrode logs; they do not exhibit reversals as a result
of bed-thickness effects. Single-point logs deflect in the proper direction in response to

the resistivity of materials.
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single-point resistance logs in a well in fractured crystalline rocks

4.2.11.3 NORMAL-RESISTIVITY LOGGING.

4.2.11.3.1 PRINCIPLES. Among the various multi-electrode resistivity-logging
techniques, normal resistivity is probably the most widely used in groundwater
hydrology, even though the long normal log has become rather obsolete in the oil
industry. Normal-resistivity logs can be interpreted quantitatively when they are properly
calibrated in terms of Wm. Log measurements are converted to apparent resistivity,

which may need to be corrected for mud resistivity, bed thickness, borehole diameter,
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mudcake, and invasion, to arrive at true resistivity. Charts for making these corrections
are available in old logging manuals. Figure 7-10 is an example of one of these charts
that is used to correct 16-in. normal curves for borehole diameter and mud resistivity.
The arrows on this chart show examples of corrections for borehole size and mud
resistivity (Rm). If the resistivity from a 16-in. normal curve divided by the mud resistivity
is 50 in a 10-in. borehole, the ratio will be 60 in an 8-in. borehole. If the apparent
resistivity on a 16-in. normal log is 60 W, and the Rm is 0.5 Wy, in a 9-in. well, the ratio
on the X-axis is 195. The corrected log value is 97.5 Wy, at formation temperature.
Temperature corrections and conversion to conductivity and to equivalent sodium
chloride concentrations can be made using Figure 7-11. To make corrections, the user
should follow along isosalinity lines because only resistivity, or its inverse, conductivity,

changes as a function of temperature, not ionic concentrations.

4.2.11.3.2 DEFINITION. By definition, resistivity is a function of the dimensions of the
material being measured; therefore, it is an intrinsic property of that material. Resistivity
is defined by the formula:

R =rS/L = (8 = m = mim)
= (L2 x m) = (Q2m)

(7-2)

where
R = resistivity, in {Qm
7 = resistance. i £
S = cross section. in square meters

L = length. in m

The principles of measuring resistivity are illustrated in Figure 7-12. If 1 amp of current
from a 10-V battery is passed through a 1-m3 block of material, and the drop in potential
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is 10 V, the resistivity of that material is 10 Qn,. The current is passed between
electrodes A and B, and the voltage drop is measured between potential electrodes

M and N, which, in the example, are located 0.1 m apart so that 1 V is measured rather
than 10 V. The current is maintained constant, so that the higher the resistivity between
M and N, the greater the voltage drop will be. A commutated DC current is used to
avoid polarization of the electrodes that would be caused by the use of direct

current.

4.2.11.3.3 AM SPACING. For normal-resistivity logging, electrodes A and M are located
in the well relatively close together, and electrodes B and N are distant from AM and
from each other, as shown in Figure 7-13. Electrode configuration may vary in
equipment produced by different manufacturers. The electrode spacing, from which the
normal curves derive their name, is the distance between A and M, and the depth
reference is at the midpoint of this distance. The most common AM spacings are 16 and
64 in.; however, some loggers have other spacings available, such as 4, 8, 16, and 32
in. The distance to the B electrode, which is usually on the cable, is approximately 15 m,
it is separated from the AM pair by an insulated section of cable. The N electrode
usually is located at the surface, but in some equipment, the locations of the B and N
electrodes may be reversed. Constant current is maintained between an electrode at
the bottom of the sonde and a remote-current electrode. The voltage for the long normal
(64-in.) and the short normal (16-in.) is measured between a potential electrode for
each, located on the sonde, and a remote potential electrode. The SP electrode is
located between the short normal electrodes. The relative difference between the
volumes of material investigated by the two normal systems also is illustrated in Figure
7-13. The volume of investigation of the normal resistivity devices is considered to be a
sphere, with a radius approximately twice the AM spacing. This volume changes as a
function of the resistivity, so that its size and shape are changing as the well is being
logged.

4.2.11.3.4 DEPTH OF INVASION. Although the depth of invasion is a factor, short
normal (16 in. or less) devices are considered to investigate only the invaded zone, and
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long normal (64-in.) devices are considered to investigate both the invaded zone and
the zone where native formation water is found. These phenomena are illustrated in
Figure 7-8. In this figure, the area between a 32-in. curve on the left and a 4-in. curve on
the right is shaded. The longer spaced curve indicates a lower resistivity farther back in
the aquifers than in the invaded zone near the borehole wall, which suggests that the

formation water is relatively saline with respect to the borehole fluid.

4.2.11.3.5 CALIBRATION. Normal-resistivity logging systems may be calibrated at the
surface by placing fixed resistors between the electrodes. The formula used to calculate
the resistor values to be substituted in the calibration network shown in Figure 7-14 is

given in Keys (1990).

4.2.11.3.6 INTERPRETATION. Long normal response is affected significantly by bed
thickness; this problem can make the logs quite difficult to interpret. The bed-thickness
effect is a function of electrode spacing, as illustrated in Figure 7-15. The theoretical
resistivity curve (solid line) and the actual log (dashed line) for a resistive bed, with a
thickness six times the AM spacing, is shown in the top part of the figure. Resistivity of
the limestone is assumed to be six times that of the shale, which is of infinite thickness.
With a bed thickness six times AM, the recorded resistivity approaches, but does not
reach, the true resistivity (Rt); the bed is logged as being one AM spacing thinner than it
actually is. The actual logged curve is a rounded version of the theoretical curve, in part
because of the effects of the borehole. The log response when the bed thickness is

equal to or less than the AM spacing is illustrated in the lower half of Figure 7-15.
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Electrically equivalent sodium chloride solution plotted as a function of conductivity or

resistivity and temperature
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The curve reverses, and the high-resistivity bed actually appears to have a lower value
than the surrounding material. The log does not indicate the correct bed thickness, and
high-resistivity anomalies occur both above and below the limestone. Although
increasing the spacing to achieve a greater volume of investigation would be desirable,
bed-thickness effects would reduce the usefulness of the logs except in very thick
lithologic units.

4.2.11.3.7 APPLICATIONS. An important application of normal resistivity logs and other
multi-electrode logs is for determining water quality. Normal logs measure apparent
resistivity; if true resistivity is to be obtained from these logs they must be corrected with
the appropriate charts or departure curves. A summary of these techniques is found in
“The Art of Ancient Log Analysis,” compiled by the Society of Professional Well Log
Analysts (1979). A practical method is based on establishing field-formation resistivity
factors (F) for aquifers within a limited area, using electric logs and water analyses.
After a consistent formation factor is established, the long normal curve, or any other
resistivity log that provides a reasonably correct Rt can be used to calculate Rw from
the relationship: F = Ro/Rw. Under these conditions Ro the resistivity of a rock 100
percent saturated with water, is assumed to approximate Rt, after the appropriate
corrections have been made. Resistivities from logs can be converted to standard
temperature using Figure 7-11, and the factors listed in Keys (1990) can be used to
convert water containing other ions to the electrically equivalent sodium chloride
solution. The formation resistivity factor (F) also defines the relation between porosity
(9) and resistivity as follows: F = a/@dm = Ro/Rw, where m is the cementation exponent
(Archie’s formula). See Jorgensen (1989) for a more complete description of these
relations. Using porosity derived from a neutron, gamma-gamma, or acoustic velocity
log and Ro from a deep investigating resistivity log, one can determine the resistivity of
the formation water in granular sediments. The relation between resistivity from normal
logs and the concentration of dissolved solids in groundwater is only valid if the porosity
and clay content are relatively uniform. The method does not apply to rocks with a high
clay content or with randomly distributed solution openings or fractures. Surface
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conduction in clay also tends to reduce the resistivity measured. The resistivity logs in
Figure 7-8 were used to calculate the quality of the water in aquifers at the Kipling well
site in Saskatchewan, Canada. The left trace of the two normal resistivity logs shown is
the 32-in. normal, which was used to calculate Rw for three of the shallower aquifers
intersected. These aquifers are described as coarse pebbly sand based on side-wall
core samples. The 32-in. normal was selected because many of the beds in this area
are too thin for longer spacing. Wyllie (1963) describes a method for estimating F from
the ratio Ri/Rm; where RIi is the resistivity of the invaded zone from a short normal log
like the 4-in.; and Rm is the measured resistivity of the drilling mud. On the basis of the
4-in. curve, F was estimated to be 2.5 for the upper aquifer and 1.8 for the lower two.
The true resistivities for the three aquifers obtained from departure curves are 30, 20,
and 17 Wm at depths of 130, 250, and 295 ft, respectively. A formation factor of 3.2
provided good agreement with water quality calculated from SP logs and from
laboratory analyses. Using an F of 3.2, Rw was calculated to be 9.4, 6.2, and 5.3 Wm at
4°C for the three aquifers. The drilling mud measured 13 Wm at borehole temperature.
The separation of the two normal curves and the SP log response substantiated the fact

that the water in the aquifers was more saline than the drilling mud.

4.2.11.4 LATERAL RESISTIVITY LOGGING. Lateral logs are made with four
electrodes like the normal logs but with a different configuration of the electrodes. The
potential electrodes M and N are located 0.8 m apart; the current electrode A is located
5.7 m above the center (O) of the MN spacing in the most common petroleum tool, and
1.8 m in tools used in groundwater. Lateral logs are designed to measure resistivity
beyond the invaded zone, which is achieved by using a long electrode spacing. They
have several limitations that have restricted their use in environmental and engineering
applications. Best results are obtained when bed thickness is greater than twice AO, or
more than 12 m for the standard spacing. Although correction charts are available, the
logs are difficult to interpret. Anomalies are asymmetrical about a bed, and the amount
of distortion is related to bed thickness and the effect of adjacent beds. For these
reasons the lateral log is not recommended for most engineering and environmental

applications.
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4.2.11.5 FOCUSED-RESISTIVITY LOGGING.

4.2.11.5.1 FOCUSED-RESISTIVITY SYSTEMS were designed to measure the
resistivity of thin beds or high-resistivity rocks in wells containing highly conductive
fluids. A number of different types of focused-resistivity systems are used commercially;
the names “guard” or “laterolog” are applied to two of these. Focused or guard logs can
provide high resolution and great penetration under conditions where other resistivity
systems may fail. Focused resistivity devices use guard electrodes above and below the
current electrode to force the current to flow out into the rocks surrounding the well. The
depth of investigation is considered to be about three times the length of one guard, so
a 6-ft guard should investigate material as far as 5.5 m from the borehole. The sheet
like current pattern of the focused devices increases the resolution and decreases the

effect of adjacent beds in comparison with the normal devices.

4.2.11.5.2 MICROFOCUSED devices include all the focusing and measuring electrodes
on a small pad; they have a depth of investigation of only several centimeters. Because
the geometric factor, which is related to the electrode spacing, is difficult to calculate for
focused devices, calibration usually is carried out in a test well or pit where resistivities
are known. When this is done, the voltage recorded can be calibrated directly in terms
of resistivity. Zero resistivity can be checked when the entire electrode assembly is

within a steel-cased interval of a well that is filled with water.

4.2.11.5.3 CORRECTION FOR BED THICKNESS (h) is only required if h is less than
the length of M, which is 6 in. on some common tools. Resistivities on guard logs will
approach Rt, and corrections usually will not be required if the following conditions are
met: Rm /Rw < 5, Rt/ Rm > 50, and invasion is shallow. If these conditions are not met,
correction charts and empirical equations are available for obtaining Rt.

4.2.11.6 MICRORESISTIVITY LOGGING. A large number of microresistivity devices

exist, but all employ short electrode spacing so that they have a shallow depth of
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investigation. They can be divided into two general groups: focused and non-focused.
Both groups employ pads or some kind of contact electrodes to reduce the effect of the
borehole fluid. Non-focused sondes are designed mainly to determine the presence or
absence of mud cake, but they also can provide very high-resolution lithologic detalil.
Names used for these logs include microlog, minilog, contact log, and micro-survey log.
Focused microresistivity devices also use small electrodes mounted on a rubber-
covered pad forced to contact the wall of the hole hydraulically or with heavy spring
pressure. The electrodes are a series of concentric rings less than 1 in. apart that
function in a manner analogous to a laterolog system. The radius of investigation is from
76 to 127 mm (3 to 5 in.), which provides excellent lithologic detail beyond the mudcake,

but probably is still within the invaded zone.

4.2.11.7 DIPMETER LOGGING.

4.2.11.7.1 THE DIPMETER INCLUDES a variety of wall-contact microresistivity devices
that are widely used in oil exploration to provide data on the strike and dip of bedding
planes. The most advanced dipmeters employ four pads located 90 deg apart, oriented
with respect to magnetic north by a magnetometer in the sonde. Older dipmeters used
three pads, 120 deg apart. The modern dipmeter provides a large amount of information
from a complex tool, so it is an expensive log to run. Furthermore, because of the
amount and complexity of the data, the maximum benefit is derived from computer
analysis and plotting of the results. Interpretation is based on the correlation of
resistivity anomalies detected by the individual arms, and the calculation of the true
depth at which those anomalies occur. The log from a four-arm tool has four resistivity
curves and two caliper traces, which are recorded between opposite arms, so that the
ellipticity of the hole can be determined. The Formation Microscanner is related to the
dipmeter. It uses arrays of small electrodes to provide oriented conductance images of
segments of the borehole wall scanned by the pads. These images are similar to an
acoustic televiewer log but they do not include the entire borehole wall. The

Microscanner may be preferable in heavy muds or deviated holes.
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4.2.11.7.2 ALTHOUGH STRIKE AND DIP can be determined from the analog record at
the well using a stereo net, complete analysis is only possible with a computer. A
computer program can make all necessary orientation and depth corrections and search
for correlation between curves with a selected search interval. Computer output usually
consists of a graphic plot and a listing of results. The graphic plot displays the depth,
true-dip angle, and direction of dip by means of a symbol called a “tadpole” or an arrow.
The angle and direction of the tool also is displayed. Linear polar plots and cylindrical
plots of the data also are available. A printout that lists all the interpreted data points, as

well as the quality of the correlation between curves, also is provided.

4.2.11.7.3 THE DIPMETER IS A GOOD source of information on the location and
orientation of primary sedimentary structures over a wide variety of hole conditions. The
acoustic televiewer can provide similar information under the proper conditions. The
dipmeter also has been advertised widely as a fracture finder; however, it has some of
the same limitations as the single-point resistance log when used for this purpose.
Computer programs used to derive fracture locations and orientations from dipmeter
logs are not as successful as those designed for bedding. Fractures usually are more
irregular, with many intersections, and may have a wider range of dip angles within a
short depth interval. The acoustic televiewer provides more accurate fracture

information under most conditions.

4.2.11.8 INDUCTION LOGGING.

4.2.11.8.1 PRINCIPLES. Induction-logging devices originally were designed to solve the
problem of making resistivity measurements in oil-based drilling mud, where no
conductive medium occurred between the tool and the formation. The basic induction-
logging system is shown in Figure 7-16. A simple version of an induction probe contains
two coils: one for transmitting an AC current, typically 20-40 Khz, into the surrounding
rocks and a second for receiving the returning signal. The transmitted AC generates a
time-varying primary magnetic field which induces a flow of eddy currents in conductive

rocks penetrated by the drill hole. These eddy currents set up secondary magnetic fields
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which induce a voltage in the receiving coil. That signal is amplified and converted to
DC before being transmitted up the cable. Magnitude of the received current is
proportional to the electrical conductivity of the rocks. Induction logs measure
conductivity, which is the reciprocal of resistivity. Additional coils usually are included to
focus the current in a manner similar to that used in guard systems. Induction devices
provide resistivity measurements regardless of whether the fluid in the well is air, mud,
or water, and excellent results are obtained through plastic casing. The measurement of
conductivity usually is inverted to provide curves of both resistivity and conductivity. The
unit of measurement for conductivity is usually millisiemens per meter (mS/m), but
millimhos per meter and micromhos per centimeter are also used. One mS/m is equal to
1,000 Qm. Calibration is checked by suspending the sonde in air, where the humidity is
low, in order to obtain a zero conductivity. A copper hoop is suspended around the
sonde while it is in the air to simulate known resistivity values. The volume of
investigation is a function of coil spacing, which varies among the sondes provided by
different service companies. For most tools, the diameter of material investigated is 1.0
to 1.5 m (40 to 60 in.); for some tools, the signal produced by material closer to the
probe is minimized. These smaller diameter tools, used for monitoring in the

environmental field, can measure resistivities up to 1,000 Qm.
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Figure 7-16
System used to make induction logs

4.2.11.8.2 INTERPRETATION AND APPLICATIONS. Induction logs are becoming
widely used on environmental projects for monitoring saline contaminant plumes by
logging small diameter, PVC- or fiberglass-cased wells. They also provide high-

resolution information on lithology through casing and are excellent for this purpose
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when combined with gamma logs. The open hole was 9 in. and drilled with a mud
rotary system. The well was completed to a depth of 56 m with 4-in. Schedule 80 PVC
casing and neat cement, bentonite seal, and gravel pack. Even in such a large diameter

well with varying completion materials, the differences in resistivity are not significant.

4.2.11.9 NUCLEAR LOGGING.

4.2.11.9.1 PRINCIPLES. Nuclear logging includes all techniques that either detect the
presence of unstable isotopes, or that create such isotopes in the vicinity of a borehole.
Nuclear logs are unique because the penetrating capability of the particles and photons
permits their detection through casing and annular materials, and they can be used
regardless of the type of fluid in the borehole. Nuclear-logging techniques described in
this discussion include gamma, gamma spectrometry, gamma-gamma, and several
different kinds of neutron logs. Radioactivity is measured by converting the particles or
photons to electronic pulses, which then can be counted and sorted as a function of
their energy. The detection of radiation is based on ionization that is directly or indirectly
produced in the medium through which it passes. Three types of detectors presently are
used for nuclear logging: scintillation crystals, Geiger-Mueller tubes, and proportional
counters. Scintillation detectors are laboratory grown crystals that produce a flash of
light or scintillation when traversed by radiation. The scintillations are amplified in a
photomultiplier tube to which the crystal is optically coupled, and the output is a pulse
with amplitude proportional to that of the impinging radiation. This output can be used
for spectral logging. The pulses output from a photomultiplier tube are small enough that
they require additional amplification before they can be transmitted to the surface and
counted. The number of pulses detected in a given radiation field is approximately
proportional to the volume of the crystal, so probe sensitivity can be varied by changing
crystal size. Scintillation crystals probably are the most widely used detectors for
nuclear-well logging. Sodium-iodide crystals are used for gamma logging, and lithium-

iodide crystals and Helium 3 gas-filled tubes are used for many types of neutron logs.
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4.2.11.9.2 INTERPRETATION AND APPLICATIONS. The statistical nature of
radioactive decay must be considered when running or interpreting nuclear logs. Half-
life is the amount of time required for one half the atoms in a radioactive source to
decay to a lower energy state. Half-life of different radioisotopes varies from fractions of
a second to millions of years, and it has been accurately measured. In contrast, it is
impossible to predict how many atoms will decay or gamma photons will be emitted
within the short periods of time, in the range of seconds, that commonly are used for
logging measurements. Photon emission follows a Poisson distribution; the standard
deviation is equal to the square root of the number of disintegrations recorded. The
accuracy of measurement is greater at high count rates and for a long measuring
period. Time constant is an important adjustment on all analog nuclear-recording
equipment. Time constant is the time, in seconds, over which the pulses are averaged.
Time constant (tc) is defined as the time for the recorded signal level to rise to 63
percent of the total increase that occurred, or to fall to 37 percent of the total decrease
that occurred. The true value in any radiation field is approached after five time
constants, if the probe is still in the same bed that long. If the probe is moving too fast,
or if the time constant is too long in thin-bedded materials, the true value never will be
recorded before the probe moves out of the layer of interest. The logging speed, count
rate being measured, vertical resolution required, and equipment variations have a
significant effect on the selection of time constant so specific values cannot be

recommended.

4.2.11.9.3 ANALOG VERSUS DIGITAL RECORDING. The difference between an
analog recording with a time constant of 1 sec and a digital recording with a sample
time of 1 sec is shown in Figure 7-19. Digital recording is gradually replacing analog but
some systems that digitize at the surface still use a time constant circuit to drive an
analog recorder. Average or mean radioactivity is shown as the heavier line in Figure 7-
19. Note that the digital system changes more rapidly because the time window used
does not have a memory like the RC circuit used for time constant in analog
measurements. Note also that the analog measurement did not reach the mean value

for short time periods. Some commercial logs are recorded at a low sensitivity, long time
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constant, and high logging speed, so that real changes are small. This results in a
smoother curve and thin beds may not be detected. Bed thickness and lag are

additional factors related to the speed at which nuclear logs are run.
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Figure 7-19
Comparison of a digital recording of a gamma signal with 1-s samples, to an analog

recording with a 1-s time constant
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Lag (L), in feet, is defined as the distance the detector moves during one time constant:

L = (St.)/60

where
S = logging speed. feet per minute

f_ = time constant. seconds

4.2.11.9.4 LITHOLOGIC CONTACTS. The contacts between lithologic units on a
nuclear log are shifted approximately the amount of lag. Furthermore, beds that are
thinner than L are not defined. The general practice for locating lithologic contacts on
nuclear logs is to place them at one-half of the maximum log amplitude for a given bed.
Thus, if the average count rate for a gamma log in a sandstone was 100 pulses per
second (PPS), and the average count rate for a shale was 200 PPS, the contact would
be placed at 150 PPS, using the half-amplitude rule. The true depth of the contact
would be deeper by the amount of lag. See Figure 7-20 for an illustration of the relation
of bed thickness, volume of investigation, and location of contacts for a neutron log. The

principles are the same for other types of nuclear logs.
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Figure 7-20
Theoretical response of a neutron probe to changes in porosity and bed thickness. The

shaded area represents the volume of investigation at different probe positions

4.2.11.9.5 REGULATION. Use and transportation of radioactive materials is regulated
by both Federal and State government agencies. Because of the numerous agencies
involved and the frequent changes in regulations, specific information on the subject
cannot be provided in this manual. A potential user must consult the appropriate

government agency for regulations that apply to the specific type and area of use. The
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loss of most probes can be prevented if the proper logging procedures are followed.
Probes containing radioactive sources need to be the last to be run in an uncased well;

they never are run if other probes encounter problems.

4.2.11.10 GAMMA LOGGING.

4.2.11.10.1 PRINCIPLES. Gamma logs, also called gamma-ray logs or natural-gamma
logs, are the most widely used nuclear logs for most applications. The most common
use is for identification of lithology and stratigraphic correlation, and for this reason
gamma detectors are often included in multi-parameter logging tools. Gamma logs
provide a record of total gamma radiation detected in a borehole and are useful over a
very wide range of borehole conditions. The petroleum industry has adopted the
American Petroleum Institute (API) gamma ray unit as the standard for scales on
gamma logs. The APl gamma-ray unit is defined as 1/200 of the difference in deflection
of a gamma log between an interval of very low activity in the calibration pit and the
interval that contains the same relative concentrations of radioisotopes as an average
shale, but approximately twice the total activity. The APl gamma calibration pit is
located at the University of Houston. The API values of field standards can be
determined when that pit is used so that reference values are available when logging.
The volume of material investigated by a gamma probe is related to the energy of the
radiation measured, the density of the material through which that radiation must pass,
and the design of the probe. Under most conditions, 90 percent of the gamma radiation
detected probably originates from material within 150 to 300 mm (6 to 12 in.) of the

borehole wall.

4.2.11.10.2 INTERPRETATION AND APPLICATIONS. In rocks that are not
contaminated by artificial radioisotopes, the most significant naturally occurring gamma-
emitting radioisotopes are potassium-40 and daughter products of the uranium- and
thorium-decay series. If gamma-emitting artificial radioisotopes have been introduced by
man into the groundwater system, they will produce part of the radiation measured, but

they cannot be identified unless gamma spectral-logging equipment is used. Average
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concentrations in 200 shale samples from different locations in the United States
indicate that 19 percent of the radioactivity of shale comes from Potassium-40, 47
percent from the Uranium series, and 34 percent from the Thorium series, but these
ratios can vary significantly. Only gamma spectral logging can provide the identification
and relative concentrations of the natural and manmade radioisotopes that produce the
total radioactivity measured by a gamma log. Borehole-gamma spectrometry has
considerable application to the monitoring of radioactive waste migration and it also can
provide more diagnostic information on lithology, particularly the identification of clay
minerals. Uranium and thorium are concentrated in clay by the processes of adsorption
and ion exchange. Some clays are rich in potassium. Finegrained detrital sediments
that contain abundant clay tend to be more radioactive than quartz sands and
carbonates, although numerous exceptions to this norm occur. Rocks can be
characterized according to their usual gamma intensity, but knowledge of the local
geology is needed to identify the numerous exceptions to the classification shown in
Figure 7-21. Coal, limestone, and dolomite usually are less radioactive than shale;
however, all these rocks can contain deposits of uranium and can be quite radioactive.
Basic igneous rocks usually are less radioactive than silicic igneous rocks, but
exceptions are known. Several reasons exist for the considerable variability in the
radioactivity of rocks. Uranium and thorium are trace elements and are not important in
the genesis of rocks. Uranium also is soluble in groundwater under some conditions; so

solution, migration, and precipitation may cause redistribution at any time.
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Relative radioactivity of some common rocks

4.2.11.10.3 BACKGROUND INFORMATION. Because of frequent variations from the
typical response of gamma logs to lithology, some background information on each new
area is needed to reduce the possibility of errors in interpretation. Gamma logs are used
for correlation of rock units; however, this approach can lead to significant errors without
an understanding of their response within the area being studied. For example, gradual
lateral change in grain size or increase in arkosic materials in a sandstone may change
the response of gamma logs. In igneous rocks, gamma intensity is greater in the silicic
rocks, such as granite, than in basic rocks, such as andesite. Orthoclase and biotite are
two minerals that contain radioisotopes in igneous rocks; they can contribute to the
radioactivity of sedimentary rocks if chemical decomposition has not been too great.
Gamma logs are used widely in the petroleum industry to establish the clay or shale
content of reservoir rocks. This application also is valid in groundwater studies where
laboratory data support such a relation. Figure 7-20 is a computer-plotted cross section
of four test holes in the Chicago area. The shading emphasizes the relation between the
induction resistivity and gamma logs which aided in drawing the correlation lines using
the computer program. The increase in radioactivity below a depth of 300 ft (91 m) is
caused by an increase in shale or clay content. Above that depth most of the rocks are

dolostones. In this area it was found that gamma log response was quantitatively
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related to clay content and that the gamma logs could be used to correct porosity
calculated from gamma-gamma density logs. See Figure 7-21 for a description of the

rocks penetrated by these test holes.

4.2.11.10.4 AMPLITUDE. The amplitude of gamma-log deflections is changed by any
borehole conditions that alter the density of the material through which the gamma
photons must pass or the length of the travel path. Thus, casing and cement will reduce
the recorded radiation, as will large diameter wells. The correction factor for water in a
borehole as compared to the same borehole filled with air is 1.024 for a 2.25-in.-diam
hole and 1.115, 1.205 and 1.296 for 4.5-, 6.5- and 8.5-in. boreholes, respectively.
Correction for steel casing wall thickness varies almost linearly from 1.141 for 0.0625 in
thickness to 1.891 for 0.375 in thickness. The type of borehole fluid has a very minor
effect, unless the hole is very large in diameter or the mud contains radioactive clay or

sylvite.

4.2.11.10.5 PROBE POSITION. The position of a probe in the borehole can have an
effect on a gamma log. Most probes are naturally decentralized, or running along the
borehole wall, because of borehole deviation but if the probe moves to a centralized
position, an error is introduced. Changes in gamma-log response over a period of time
are not rare. Changes in gamma response in 1 year, that apparently were caused by

migration of uranium daughter products along fractures, have been reported.

4.2.11.11 GAMMA-GAMMA LOGGING.

4.2.11.11.1 PRINCIPLES. Gamma-gamma logs, also called density logs, are records of
the radiation from a gamma source in the probe, after it is attenuated and backscattered
in the borehole and surrounding rocks. The logs can be calibrated in terms of bulk
density under the proper conditions and converted to porosity if grain and fluid density
are known. Gamma-gamma probes contain a source of gamma radiation, usually
cesium-137 in newer probes, and one or two gamma detectors. Detectors in a gamma-

gamma probe are shielded from direct radiation from the source by heavy metal, often
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lead or a tungsten alloy. Single detector probes, termed “4 pi,” are not focused and thus
are more affected by borehole parameters. Modern gamma-gamma probes are
decentralized and side-collimated with two detectors. Side collimation with heavy metal
tends to focus the radiation from the source and to limit the detected radiation to that
part of the wall of the hole in contact with the source and detectors. The decentralizing
caliper arm also provides a log of hole diameter. Modern tools are called borehole-
compensated or borehole-corrected, but they still exhibit some borehole diameter
effects. The ratio of the count rates for the near and far detectors is plotted against bulk
density, either in the logging equipment, or preferably later so that algorithms can be
changed. This ratio reduces borehole diameter effects because the near detector has a
smaller radius of investigation than the far detector and is thus more affected by
changes in diameter. Gamma-gamma logging is based on the principle that the
attenuation of gamma radiation, as it passes through the borehole and surrounding
rocks, is related to the electron density of those rocks. If a probe detects only radiation
resulting from Compton scattering, the count rate will be inversely proportional to the
electron density of the material through which the radiation passes. Electron density is
approximately proportional to bulk density for most materials that are logged. A
correction for the “Z To A” ratio needs to be applied for any minerals that do not have
the same ratio of atomic number to atomic mass as the calibration environment. The
electron density of water is 1.11 g/cc versus a bulk density of 1 g/cc and some
companies may make this correction. Like other logging systems, calibration of gamma-
gamma response is best done in pits designed for that purpose. Calibration can be
done in porosity pits like the American Petroleum Institute neutron pit in Houston or in
pits maintained by commercial-service companies. A set of bulk-density pits is available
for free use by anyone at the Denver Federal Center. Onsite standardization of probe
response usually is done with large blocks of aluminum, magnesium, or lucite that are
machined with a groove that tightly fits the source and detector section of the probe.
The blocks need to be large enough that effects of the environment are minimized, and
they need to be located off the ground and away from a logging truck that may contain

radioactive sources.
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4.2.11.11.2 Volume Of Investigation. The volume of investigation of a gamma-gamma
probe probably has an average radius of 127 to 152 mm (5 to 6 in.); 90 percent of the
pulses recorded originate from within this distance. However, the volume of
investigation is a function of many factors. The density of the material being logged and
any casing, cement, or mud through which the radiation must pass have a significant
effect on the distance gamma photons will travel before being stopped. Within limits, the
greater the spacing between source and detector, the larger the volume of investigation.
Standoff error is caused when a side-collimated, decentralized probe or skid is
separated from the borehole wall by mudcake or wall roughness. According to Scott
(1977), standoff errors of 10 mm (0.4 in.) or more may be corrected accurately

using the algorithms he developed.

4.2.11.11.3 INTERPRETATION AND APPLICATIONS. Gamma-gamma logs may be
used to distinguish lithologic units and to determine well construction, in addition to
determining bulk density, porosity, and moisture content, when properly calibrated. The
chief use of gamma-gamma logs has been for determining bulk density that can be
converted to porosity. Gamma-gamma logs conventionally are recorded with bulk
density increasing to the right, which means that porosity increases to the left as it does
on conventionally plotted neutron and acoustic velocity logs. Although commercial
gamma-gamma logs often have a scale in porosity, the log response is related directly
to electron density, which may be related to bulk density by calibration and correction
for Z-A errors. The accuracy of bulk-density determinations with these logs is reported
by various authors to be from 0.03 to 0.05 g/cc. Figure 7-22 is a plot of bulk density from
laboratory analyses of core versus density log values from a study in Canada. It shows
how accurate density logs can be under the right conditions. The best results are
obtained with gamma-gamma logs in rocks of low-bulk density or high porosity. Bulk
density can be converted to porosity by the following equation: porosity = grain density
minus bulk density divided by grain density minus fluid density. Bulk density may be
derived from a calibrated and corrected log. Fluid density is 1 g/cc for most non-
petroleum applications, where the rock is saturated. Grain or mineral density may be

obtained from most mineralogy texts; grain density is 2.65 g/cc for quartz; 2.71 g/cc
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commonly is used for limestone, and 2.87 g/cc commonly is used for dolomite. Low
gamma response indicated mostly dolomite, and higher gamma response indicated an
increase in clay with a lower grain density than dolomite. At many sites gamma-gamma
logs provide more accurate porosity data than neutron and acoustic velocity logs. Figure
7-23 is an example of a comparison of data from the three types of porosity sensing
logs versus core data at a Superfund site in Oklahoma. Because moisture content
affects the bulk density of rocks, gamma-gamma logs can be used to record changes in
moisture above the water surface. Thus they can be used in the same way as neutron
logs to monitor the downward migration of water from waste disposal or artificial

recharge ponds.

4.2.11.11.4 WELL CONSTRUCTION. The effect of well construction on gamma-gamma
logs can be used to locate cement tops, gravel-pack fill-up, or one string of casing
outside of another. Gamma-gamma logs for this application are discussed in the section

of this manual on well-completion logs.

4.2.11.12 NEUTRON LOGGING.

4.2.11.12.1 PRINCIPLES. Neutron logs are made with a source of neutrons in the
probe and detectors that provide a record of the interactions that occur in the vicinity of
the borehole. Most of these neutron interactions are related to the amount of hydrogen
present, which, in groundwater environments, is largely a function of the water content
of the rocks penetrated by the drill hole. Neutron probes contain a source that emits
high-energy neutrons. The most common neutron source used in porosity logging tools
is americium-beryllium, in sizes that range from approximately 1 to 25 Curies. Moisture
tools may use a source as small as 100 millicuries. Two different neutron-logging
techniques are used in groundwater studies: Neutron probes with a large source and
long spacing are used for measuring saturated porosity and moisture content in a wide
range of borehole diameters; and second, probes with a small source and short spacing
are used for measuring moisture content in small diameter monitoring wells. Three

general types of neutron-porosity logs exist: Neutron-epithermal neutron, neutron-
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thermal neutron, and neutron-gamma. Cadmium foil may be used to shield crystal or
Helium-3 detectors from thermal neutrons. Neutron-epithermal neutron logs are least
affected by the chemical composition of the rocks logged.
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Comparison of laboratory measurements of porosity versus acoustic, neutron, and

density log response in the same borehole
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Two or more detectors are used in modern neutron tools, and they may be collimated
and decentralized by a caliper arm. The ratio of the near to the far detector provides

logs that are less affected by borehole parameters than single-detector logs.

4.2.11.12.2 MODERATING NEUTRONS. Fast neutrons, emitted by a source, undergo
three basic types of reactions with matter in and adjacent to the borehole as they lose
energy and ultimately are captured: inelastic scatter, elastic scatter, and absorption or
capture. In elastic scatter, the mass of the scattering element controls the loss of energy
by the neutron. Light elements are most effective in moderating, or slowing neutrons,
whereas heavy elements have little effect on neutron velocity or energy. Hydrogen is
the element most effective in moderating neutrons because it has the same mass as a
neutron. Because hydrogen is the most effective moderating element, the cloud of
epithermal and thermal neutrons occurs closer to the source in rocks with a large
hydrogen content than in rocks with a small hydrogen or water content. The moderating
and capture processes result in the number of epithermal and thermal neutrons and
capture gamma photons being inversely related to the hydrogen content of the rocks, at
source-to-detector spacing greater than approximately 300 mm (11.8 in.). If detectors
are located closer than 300 mm from the source, as in moisture probes, the number of

moderated and captured neutrons increases with increasing hydrogen content.

4.2.11.12.3 VOLUME OF INVESTIGATION. The volume of investigation of a neutron
probe is related closely to the content of hydrogen or other strong neutron absorbers in
the material surrounding the probe, the spacing between the source and detector, and
the energy of the neutrons. In sand with a saturated porosity of 35 percent, three
different types of neutron probes received 90 percent of the recorded signal within 170,
236, and 262 mm of the borehole wall. In dry rocks the radius of investigation may be
several meters. The reference depth, or point of measurement, on a probe may change
somewhat if significant differences in water content are logged. Increasing the source-
to-detector spacing increases the volume of investigation in the vertical direction as well
as in the horizontal direction, into the rock. This increased volume decreases thin-bed

resolution as demonstrated in Figure 7-20. The hypothetical volume of investigation is
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shown by shading in the figure. Note that size and shape of this volume are shown to
change as a function of the porosity as the probe moves up the hole. The log only gives
an approximately correct value for porosity and thickness when the volume of
investigation is entirely within the bed being logged. Thus, in Figure 7-20, the upper thin
limestone bed with 3.3 percent porosity is indicated by the log to have a much higher
porosity and greater apparent thickness than the lower bed with a porosity of 3.3
percent. The usual technique for determining bed thickness from any type of nuclear log
is to make the measurement at one-half the maximum amplitude of the deflection that

represents that bed, as shown on the figure.

4.2.11.12.4 CALIBRATION. Calibration of all neutron-logging systems used in the
petroleum industry is based on the API calibration pit in Houston, Texas. The pit
contains quarried limestone blocks that have average porosities of 1.884, 19.23, and
26.63 percent. These values have been rounded by the American Petroleum Institute to
1.9, 19, and 26 percent, and the 19-percent block has been assigned the value of 1,000
API neutron units. Figure 7-24 shows calibration data for a compensated neutron probe
in the API pit. Although the API pit is the widely accepted primary standard, it is only
valid for limestone, so that most large logging companies maintain their own calibration
facilities for other rock types, like dolomite and sandstone. Careful evaluation of
laboratory analyses of core samples may lead to a valid calibration, but scatter of data
points is to be expected. Regardless of how primary calibration is carried out, field
standardization must be done at the time of calibration and frequently during logging
operations. The most practical field standards permit the checking of probe response
with the source installed in a reproducible environment that has a high hydrogen
content. Although a plastic sleeve may be used, it must be quite heavy to be large

enough to cover both source and detectors and thick enough to reduce outside effects.
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Figure 7-24
Calibration data for a compensated neutron-porosity probe in the API limestone pit

4.2.11.12.5 INTERPRETATION. In many rocks, the hydrogen content is related to the
amount of water in the pore spaces. This relation is affected by the chemical
composition of the water, hydrogen in some minerals and bound water in shales.
Neutron logs are affected by many of the same borehole parameters that affect gamma-
gamma logs, although usually to a lesser degree. These extraneous effects include

borehole diameter, mud cake or stand off, salinity of the borehole and interstitial fluids,
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mud weight, thickness of casing and cement, temperature and pressure, and elemental
composition of the rock matrix. Matrix effects are considered part of the interpretation
process and may be analyzed by cross-plotting techniques, as illustrated in Figure 7-3.
Casing does not cause a major shift on most neutron logs, as it typically does on a
gamma-gamma log. Neutron logs run through drill stem do not show the location of
collars as a gamma-gamma log does. Plastic pipe of constant thickness merely causes
a shift in log response similar to, but of lower magnitude than, that caused by the water
level in a small-diameter well. The short spacing used in moisture probes reduces the
volume of investigation, so that borehole effects are increased. For this reason,
boreholes to be used for logging with a moisture probe need to be drilled as small as
possible. The annular space between casing and borehole wall also needs to be small,
and the probe needs to fit the casing tightly. Neutron logs are most suitable for detecting
small changes in porosity at low porosities; gamma-gamma logs are more sensitive to
small changes at high porosities. Although the interpretation of neutron logs for porosity
and moisture content are stressed as primary applications, much use has been made of
the logs for determining lithology. Like gamma logs, they can be used for lithology and
stratigraphic correlation over a wide range of borehole conditions. Figure 7-1 shows
how neutron and gamma logs relate to the stratigraphic units in a test hole near

Chicago.

4.2.11.12.6 APPLICATIONS. Neutron-activation logging has potential for application to
groundwater quality problems, because this technique permits the remote identification
of elements present in the borehole and adjacent rocks under a wide variety of borehole
conditions. Neutron activation produces radioisotopes from stable isotopes; the parent
or stable isotope may be identified by the energy of the gamma radiation emitted and its

half-life, using a gamma spectral probe.

4.2.11.13 ACOUSTIC LOGGING. Acoustic logging includes those techniques that use a
transducer to transmit an acoustic wave through the fluid in the well and surrounding
elastic materials. Several different types of acoustic logs are used, based on the

frequencies used, the way the signal is recorded, and the purpose of the log. All these
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logs require fluid in the well to couple the signal to the surrounding rocks. Four types will
be described here: acoustic velocity, acoustic wave form, cement bond, and acoustic

televiewer.

4.2.11.14 ACOUSTIC-VELOCITY LOGGING.

4.2.11.14.1 PRINCIPLES. Acoustic-velocity logs, also called sonic logs or transit-time
logs, are a record of the travel time of an acoustic wave from one or more transmitters
to receivers in the probe. Acoustic energy travels through the fluid in the well and
through surrounding materials at a velocity that is related to the lithology and porosity of
the rocks. Most acoustic-velocity probes employ magneto restrictive or piezoelectric
transducers that convert electrical energy to acoustic energy. Most of the transducers
are pulsed from 2 to 10 or more times per second, and the acoustic energy emitted has
a frequency in the range of 20 to 35 kHz. Probes are constructed of low-velocity
materials, producing the shortest travel path for the acoustic pulse through the borehole
fluid and the adjacent rocks, which have a velocity faster than that of the fluid. Acoustic
probes are centralized with bow springs or rubber fingers so the travel path to and from
the rock will be of consistent length. Some of the energy moving through the rock is
refracted back to the receivers. The receivers reconvert the acoustic energy to an
electrical signal, which is transmitted up the cable. At the surface, the entire signal may
be recorded digitally for acoustic wave-form logging, or the transit time between two
receivers may be recorded for velocity logging. Amplitude of portions of the acoustic

wave also may be recorded; that technique is described later under wave-form logging.

4.2.11.14.2 ACOUSTIC ENERGY COMPONENTS. Acoustic energy transmitted in the
borehole and adjacent rocks is divided into several components; the most important for
this discussion are compressional (P) and shear wave (S) components. Standard
acoustic-velocity logs are based on the arrival of the compressional wave.
Compressional and shear waves at near and far receivers, along with the fluid waves
that are transmitted through the borehole, are shown in Figure 7-25. Most acoustic-

velocity probes have paired receivers located a foot apart; some probes have several
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pairs of receivers with different spacing that may be selected from the surface. P-waves
have a higher velocity and lower amplitude than shear waves, or S-waves. S-waves
have a velocity about one half that of P-waves and are characterized by particle
movement perpendicular to the direction of wave propagation.

4.2.11.14.3TRACKING CIRCUITS. Acoustic-velocity logging modules contain a tracking
circuit that detects the arrival of the P-wave using a threshold amplitude or algorithm
selected by the operator. If the wave form is digitized in the field it is frequently possible

to improve acoustic velocity logs by modifying the technique used to pick the first arrival.
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Figure 7-25

Acoustic wave forms for a two-receiver system

Amplitude of the transmitted signal and the received signal may be controlled from the
surface, along with the height of the detection threshold. A circuit is employed to convert
the difference in time of arrival at the two detectors to transit time (t) in ps/ft. Acoustic

velocity logs are recorded with interval transit time increasing from right to left; porosity
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also will increase to the left, as it does on conventionally plotted neutron and gamma-

gamma logs.

4.2.11.14.4 INTERPRETATION AND APPLICATIONS. For rocks with uniformly
distributed, intergranular pore spaces, porosity usually is derived from the Wyllie time-
average equation. This equation is based on the theory that the path of an acoustic
wave through saturated rock consists of two velocities in series, the velocity in the fluid
Vf and the velocity in the rock matrix Vm. The length of the path in the fluid is equal to
the porosity (f); the length of the path in the rock matrix is equal to 1-f. The time-average

equation can be expressed as:

UV, =t=0V,+ (1 -7,

where

V; = velocity of the rock from a log

0=(t -t,){ -t (7-3)
where

f; = transit time from the log

t, = transit time of the wave in the matrix

t, = transit time in the fluid

Velocities and transit times for some common rocks and fluids are provided in Table 7-
2. Note that the range can be very large, so laboratory measurements or background
experience in specific rocks may be needed to calculate accurate porosities. The
interval transit-time scale usually is accurate within 1 ps/ft on most acoustic-velocity
logs; however, it should be checked, if possible. The difference in arrival of the P-wave

at two receivers can be read directly from a calibrated oscilloscope, which is an
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essential part of any acoustic-logging system unless the wave form is digitized in the

tool. In this case a computer can be used to observe the wave forms. Calibration also

can be accomplished using core samples analyzed in the laboratory for acoustic

velocity and porosity. The response of a velocity probe can be checked onsite with a

piece of steel pipe cut in half lengthwise. The tool can be laid in the pipe and dams

made at both ends with flexible caulking, so that half of the transmitters and receivers

can be covered with water. Steel has a velocity ranging from

Transit

Rock or Velocity time
Fluid Type (m/s) (ft/s) (us/ft)
Fresh water 1,500 5,000 200.0
Brine 1,600 5,300 189.0
Sandstone

Unconsolidated  4,600-5,200 15,000-17,000 58.8-66.7

Consolidated 5,800 19,000 526
Shale 1,800-4,900 6,000-16,000 62.5-167.0
Limestone 5,800-6,400 19,000-21,000+ 476-526
Dolomite 6,400-7,300  21,000-24,000 42 0-47 6
Anhydrite 6,100 20,000 50.0
Granite 5,800-6,100 19,000-20,000 50.0-52.5
Gabbro 7,200 23,600 424

Table 7-2

Compressional-Wave Velocity and Transit Time in Some Common Rocks and Fluids

[Single values are averages]

17,000 to 20,000 ft/s, which can be used to check the calibration of the sonde. It is

possible to make the same check in a drill hole that contains free-hanging steel pipe.
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4.2.11.14.5 RADIUS OF INVESTIGATION. The radius of investigation of an acoustic-
velocity probe is reported to be approximately three times the wavelength. The
wavelength is equal to the velocity divided by the frequency. At a frequency of 20,000
Hz, the radius of investigation theoretically is about 0.23 m (0.75 ft) for unconsolidated
rocks with a velocity of 1,500 m/s (5,000 ft/s), and 1.1 m (3.65 ft) for very hard rocks
with a velocity of 7,600 m/s (25,000 ft/s). A lower transmitter frequency will increase the
volume of investigation, but it will decrease the resolution of small features, such as

fractures.

4.2.11.14.6 CYCLE SKIPPING. One of the most obvious problems on acoustic-velocity
logs is cycle skipping, caused by the amplitude of the first compressional cycle being
too low for detection, or by pre-arrival noise of sufficient amplitude to be detected. If the
first cycle is detected at the near receiver and the second cycle is detected at the far
receiver, the resulting transit time will be much too long, and the log will show a very
sharp deflection. Often signal amplitude will vary above and below detection level,
which causes rapid fluctuations in the log trace, which can be recognized as cycle skips.
Cycle skipping frequently is blamed on gas in the well; however, any condition that
causes the compressional wave to drop below detection level will produce cycle
skipping on the log. Causes include improper adjustment of signal or detection level,
fractures or washouts, high-attenuation rocks, and gas in the fluid. Cycle skipping can

be used to locate fractures in some wells, but corroborating evidence is necessary.

4.2.11.14.7 LITHOLOGIC FACTORS. Acoustic velocity in porous media is dependent
on such lithologic factors as: the type of matrix; density; size, distribution, and type of
grains and pore spaces; degree of cementation; and the elastic properties of the
interstitial fluids. The widely used time average equation does not account for most of
these factors, but it has been found to produce reasonably correct porosity values under
most conditions. Figure 7-26 is a plot of porosity values measured on core versus transit
time from an acoustic-velocity log, for a sequence of basin-fill sedimentary and volcanic
rocks in Idaho. The correlation coefficient for the core and log data from this well is 0.87,

even though a wide range of rock types with different matrix velocities were logged.
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Acoustic-velocity logs are very useful for providing information on lithology and porosity
under a fairly wide range of conditions.
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Figure 7-26
Relation of acoustic-transit time to porosity for tuff, sandstone, and siltstone, Raft River

geothermal reservoir, Idaho

They usually are limited to consolidated materials penetrated by uncased, fluid-filled
wells; however, lithologic information can be obtained when casing is well bonded to the
rocks. Resolution of thin beds is good when 1-ft receiver spacing is used; contacts
usually are marked by sharp deflections.

4.2.11.14.8 SECONDARY POROSITY. In some geohydrologic environments, such as

carbonates, porosity from an acoustic-velocity log and from a neutron log or core can be
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cross-plotted to identify intervals of secondary porosity. Acoustic-velocity logs do not
detect most nonuniformly distributed secondary porosity, whereas neutron logs respond
to all water-filled pore spaces. In the permeable intervals identified on flowmeter logs,
many acoustic-log porosities were lower than the corresponding neutron-log and core

values because of secondary porosity.

4.2.11.15 ACOUSTIC WAVE-FORM LOGGING.

4.2.11.15.1 PRINCIPLES. Considerable information on lithology and structure is
available through analyses of the various components of a received acoustic signal.
Analyses may include amplitude changes, ratios of the velocities of various components
of the wave train, and frequency dependent effects. There are two main categories of

waves in a borehole:

e refracted waves, and

e guided waves.

Refracted waves travel from the transmitter through the fluid and are refracted at the
borehole wall, where they travel through the rock until refracted again through the fluid
to the receivers. Guided waves travel in the borehole fluid or at the borehole wall/fluid
interface. Cement-bond logs are included in this discussion, because wave-form data
are needed to increase the accuracy of interpretation of these logs. Acoustic wave
forms can be recorded digitally, pictures can be made of the display on an oscilloscope,
or a variable-density log can be made. The variable-density log (VDL) or 3-dimensional
(3-D) velocity log is recorded photographically, so that variations in darkness of the
record are related to changes in amplitude of cycles in the wave form. The banded
display on the right is the VDL, which is a representation of the wave train in time from
transmitter pulse. Frequency of the waves is related to the width of the black and white
or grey bands. The grey scale scheme in this VDL is such that white represents high-
amplitude negative wave pulses, grey the low-amplitude waves, and black represents

high-amplitude positive pulses. A digitized wave form log is the most useful type of
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record, because data can be analyzed quantitatively. Velocities and amplitudes of all
parts of the recorded wave form can be measured from a digital record. Furthermore,
digitized wave form data enable acoustic velocity or transit time logs to be corrected
later where the algorithm that detected the first arrival was not functioning properly.

4.2.11.15.2 INTERPRETATION AND APPLICATIONS. Elastic properties of rocks can
be calculated from the velocities of P- and S-waves and from corrected bulk density
from a gamma-gamma log. The elastic properties or constants that can be determined
are shear modulus, Poisson’s ratio, Young’s modulus, and bulk modulus. The shear
modulus is defined in terms of density and S-wave velocity, as given in the following

equation:

F pﬁp'f (7-4)

where
(¢ = shear modulus
P, = bulk. mass density
V. = shear-wave velocity
Poisson’s ratio n is the ratio between strain in the direction of principal stress and strain

in either transverse direction, and is defined in terms of P- and S-wave velocities

by the following:
v =(a’-2)/[2a? - 1] (7-5)
where
v = Poisson’s ratio
a=Vv,

V, = P-wave velocity
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Young’s modulus is the factor of proportionality between stress and strain and is

fundamentally related to the material constants given above by the following equation:
E =2G(1 + V) (7-6)
where

E = Young s modulus

It should be noted that the above relationships were derived for homogeneous, isotropic
conditions, which do not exist in the geologic environment. Still, in practice these
expressions provide useful engineering estimates for the elastic properties of rocks, and
an analytical overview of the interrelationships among density, velocity, and moduli. For
example, Equation 7-4 reveals that the shear modulus varies directly with density, but
with the square of shear velocity, indicating the strong dependency of the shear
modulus on transverse velocity. It is interesting to note from Equation 7-5 that Poisson’s
ratio is not physically meaningful for compression/shear velocity (Vp/Vs) ratios less than
1.42 (Poisson’s ratio becomes negative). In general, higher Poisson’s ratios indicate
less competent rock. Ice, which is more deformable than most rock, has a Vp/Vs ratio of
approximately 2.0, which corresponds to a Poisson’s ratio of 0.33. The major fracture
zones in the overlying rock are shown by extremely low shear moduli of less than 14

gigapascals (two million psi).

4.2.11.15.3 TUBE WAVES. Palillet (1980 and 1981) describes the characterization of
fractures by various acoustic techniques. A significant finding was that a
semiquantitative correlation exists between the attenuation of tube-wave amplitude in
small-diameter drill holes in crystalline rocks and the permeability of fractures
determined by packer isolation tests. Thus, tube-wave amplitude logging has the
potential for predicting the relative flow through fractures in hard rocks. The tube wave
is part of the fluid wave propagated along the borehole wall under certain conditions; it
apparently is attenuated where water in the borehole is free to move in and out of
fractures. Figure 7-29 shows the correlation between a tube wave amplitude log
calculated from digitized acoustic wave form data and fracture aperture or permeability
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from straddle packer tests. VDL indicates fractures as the low-velocity zones. The
single point resistance is primarily controlled by the presence or absence of fractures.
Natural flow in or out of the borehole through fractures affects the thermal gradient of
the borehole fluid so that changes noted on the temperature log by arrows indicate

natural fracture flow.

4.2.11.16 CEMENT-BOND LOGGING. Cement-bond logging usually employs a single
receiver to obtain information on the quality of the bond between casing and cement
and between cement and borehole wall. Most cement-bond logs are a measurement
only of the amplitude of the early arriving casing signal, but to improve the accuracy of
interpretation, the full acoustic wave form is needed for study. Although a small amount
of the total acoustic energy may be received from the rock when the casing is free to
vibrate, the formation signal usually is not detectable. The detection of channeling
through cement in the annular space is one of the main objectives of cement-bond
logging; yet, even an expert in the analysis of cement-bond logs probably will not locate
all channels accurately.

© J. Paul Guyer 2015 96



~1 Tube wave amplitude

1eged |
0 20 40
(O Fracture aperture, yum/m

Figure 7-29
Plot showing a comparison of tube wave amplitude calculated from acoustic wave form

data and hydraulic fracture aperture calculated from straddle packer tests
4.2.11.17 ACOUSTIC-TELEVIEWER LOGGING.

4.2.11.17.1 PRINCIPLES. An acoustic televiewer (ATV) is a logging device that can
provide high-resolution information on the location and character of secondary porosity,
such as fractures and solution openings. It also can provide the strike and dip of planar
features, such as fractures and bedding planes. An ATV also is called the borehole
televiewer but this term occasionally causes it to be confused with borehole television.
An ATV employs a rotating high-frequency transducer that functions as both transmitter
and receiver. The piezoelectric transducer is rotated at three or more revolutions per

second and is pulsed approximately 1,200 times per second. High-frequency acoustic
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energy is reflected from, but does not penetrate, the borehole wall. A trigger pulse is
transmitted to the surface equipment from a fluxgate magnetometer each time the
transducer rotates past magnetic north. This pulse triggers the sweep of an oscilloscope
or graphic recorder, so that each sweep represents a 360-deg scan of the borehole
wall. The brightness of the oscilloscope trace is proportional to the amplitude of the

reflected acoustic signal, somewhat analogous to a rotating depth finder in a boat.

4.2.11.17.2 PROCEDURE. The probe must be centralized accurately with bow springs,
so the signal path will be the same length in all directions. As the probe moves up the
hole, a signal is generated that moves the sweeps across the oscilloscope or other type
of graphic recorder to produce a continuous record of the acoustic reflectivity of the
borehole wall. The received signal may also be recorded in analog format on standard
VHS tape for later playback and enhancement of the graphic record. The signal from
the ATV probe may be digitized in new generation probes or subsequently from the
VHS analog tape from older systems. The digital data file may then be enhanced,
analyzed, and displayed in various color formats using a computer program. This
program, and similar programs developed by logging companies, produces three-
dimensional plots, calculates the aperture and strike and dip of fractures, the orientation
of breakouts, borehole diameter, acoustic reflectivity, stress field, etc. The ATV log is a
cylinder that has been opened along the north side and flattened, as illustrated in Figure
7-30. In this figure, an open fracture dipping to magnetic south is shown intersecting a
drill hole in a three-dimensional drawing on the left. The hypothetical televiewer log on
the right shows the fracture as it might appear, as a dark sinusoid, with the low point
oriented toward magnetic south. The transducer rotates clockwise, as viewed looking
down the well; hence, compass directions are in the order shown at the bottom of the
log. Fractures and other openings in the borehole wall or in casing appear as dark areas
for several reasons. Increasing well diameter means the acoustic signal must travel
farther, and that it will be more attenuated by the fluid in the borehole. In addition, part
of the surface of fractures and other openings is not at right angles to the incident

acoustic signal, so that it is not reflected back to the transducer.
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Figure 7-30. Three-dimensional view of a fracture and appearance of the same fracture
on an acoustic-televiewer log. D is borehole diameter and h is the length of the fracture

intercept in the borehole

4.2.11.17.3 ACOUSTIC-CALIPER LOG. Modifications to ATV equipment permit
recording an acoustic-caliper log, which consists of four high-resolution traces. Use of a
lower frequency transducer provides better penetration of casing, and the tool can be
used to examine cement in the annular space. Experience has demonstrated the ability
of a lower frequency probe to locate voids and channels in cement that were not
detected by other logging methods. Acoustic televiewer logs, made in steel casing or in
the presence of large concentrations of magnetic minerals, are not oriented, because

the magnetometer will not work under these conditions. A switch in the tool can be used
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for triggering the sweep instead of the magnetometer; as a result, compass orientation

of the edge of the log will rotate as the tool is brought up the hole.

4.2.11.17.4 QUANTITATIVE OUTPUT. Two quantitative outputs of the acoustic
televiewer occur that may require calibration and occasional standardization onsite. The
magnetometer needs to be checked with a compass to determine if it triggers on
magnetic north within a degree, if possible; this can be accomplished by using a narrow
reflective object in a plastic bucket filled with water. The lower set of centralizers usually
are removed for this procedure. If an acoustic-caliper log is to be run, hole-diameter

response needs to be checked.

4.2.11.17.5 VOLUME OF INVESTIGATION. The concept of volume of investigation
does not apply to the televiewer in a strict sense because, with the typical high-
frequency transducer, most of the signal is received from the wall of the borehole. Even
if the frequency is reduced to half the usual value, rock penetration is small. However,
acoustic televiewer probes have mechanical and electronic limits to the diameter of the
well that can be logged. The operating range of borehole diameter for most tools is from
76 to 400 mm (3 to 16 in.).

4.2.11.17.6 INTERPRETATION. An acoustic televiewer provides a record of the
location, character, and orientation of any features in the casing or borehole wall that
alter the reflectivity of the acoustic signal. These include diameter and shape of the drill
hole, wall roughness that may be caused by drilling procedures or lithology, differences
in rock hardness, and structural features like bedding, fractures, and solution openings.
The smallest feature that can be resolved on an ATV log depends on a number of
factors; among them are hole diameter and wall roughness. Under the right conditions,
features as small as 1 mm, or possibly even smaller, can be identified. Figure 7-31 is a
comparison of fractures detected by borehole television, detailed core description, and
by the acoustic televiewer at a reactor site in Canada. The first two are diagrammatic
reconstructions of the fractures, and the ATV log is a copy of the field log. The ATV

shows all of the open fractures that are likely to be capable of transmitting water.
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Borehole television or video missed some of these fractures and some of the fractures

shown as dashed on the core log are actually only visible with a hand lens.

4.2.11.17.7 APPLICATIONS. A televiewer log of a fracture producing zone in a
geothermal well at Roosevelt Hot Springs, Utah, is shown in Figure 7-32. Acoustic- and
mechanical-caliper logs of this zone are shown in Figure 7-33. These logs were made at
temperatures as high as 260°C. The fracture-producing interval shown in Figure 7-32 is
approximately 1.2 m thick; it apparently is the result of alteration and solution, along a
series of subparallel fractures, seen as black sinusoids in the figure. The fracture at the
top of the interval appears to be about 150 mm (6 in.) wide, based on the log; it is
probably much less. Fractures tend to be broken out during drilling, and the broken
edges further increase the apparent thickness on the log by refracting the acoustic
signal. This is particularly evident at the top and bottom of the sinusoid on steeply
dipping fractures, as illustrated in Figure 7-30. The open fracture in the fracture
producing zone is paralleled by one relatively tight fracture above, and probably six
fractures below, which produced a brecciated, and probably altered, permeable zone.
The effect of drilling technique and lithology on the interpretation of fracture character
from ATV logs is discussed. Log quality generally is not as good where the wall of the

hole is rough, or where rocks are soft.

4.2.11.17.8 STRIKE AND DIP. To calculate the strike and dip of fractures or bedding,
the following information is needed: the vertical intercept distance on the ATV log H as
shown in Figure 7-30; the direction of dip from the ATV log; and, the hole diameter D
from a caliper log. The same measuring units must be used for H and D. The angle of
dip, in degrees, is equal to the arc tangent of H/D. If the average H for the fractures in
Figure 7-30 is 12 in. and the hole diameter is 6 in., the dip would be 63 deg; if the hole
diameter is 12 in., the dip would be 45 deg. Direction of dip usually can be measured to
the nearest 5 deg, using a 360-deg scale constructed to fit the width of the ATV log. The

average direction of dip of the fractures in Figure 7-32 is slightly south of west.
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4.2.11.17.9 ORIENTATION OF STRESS FIELD. Orientation of the stress field may be
determined from an analysis of ATV
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Figure 7-31
Diagram showing comparison of reconstructed fracture data from borehole television,

and a detailed core log, with a copy of an acoustic televiewer log

© J. Paul Guyer 2015 102



TELEVIEWE

giamiil:

o+
=

PR P L

10 FEET

N E S W N
ROOSEVELT HOT SPRINGS
ZONE A

Figure 7-32.
Acoustic-televiewer log of fracture-producing zone A in a geothermal well, Roosevelt

Hot Springs, Utah
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Figure 7-33
Mechanical- and acoustic-caliper logs of fracture-producing zone A in a geothermal

well, Roosevelt Hot Springs, Utah

logs made in wells where fractures have been induced hydraulically, either intentionally
or accidentally, by drilling. Hydraulic fractures are oriented perpendicular to the
direction of least principal stress. Hydraulic fractures accidently induced during drilling
may provide permeable pathways for waste migration at environmental sites. Breakouts
are increases in borehole diameter oriented at right angles to the maximum, principal,
horizontal stress. They are easily recognized on ATV logs and have been discussed in
detail by others. Breakouts appear as two vertical dark bands with irregular margins
located approximately 180 deg apart on the log.

4.2.11.17.10 ADDITIONAL APPLICATIONS. The acoustic televiewer can also be used
to examine casing for holes and to locate joints in pipe and well screens; borehole
television might be better for these purposes if the water is clear and the walls are
clean. Above the water level, television needs to be used because the ATV will not

operate.

4.2.11.17.11 EXTRANEOUS EFFECTS. Interpretation of televiewer logs is complicated

by a number of extraneous effects. Most significant are poor centralization, incorrect
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gain settings, errors from borehole deviation, and aberrations in the magnetic field.
Significant deviation from vertical is common in deep drill holes, which introduces
several errors on ATV logs. In addition to the obvious error in the measured vertical
depth, corrections must be made to dip and strike calculated from ATV logs in deviated
holes. Boreholes are not usually round, and this produces vertical black bands on ATV
logs. Poor tool centralization in deviated wells produces similar features on the logs.
Choosing the proper gain setting for the tool is a matter of operator experience and is
quite important in producing high quality logs.

4.2.11.18. CALIPER LOGGING.

4.2.11.18.1 PRINCIPLES. Caliper logs provide a continuous record of borehole
diameter and are used widely for groundwater applications. Changes in borehole
diameter may be related to both drilling technique and lithology. Caliper logs are
essential to guide the interpretation of other logs, because most of them are affected by
changes in well diameter. They also are useful in providing information on well
construction, lithology, and secondary porosity, such as fractures and solution openings.
Many different types of caliper probes exist. The most common type of probe used for
logging water wells has three arms approximately the diameter of a pencil, spaced 120
deg apart. Arms of different lengths can be attached to this type of tool to optimize
sensitivity over the hole-diameter range expected. Mechanical caliper probes have been
used that will measure to a maximum hole diameter of 1 m (42 in.). The typical water-
well caliper employs arms that are connected to move a linear potentiometer; so
changes in resistance, transmitted to the surface as voltage changes, are proportional
to average hole diameter. Single-arm calipers commonly are used to provide a record of
hole diameter while running another type of log. The single arm also may be used to
decentralize a probe, such as a side-collimated gamma-gamma tool, but logs made with
this type of probe are usually not high resolution. High-resolution caliper-logging devices
usually employ three or four independent arms, and they are compass oriented in some
tools. The difference in resolution between logs made with a four-arm device and the

more common types is shown in Figure 7-34. The high resolution logs on the left were
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made with four independent arms. The three-arm averaging tool is typical of that used in
engineering and environmental applications, and the single arm log on the right was
recorded during the running of a compensated gamma-gamma log. The apparent erratic
response on the four- arm caliper logs in part of the well is repeatable and is caused by
solution openings in the carbonate rock. Digital sample interval should be close spaced,
such as 0.03 m (0.1 ft), if high resolution logs are desired. Acoustic calipers may use the
time-of-travel data from an acoustic televiewer to provide compass-oriented, high-

resolution traces.

4.2.11.18.2 CALIBRATION. Calibration of calipers is carried out most accurately in
cylinders of different diameters. Large cylinders occupy a considerable amount of room
in a logging truck, so it is common practice to use a metal plate for onsite
standardization of three-arm averaging or single-arm probes. The plate is drilled and
marked every inch or two and machined to fit over the body of the probe and accept one
caliper arm in the holes. Because values obtained with a calibration plate are not as
accurate as those obtained with a cylinder, usually log scale is checked using casing of

known diameter in the well.
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Figure 7-34.
Caliper logs from probes having four independent arms, three averaging arms, and a

single arm, Madison limestone test well No. 1, Wyoming

4.2.11.18.3 INTERPRETATION. A valid caliper log is essential to guide the

interpretation of the many different types of logs that are affected by changes in hole

diameter, even those that are labeled borehole compensated. Differences in hole
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diameter are related to drilling technique and lithology and structure of the rocks
penetrated. The shallower part of a hole is usually larger diameter than the deeper part,
because it has been exposed to more drilling activities. Couplings, welds, and screens
may be located on a high-resolution caliper log.

4.2.11.18.4 APPLICATIONS. Caliper logs have been used to correlate major producing
aquifers in the Snake River Plain in Idaho. Vesicular and scoriaceous tops of basalt
flows, cinder beds, and caving sediments were identified with three-arm caliper logs. In
the Snake River, basalt caliper logs also were used to locate the optimum depth for
cementing monitoring wells and to estimate the volume of cement that might be
required to achieve fill of the annulus to a preselected depth. Similarly, a caliper log can
be used to calculate the volume of gravel pack needed and to determine the size of
casing that can be set to a selected depth. Caliper logs are particularly useful for
selecting the depths for inflating packers. Packers can be set only over a narrow
specified range of hole diameters and may be damaged if they are set in rough or
irregular parts of a well. Packers set under these conditions may explode; if they are set
on a fracture, they may implode or be bypassed by flow. Caliper logs are useful for
determining what other logs can be run and what range of diameters will be accepted by
centralizers or decentralizers. Hole-diameter information is essential for the calculation
of volumetric rate from many types of flowmeter logs. Because of the usefulness of a
caliper log to the interpretation of other logs, it needs to be run before casing is installed
in a hole that is in danger of caving. When hole conditions are questionable, the first log
run is usually the single-point resistance log, because it will provide some lithologic
information; if it is lost, the tool is relatively inexpensive to replace. If no serious caving
problems are detected during the singlepoint log, a caliper log needs to be run before
casing is installed so it can be used to aid the analysis of nuclear logs made through the
casing. Very rough intervals of a drill hole, with changes in hole diameter of several
inches, cannot be corrected based on caliper logs, and they need to be eliminated from

guantitative analysis.
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4.2.11.18.5 LITHOLOGY AND SECONDARY POROSITY. Caliper logs can provide
information on lithology and secondary porosity. Hard rocks like limestone will show on
the log as a smaller diameter than adjacent shales. Shales may produce an irregular
caliper trace, caused by thin bedding. Secondary porosity, such as fractures and
solution openings, may be obvious on a caliper log, although the character will not be
uniquely defined as it would be on an acoustic televiewer log. Four traces from an
acoustic-caliper log and a mechanical-caliper log for a fracture-producing zone in a
geothermal well at Roosevelt Hot Springs, Utah, are included in Figure 7-33. The
oriented traces of the acoustic caliper clearly show the apparent openness of the
fractures and the direction of dip of the larger fracture at the top of the zone. These
traces also demonstrate that the drill hole is not symmetrical or round, which is a typical
condition. Open fractures are detected readily by three-arm averaging calipers but the
true character of the fractures may not be correctly interpreted from a caliper log. If an
open fracture is dipping at a sufficient angle so that the three arms enter the opening at
different depths, the separate anomalies produced will indicate three fractures rather
than one.

4.2.11.19 FLUID LOGGING. Fluid logging includes those techniques that measure
characteristics of the fluid column in the well; no direct signal is derived from the
surrounding rocks and their contained fluids. The fluid logs that are described here are
temperature, electrical conductivity, and flow. Fluid logs are unique in that the recorded
characteristics of the fluid column may change rapidly with time and may be altered by

the logging process.

4.2.11.20 TEMPERATURE LOGGING.

4.2.11.20.1 PRINCIPLES. Temperature probes used in groundwater and environmental
studies employ a glass-bead thermistor, solid-state IC device or platinum sensor
mounted in a tube that is open at both ends to protect it from damage and to channel
water flow past the sensor. The sensor may be enclosed in a protective cover, but it

must be made of materials with a high thermal conductivity and small mass to permit
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fast response time. Thermistor probes used by the U.S. Geological Survey have an
accuracy, repeatability, and sensitivity on the order of 0.02°C. They also are very stable
over long periods of time, but they have the disadvantage of a nonlinear temperature
response. For high-temperature logging in geothermal wells, platinum sensors may be
used that have an accurate, stable, and linear response. Two general types of
temperature logs are in common use: the standard log is a record of temperature versus
depth; and the differential-temperature log is a record of the rate of change in
temperature versus depth. The differential temperature log can afford greater sensitivity
in locating changes in gradient. The differential-temperature log can be considered to be
the first derivative of the temperature; it can be obtained with a probe with two sensors
located from 0.3 to 1.0 m apart or by computer calculation from a temperature log. A
differential log has no scale and log deflections indicate changes from a reference

gradient.

4.2.11.20.2 CALIBRATION. Calibration of temperature probes needs to be carried out
in a constant temperature bath, using highly accurate mercury thermometers. The bath
and probe need to reach equilibrium before a calibration value is established. Onsite
standardization cannot be carried out with great accuracy because no portable
substitute exists for a constant-temperature bath. The only temperature that can be
achieved and maintained for sufficient time to permit a valid calibration is 0°C, in an ice
bath.

4.2.11.20.3 INTERPRETATION. Temperature logs can provide very useful information
on the movement of water through a well, including the location of depth intervals that
produce or accept water; thus, they provide information related to permeability.
Temperature logs can be used to trace the movement of injected water or waste and to
locate cement behind casing. Although the temperature sensor only responds to water
or air in the immediate vicinity, recorded temperatures may indicate the temperatures of

adjacent rocks and their contained fluids if no flow exists in the well.
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4.2.11.20.4 APPLICATIONS. Temperature logs can aid in the solution of a number of
groundwater problems if they are properly run under suitable conditions and if
interpretation is not oversimplified. If there is no flow in, or adjacent to, a well, the
temperature gradually will increase with depth, as a function of the geothermal gradient.
Typical geothermal gradients range between 0.47 and 0.6°C per 30 m of depth; they are
related to the thermal conductivity or resistivity of the rocks adjacent to the borehole and
the heat flow from below. The geothermal gradient may be steeper in rocks with low
intrinsic permeability than in rocks with high intrinsic permeability.

4.2.11.20.5 THERMAL GRADIENT. The sensor in a temperature probe only responds
to the fluid in its immediate vicinity. Therefore, in a flowing interval, measured
temperature may be different from the temperature in adjacent rocks. Under these
conditions, a thermal gradient will exist from the well outward. Only in a well where no
flow has occurred for sufficient time to permit thermal equilibrium to be established,
does a temperature log reflect the geothermal gradient in the rocks. If vertical flow
occurs in a well at a high rate, the temperature log through that interval will show little
change. Vertical flow, up or down, is very common in wells that are completed through
several aquifers or fractures that have different hydraulic head, although the flow rate is
seldom high enough to produce an isothermal log. Movement of a logging probe
disturbs the thermal profile in the fluid column. Unless rapid flow is occurring, each
temperature log will be different. High-logging speed and large-diameter probes will
cause the greatest disturbance. The most accurate temperature log is made before any
other log, and it is recorded while moving slowly down the hole. Convection is a major
problem in the interpretation of temperature logs, particularly in large-diameter wells and
in areas of high-thermal gradient. Convective cells in large-diameter wells can cause

major temperature anomalies unrelated to groundwater movement.

4.2.11.20.6 EXAMPLE. Identification of fractures producing groundwater from Triassic
sedimentary rocks is illustrated in Figure 7-35. The temperature log on the left shows
several changes in gradient that are clearly defined by the computer-derived differential-

temperature log. The caliper log suggests that water production may come from
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fractures; this interpretation is substantiated by the acoustic-televiewer logs, on the

right.

4.2.11.20.7 ADDITIONAL APPLICATIONS. Temperature logs can be used to trace the
movement of injected water. A sampling of several hundred temperature logs run during
a 7-day recharge test in the high plains of Texas is shown in Figure 7-36. Water from a
playa lake was injected into an irrigation well, and logging was used to determine the
movement of the recharge water and the extent of plugging of the Ogallala aquifer.
Several monitoring holes were drilled and completed with 2-in. steel pipe, capped on the
bottom and filled with water. The logs in Figure 7-36 were of a monitoring hole located
12 m from the injection well. Most of the time, the water in the playa lake was warmer
than the groundwater, and the lake temperature fluctuated several degrees each day.
The passing of a cold front caused a marked decrease in temperature of the lake water.
The first warm water was detected in the monitoring hole less than 4 hr after recharge
started. The temperature logs indicated that the interval of highest permeability was
located at a depth of approximately 50 m (160 ft). Water did not arrive at a depth of 55
m (180 ft) until the third day. Diurnal temperature fluctuations and buildup of a recharge
cone can be observed in Figure 7-36. Data plotted in Figure 7-37 were calculated from
temperature logs of the same borehole; however, logs from other holes gave similar
results. The solid line in the upper half of Figure 7-37 shows the diurnal-temperature
fluctuations of the recharge water obtained from a continuous recorder on the recharge
line. The other three lines represent fluctuations at three depths in the monitoring well,
as obtained from temperature logs. The points shown by symbols represent the
calculated center of the thermal waves. Travel times of the centers of the waves did not
decrease during the life of the test, except possibly at the end. Test results show that
the aquifer was not plugged by recharging water with a high content of suspended
solids and entrained air, and the well yield was greatly increased. Temperature logs can
be used to trace the movement of water that has been injected from a tank that has
been allowed to heat in the sun. In a similar fashion, temperature logs can be used to

locate plumes of wastewater that result from injection in
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Figure 7-37. Diurnal-temperature cycles and travel
times, based on temperature logs of a monitoring hole

39 ft from a recharge well

wells or seepage from ponds, if the wastewater temperature is sufficiently different from
the groundwater. Temperature logs also can be used to determine the location of

cement grout outside of casing. The casing is filled with water, and the log usually is run

© J. Paul Guyer 2015 114



within 24 hr of grout injection; however, anomalous temperatures may persist for

several days.

4.2.11.21 CONDUCTIVITY LOGGING.

4.2.11.21.1 PRINCIPLES. Logs of fluid electrical conductivity, which is the reciprocal of
fluid resistivity, provide data related to the concentration of dissolved solids in the fluid
column. Although the fluid column may not reflect the quality of adjacent interstitial
fluids, the information can be useful when combined with other logs. Fluid conductivity
or resistivity logs are records of the capacity of the borehole fluid that enters the probe
to transmit electrical current. The probe should not be affected by changes in the
conductivity of adjacent fluids or solid materials because it is constructed with the
electrodes inside a housing. Ring electrodes are installed on the inside of a steel tube
that is open at both ends, so water will flow through as the probe moves down the well.
The electrodes are usually gold or silver to reduce changes in contact resistance
caused by chemical reactions, and they are insulated from the steel housing.
Conductivity is recorded in ymho/cm or uS/cm, which is equal to 10,000 divided by the
resistivity in Wm. Both units are used for fluid logging, and they can be converted to
standard temperature by use of an appropriate chart. Specific conductance is measured
at the standard temperature of 25°C. Calibration usually is done empirically in solutions
of known sodium chloride concentration, because most charts are based on this salt,
and conversion factors are available to correct for the presence of other ions. The
salinity of the calibration solution may be calculated by adding a known amount of salt
to distilled water and converting to conductivity, or by measuring with an accurate
laboratory conductivity meter. Temperature of the calibration solution is recorded while
the measurement is being made, and it needs to be uniform and stable. Onsite
standardization may be carried out using several fluids of known concentration in plastic
bottles sufficiently large to allow submersion of all electrodes in the probe. A laboratory
conductivity cell or a less accurate mud resistivity kit also can be used. Disturbance of
the fluid column in the borehole can make fluid-conductivity logs difficult to interpret.

Disturbance of an equilibrium salinity profile can be caused by the movement of logging
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probes or by convective flow cells. Because of the possibility of disturbance by logging,
the most accurate fluid conductivity log is made on the first trip down the well. This
recommendation also pertains to temperature logs, so an ideal probe is capable of

making simultaneous fluid-conductivity and temperature logs.

4.2.11.21.2 INTERPRETATION. The interpretation of fluid conductivity logs is
complicated by the flow regime in a well. Unless the flow system is understood, analysis
of the conductivity profile is subject to considerable error. Information on the
construction of the well, flowmeter logs, and temperature logs are useful in the
interpretation of conductivity logs. When both fluid conductivity and temperature are
known, the sodium chloride concentration can be determined from an appropriate
procedure. Water samples must be analyzed to determine the concentrations of the

various ions so corrections can be made.

4.2.11.21.3 APPLICATIONS. Regional patterns of groundwater flow and recharge
areas may be recognized from fluid conductivity logs of the wells in an area. Fluid
conductivity data can be used to map and monitor areas of saltwater encroachment.
Similarly, the logs can be used to monitor plumes of contaminated groundwater from
waste-disposal operations. Commonly, chemical waste or leachate from solid-waste-
disposal operations produces groundwater with a higher than normal conductivity.
Conductivity logs provide the basis for selecting depths from which to collect water
samples for chemical analyses. Fluid-conductivity logging equipment can be used to
trace the movement of groundwater by injecting saline water or deionized water as a
tracer. Small amounts of saline water may be injected at selected depths, and
conductivity logs may be used to measure vertical flow in a single well, or larger
amounts may be detected in nearby wells. Another important use for fluid-conductivity
logs is to aid in the interpretation of electric logs. Spontaneous potential, single-point
resistance, and many types of multi-electrode-resistivity logs are affected by the salinity

of the fluid in the well.

4.2.11.22 FLOW LOGGING.
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4.2.11.22.1 PRINCIPLES. The measurement of flow within and between wells is one of
the most useful well-logging methods available to interpret the movement of
groundwater and contaminants. Flow measurement with logging probes includes
mechanical methods, such as impellers, chemical and radioactive tracer methods, and
thermal methods. Their primary application is to measure vertical flow within a single
well, but lateral flow through a single well or flow between wells also may be recorded
by borehole geophysical methods.

4.2.11.22.2 IMPELLER FLOWMETER. The most common logging probe used at the
present time for measuring vertical fluid movement in water wells is the impeller
flowmeter, which is a relatively inexpensive and reliable instrument. Most impeller
flowmeters incorporate a lightweight three- or four-bladed impeller that rotates a magnet
mounted on the same shaft. The magnet actuates a sealed microswitch, so that one or
more pulses are impressed on low-voltage direct current that is connected across the
switch. The impeller is protected from damage by a basket or housing, and the probe is
centralized with bow springs, or similar devices, for best results. Baskets and impellers
of different diameters are available and are easily changed, so the maximum size for a
well can be used to increase sensitivity. Continuous logs of flow rate may be made at a
constant logging speed and supplemented by more accurate stationary measurements
at selected depths. The main shortcoming of impeller-type flowmeters is the lack of
sensitivity to low-velocity flow. The most commonly used impeller flowmeters usually
stall at vertical velocities of 1.2 to 1.5 m/min (4 to 5 ft/min), although it is possible to
measure velocities as low as one half those velocities under some conditions. The
addition of a packer or other flange-like device to divert most of the flow through the

basket will improve sensitivity to low velocity, particularly in large-diameter wells.

4.2.11.22.3 TRACER TECHNIQUES. Tracer methods have been used in groundwater
for many years, but only those that employ logging equipment are described here.
Tracer techniques are useful at much lower velocities than impeller flowmeters; rates of

about 1 m/day may be detected. The most commonly employed methods use a probe to
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follow the vertical movement of a chemical or radioactive tracer injected at selected
depths in a well. An extension of this method may permit the detection of arrival of the
tracer by logging adjacent wells. Radioactive tracers can be detected at lower
concentrations than chemical tracers; most of them can be detected through casing.
The difficulties in obtaining the permits necessary for using radioactive tracers has
restricted their application. Temperature and fluid conductivity logs can also be used to

measure flow rates between wells.

4.2.11.22.4 HEAT-PULSE FLOWMETERS. A heat-pulse flowmeter originally was
developed in England. Its design was modified extensively, and a new probe was built
by the U.S. Geological Survey. The modified version works reliably and has been used
in wells to measure very low velocities. The wire heat grid, located between two
thermistors, is heated by a 1-ms pulse of electric current which is triggered from the
surface. The heated sheet of water moves toward one of the thermistors under the
influence of the vertical component of flow in the well. The arrival of the heat pulse is
plotted on a chart recorder running on time drive. A deflection of the recorder trace to
the right indicates upward flow, and to the left, downward flow. The system is calibrated
in flow columns of various sizes for flow in each direction, because the tendency for
heated water to rise and the asymmetry of the probe produce slightly different
calibration curves in the two directions. The USGS heat-pulse flowmeter can be used to
measure vertical-water velocities from 30 mm/min or less to 12 m/min or greater (0.1 to
40 ft/min), and it has advantages over both impeller flowmeters and tracer logging. An
inflatable packer or flexible diverter can be attached to a flowmeter to force all flow
through the probe and, thus, improve the performance of the heat-pulse flowmeter. A
similar heat pulse flowmeter is now available commercially. A number of techniques
have been tried for measuring horizontal flow in wells without much success or wide
use. The technigue may not provide an accurate estimate of average direction and
velocity of flow in the aquifer, because of the perturbations in the flow system caused by
the well. A heat-pulse logging system has been developed for measuring horizontal flow

it employs a series of paired thermistors located circumferentially around a heat emitter,
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and it is based on thermal transmission through an enclosing porous matrix of glass

beads.

4.2.11.22.5 CALIBRATION. Calibration of flow-measuring probes is done best in
laboratory facilities designed for this purpose. Subsequent calibration checks and
standardization may be carried out in a well under the proper conditions. The U.S.
Geological Survey has designed and built a facility that is used for calibrating their flow
measuring probes. The test facility consists of clear plastic columns with inside
diameters of 2, 4, and 6 in. connected to a pump that can circulate water in either
direction, at velocities from 21 mm to 15 m/min (0.07 to 50 ft/min), depending on column
size. Onsite standardization or calibration can be performed by moving the flowmeter up
or down a cased portion of a well at carefully controlled logging speeds. Calibration by
this method is only valid at the casing diameter logged. An example of this type of
calibration is shown in Figure 7-40, where the pulses per unit time are plotted against
the logging speed. The two lines with different slopes represent opposite directions of
impeller rotation. The range of tool speeds near this intersection represents the stall
zone where the velocity is too low to turn the impeller. Theoretically, this intersection

represents the velocity at which water was flowing up the well.
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Figure 7-40. Calibration data for an impeller flowmeter,

developed by moving the probe in a well

4.2.11.22.6 HYDROPHYSICAL LOGGING. Fluid replacement and fluid-column
conductivity logging, known by the trade name “Hydrophysical” logging involves fluid
column conductivity logging over time after the fluid column has been diluted or
replaced with environmentally safe deionized water. Hydrophysical logging results are
independent of borehole diameter and the method does not require a flow concentrating
diverter or packer. The logging probe involves relatively simple and readily available

technology and has a small diameter allowing it to be run through an access pipe below
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a pump. Hydrophysical logging is used to determine flow magnitude and direction
during pumping and under ambient conditions, and to identify hydraulically conductive

intervals to within one wellbore diameter.

4.2.11.22.7 INTERPRETATION AND APPLICATIONS. Interpretation of flowmeter logs
is simple if the probe has been properly calibrated and if all the essential information on
hole diameter and construction is available. Vertical flow is common in most wells that
are open to more than one aquifer and flow can be induced by pumping or injecting
water. The heat-pulse flowmeter was used first in the field to identify fractures producing
and accepting water in granitic rocks.. A caliper log and data from the heat-pulse
flowmeter are shown in Figure 7-42. Data from the heat pulse flowmeter were quite
reproducible over a period of 2 weeks, even though pumping and injection tests being
conducted in a well approximately 300 m from the logged well caused short-term
changes. The flowmeter logs and acoustic-televiewer logs at this site enabled the
characterization of permeable fractures. In Figure 7-42, the upper fracture zone, at a
depth of approximately 300 ft (90 m), and the lower zone, at a depth of approximately
940 ft (290 m), both contain thin, discrete fractures that are transmitting much of the
water, rather than thicker, complex fractures within each zone. Note that slightly less
than half of the flow from the upper zone originates in the fracture at a depth of 308 ft
(94 m), although that fracture appears to be the widest on the caliper log. Similarly, the
fracture that appears to be the largest in the lower zone is accepting only a small
percentage of the flow. Acoustic televiewer logs indicated that the same two fracture
zones were intersected in other wells in the area and appear to constitute major

aquifers.
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4.2.11.22.8 FINITE DIFFERENCE MODELING SOFTWARE. A critical element in the
application of hydrophysical logging compared to established conductive tracer
technology is the development of finite difference modeling software routines to
simulate the data obtained in the field. This software also permits the calculation of
permeability. The method can also be expanded to measure other properties such as
water temperature and pH, in order to determine the properties of the formation water
entering the borehole. Therefore, fluid replacement logging can indicate the quality and
physical properties of water entering the borehole along with the magnitude and
direction of flow. In theory, there are no upper or lower limits to the magnitude of flow
that can be detected. Published field studies demonstrate that the technique has
achieved better lowflow resolution than that reported with other flow measurement
techniques.

4.2.11.23 WELL-COMPLETION LOGGING. Logging to determine the construction of a
well is useful for the planning of cementing operations, installation of casing and
screens, hydraulic testing, and guiding the interpretation of other logs. Most of the logs
described in other sections of this manual can provide information on well construction
under some conditions. They will be listed briefly here so the reader can refer to the

detailed descriptions of these logs in the appropriate sections of this manual.

4.2.11.24 CASING LOGGING.

4.2.11.24.1 A NUMBER OF DIFFERENT TYPES OF LOGS can be used to locate
cased intervals in wells. Most electric logs will show a sharp deflection at the bottom of
a string of steel casing. Resistivity-logging systems that are operating properly will
record zero resistivity when all the electrodes are in the casing. Gamma-gamma logs
commonly demonstrate a sharp deflection at the bottom of the casing and may shift at
depths where a second string of casing is located outside the first; however, such shifts
may be difficult to distinguish from changes in hole diameter. High-resolution caliper
logs are excellent for locating the bottom of the inside string of casing and for locating

threaded couplings. If small arms are used, they also may provide data on casing
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corrosion and the location of screens and perforations. Care must be taken to assure

that the arms do not get caught in screens or perforations.

4.2.11.24.2 THE ACOUSTIC TELEVIEWER is one of the highest resolution devices for
obtaining information on casing and screens, but it may be too expensive for some
operations. The televiewer must be operated on the mark switch in steel casing, rather
than magnetometer, to avoid distortion of the log caused by random triggering.
Televiewer logs can provide clear images and accurate locations of screens,
perforations, couplings, and damaged casing. Features as small as 1 mm can be
resolved under the right conditions. Borehole television can provide some of the same
data, but a hard copy of the log is not available for examination at any time. The water

in the well also must be clear to allow light transmission.

4.2.11.24.3 THE CASING-COLLAR locator (CCL) is a useful and relatively inexpensive
device that can be operated on any logging equipment. The simplest CCL probe
contains a permanent magnet wrapped with a coil of wire. Changes in the magnetic
properties of material cutting the magnetic lines of flux cause a small DC current to flow,
which can be used to drive a recorder channel. The standard mode of operation is to
record event marks along the margin of other logs to represent the location of collars in
the casing. The event marker is adjusted so that it is triggered when the DC voltage
exceeds a certain level. A continuous-collar log can be interpreted in terms of the
location of perforations and screens. Corroded casing sometimes can be located by a
high-resolution caliper log; spontaneous-potential logs have been used to locate depth
intervals where active corrosion is taking place. Commercial-logging services are
available for detecting corroded casing. An electromagnetic casing inspection log
measures changes in the mass of metal between two coils; loss of mass may be due to
corrosion. A pipe-analysis survey is run with a centralized probe that employs several
coils. This survey is reported to provide information on the thickness of casing
penetrated by corrosion, whether the damage is internal or external, and isolated or

circumferential. The electromagnetic-thickness survey measures the average casing
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thickness over an interval of about 0.6 m and can be used to monitor changes in

thickness with time.

4.2.11.25 LOGGING ANNULAR MATERIALS.

4.2.11.25.1 THE LOCATION OF CEMENT, bentonite, and gravel pack in the annular
space outside of casing can be accomplished with several logs, but the interpretation
may be ambiguous. A caliper log made before the casing is installed is important to
planning cementing or installation of gravel pack. Caliper logs also are useful in
interpreting logs run for the purpose of locating annular material, because they indicate

the thickness that would be present.

4.2.11.25.2 TEMPERATURE LOGS can be used to locate cement grout while it is still
warm from setup reactions. Cement-bond logs can be used to locate cement after it has
cured, and they may provide information on the quality of the bond between casing and
cement and between cement and rock. Uncompensated, short-spaced gamma-gamma
logs can indicate the location of cured cement or gravel pack, if a gamma-gamma log
was run after installing the casing and prior to filling the annular space; the difference
between the two logs may show the filled interval clearly. The pre-cementing gamma-
gamma log may resemble the reversed caliper log made prior to installation of the
casing. The location of bentonite often is indicated by an increase in radioactivity on
gamma logs; however, all bentonite is not more radioactive than the various background

materials that might be present.

4.2.11.25.3 ACOUSTIC CEMENT BOND logging was developed for annular cement
evaluation in oil and gas production wells. The interpretation of cement bond logs
involves the analysis of the amplitude of the compression wave arrival, and the full wave
form display. Where pipe, cement, and formation are well bonded, the full wave form
display indicates that the acoustic energy from the logging probe is being transmitted to

the formation (a formation response is evident). Furthermore, for the case of continuous
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cement in the annular space with no voids or channels, the compression wave

amplitude is a minimum, increasing where the cement is discontinuous.

4.2.11.25.4 A QUANTITATIVE METHOD EMPLOYING gamma-gamma density logs
calibrated for backfill materials. Below the water surface the saturated sand pack is
indicated by a far detector measurement of 1.9 g/cc, and a near detector measurement
of 1.7 g/cc, values that were confirmed by physical modeling. The difference in densities
between the near and far detectors is due to the greater effect of the low-density PVC
on the near detector. The bentonite slurry seal is less dense than the sand pack, and is
readily recognized on the geophysical log, but appears to be 12 ft (3-2/3 m) thick rather
than the 5 ft (1-1/2 m) specified on the completion schedule. The water surface is
identified by an increase in the 4p count rate above a depth of 130 ft (40 m). Also note
at the water surface the low densities registered by the near and far detectors and high
count rate anomaly on the 4p log, which indicate a washout at that depth. The
cement/bentonite grout below the water surface may be indicated by far detector
densities greater than 2.0 g/cc, and near detector densities of approximately 1.8 g/cc.
The distinct density contrasts above the water surface in Figure 7-43 result from the
density differences among grout, unsaturated alluvium, and air voids. Air voids behind
pipe on this log are identified by densities of approximately 1.0 g/cc for both the near
and far detectors. Grout above the groundwater surface is interpreted for far detector
densities ranging between 1.6 and 2.0 g/cc. The range in density is due primarily to
variations in grout thickness. Unsaturated alluvium is indicated by far detector densities
between 1.4 and 1.6 g/cc. On the left of Figure 7-43 is a “4p grout line,” which indicates
the expected 4p count rate in a 4-in. PVC air-filled pipe with 6:2 cement:bentonite grout
behind the pipe.

4.2.11.26 BOREHOLE-DEVIATION LOGGING.

4.2.11.26.1 DEVIATION OF DRILL HOLES and wells from the vertical is common; it
affects proper completion of the well for its intended use, and it may prevent testing and

logging. Casing and pumps may be impossible to install in a well that is highly deviated,
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and centralized logging probes may not function properly in such a well. The deviation
seldom is consistent, so that both the angle from the vertical and direction may change
rapidly along the borehole. Even auger holes less than 30 m deep have deviated
enough that transmittance logs between the holes are adversely affected. Information
on borehole deviation is needed to calculate the true vertical depth to features of
interest and to correct the strike and dip of fractures or bedding obtained from such logs

as the acoustic televiewer.

4.2.11.26.2 CONTINUOUS LOGS of hole deviation usually are run by companies that
specialize in this technique. Hole deviation data usually are not recorded by standard
logging equipment, except modern dipmeters, which rarely are included on small
loggers. A dipmeter log usually includes a continuous record in the left track of the
azimuth (magnetic north) and the amount of deviation. Some hole-deviation services
provide a printout of azimuth and deviation at predetermined depth intervals, and there
are several methods to mathematically describe the path of the deviated hole from

these measurements.

4.3 GENERAL CROSSHOLE PROCEDURES

4.3.1 INTRODUCTION. The primary purpose of obtaining crosshole data is to obtain the
most detailed in situ seismic- wave velocity profile for site-specific investigations and
material characterization. Crosshole velocity data are valuable for assessing man-made

materials, soil deposits, or rock formations.

4.3.1.1 THE SEISMIC TECHNIQUE determines the compressional (P-) and/or shear (S-
) wave velocity of materials at depths of engineering and environmental concern where
the data can be used in problems related to soil mechanics, rock mechanics, foundation
studies, and earthquake engineering. Crosshole geophysical testing is generally
conducted in the near surface (upper hundred meters) for site-specific engineering
applications. All of a material’s dynamic elastic moduli can be determined from

knowledge of the in situ density, P-, and S-wave velocity. Therefore, since procedures
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to determine material densities are standardized, acquiring detailed seismic data yields
the required information to analytically assess a site. Low-strain material damping and
inelastic attenuation values can also be obtained from crosshole surveys. However, the
most robust application of crosshole testing is the ability to define in situ shearwave

velocity profiles for engineering investigations associated with earthquake engineering.

4.3.1.2 THE OBJECTIVE of acquiring crosshole data can be multipurpose; that is, the
seismic velocity results obtained may be used for evaluation of lateral and vertical
material continuity, liquefaction analyses, deformation studies, or investigations
concerning amplification or attenuation of strong ground motion. Typically, crosshole
surveys are a geophysical tool for performing explorations during what are considered
phase two field investigations (where phase one field investigations include surface
geophysical surveys, follow-up drilling, trenching, and sampling of the in situ materials).
During phase two field exploration, the information gathered is more critical to the
analytical site specific characterization. Although both phase one and phase two results
are important, the two independent sets of data must be integrated into the final

analysis.

4.3.1.3 CROSSHOLE TECHNIQUES are most useful when phase one site explorations
indicate horizontal and particularly vertical variability of material properties. When layers
of alternating density or stiffness are either known to exist or are encountered during
phase one field investigations, then crosshole seismic tests are recommended to define
the in situ velocities within each layer. Acquiring crosshole seismic data resolves hidden
layer velocity anomalies which cannot be detected with conventional surface methods,
allows both final interpretation of other surface geophysical data (seismic or electrical),
and permits both empirical and theoretical correlation with other geotechnical material

parameters.

4.3.1.4 IN ORDER TO HAVE quantitative and quality assured results, crosshole tests
performed for either engineering or environmental problems should be conducted in

accordance with procedures established by the American Society for Testing and
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Materials (ASTM). Crosshole seismic test procedures are outlined in ASTM test
designation D4428 M-84 (1984). The ASTM procedures provide specific guidelines for
borehole preparation, data acquisition, and data reduction/interpretation. Based on ten
years of experience, since the inception of the ASTM standard in 1984, crosshole
geophysical surveys have become more widely used and accepted for engineering as
well as environmental applications. Coupling detailed site information obtained from the
crosshole tests with the overall acceptance of the validity of the velocity data, these
standards use both empirical correlations for liquefaction and specific input parameters

for deformation or ground motion analyses (U.S. Bureau of Reclamation 1989).

4.3.2 THEORY AND EQUIPMENT.

4.3.2.1 CROSSHOLE TESTING takes advantage of generating and recording (seismic)
body waves, both the P- and S-waves, at selected depth intervals where the source and
receiver(s) are maintained at equal elevations for each measurement. Figure 7-44
illustrates a general field setup for the crosshole seismic test method. Using source
receiver systems with preferential orientations in tandem (i.e., axial orientations, which
compliment the generated and received wave type/signal) allows maximum efficiency
for measurement of in situ P- or S-wave velocity depending on the axial orientation. Due
to the different particle motions along the seismic raypath it is crucial to use optimal
source-receiver systems in order to best record crosshole P- or S-waves (Hoar 1982).
Because only body waves are generated in the source borehole during crosshole tests,
surface waves (ground roll) are not generated and do not interfere with the recorded

bodywave seismic signals.

4.3.2.2. STOKOE (1980) DEMONSTRATED THAT PARTICLE MOTIONS generated
with different seismic source types used during crosshole testing are three-directional.
Therefore, three component geophones with orthogonal orientations yield optimal
results when acquiring crosshole P- and/or S-wave seismic signals. With three-
component geophones there is one vertically oriented geophone and there are two

horizontal geophones. For crosshole tests one horizontal geophone remains oriented
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parallel to the axis between the boreholes (radial orientation) and the other one remains
oriented perpendicular to the borehole axis (transverse orientation). In this case, the two
horizontal axis geophones must remain oriented, radially and transversely, throughout
the survey. This is accomplished with loading poles or with geophones that can be

electronically oriented.

4.3.2.3 P-WAVES ARE GENERATED with a sparker or small explosive device (one
that will not damage the PVC casing) such that along the assumed straight-ray
propagation path the seismic impulse compresses and rarefies the materials radially
toward the receiver borehole(s). Experience has proven that for optimal measurement
of the P-wave signal, a hydrophone has the greatest pressure-pulse sensitivity for
compressional-wave energy. Also, hydrophones do not need to be clamped against the
borehole wall; however, water must be present in the receiver borehole in order to

couple the hydrophone to the casing/ formation.

4.3.2.4 FOR EITHER SURFACE or crosshole seismic testing in unconsolidated
materials, P-wave velocity measurements are greatly affected by the moisture content
or percent saturation. In crosshole testing the seismic measurements encroach closer to
the water surface with each successive depth interval. As the vadose zone and water
surface are encountered, P-wave velocities become dependent upon the percent
saturation and the Poisson’s ratio is no longer a valid representation of the formation
characteristics (e.g., Poisson’s ratio increases to 0.48-0.49 in 100 percent saturated
soils). Hence, below the water surface the P-wave is commonly termed the fluid wave,
because its propagation velocity is governed by the pore fluid(s); not the formation
density. Fluid-wave velocities in fresh water range from 1,400 to 1,700 m/s, depending

upon water temperature and salt content.

4.3.2.5 S-WAVES GENERATED in crosshole testing may be split into two wave types,

each with different particle motions; SV- and SH-waves, vertical or horizontal
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Figure 7-44. Schematic of crosshole seismic method

particle motions, respectively. Shear waves have the unique capability of polarization,
which means that impacting the material to be tested in two directions (up or down, left
or right) yields S-wave signals which are 180 deg out of phase. A seismic source with
reversible impact directions is the key factor for quality crosshole S-wave data
acquisition and interpretation. Figure 7-45 shows a series of crosshole SV-waves with
reversed polarity (note the low amplitude of the P-wave energy compared to the S-wave

energy) received at both receiver boreholes.
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4.3.2.6 TYPICALLY, THE S-WAVE GENERATED in most crosshole testing is the SV-

wave, which is a vertically polarized horizontally propagating shear wave. That is, the
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raypath is horizontal but the (shear) particle motion along the raypath is in the vertical
plane. These SV-waves are easiest to generate because of commercially available
borehole impact hammers which have reversible impact directions (up or down) and
they are also the easiest to record because only one vertically oriented geophone is
required in each receiver borehole. Alternatively, SH-waves can be generated and
recorded in crosshole testing. SH-waves also propagate horizontally, but their (shear)
particle motion is in the horizontal plane (i.e., horizontally polarized horizontally
propagating S-waves). Therefore, in order to generate and record SH-wave signals
horizontal impacts and geophones are required; also, the orientation of the source and
receiver must be parallel while their respective orientation remains perpendicular to the

axis of the boreholes (transverse orientation).

4.3.2.7 THEORETICALLY, THERE IS no difference in the body wave velocity for SV-
and SH-waves, which justifies use of the uncomplicated vertical source for generation of
SV-waves, and vertically oriented geophones for signal detection. There are studies,
however, which indicate significant velocity dependence of the SV- and SH-waves due
to anisotropic states of stress in either the horizontal or vertical stress field (particularly

in soil deposits.

4.3.2.8 THE REQUIREMENT FOR multiple drill holes in crosshole testing means that
care must be taken when completing each borehole with casing and grout. ASTM
procedures call for PVC casing and a grout mix that closely matches the formation
density. Basically, borehole preparation and completion procedures are the success or
failure of crosshole seismic testing. Poor coupling between the casing and the formation
yields delayed arrival times and attenuated signal amplitudes, particularly for (higher
frequency) P-waves. Matching the formation density with a grout mix is not too difficult,
but in open coarse-grained soils, problems arise during grout completion with losses
into the formation. Even small grout takes begin to affect the velocity measured
between two closely spaced drill holes. Several techniques to plug the porosity of the
surrounding formation are commercially available (e.g., cotton-seed hulls, crushed

walnut shells, or increased bentonite concentration in the grout mix). It should be
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recognized that increasing the ratio of bentonite/cement within the grout mix does affect
density, but so long as the mix sets and hardens between the casing and in situ

formation, quality crosshole seismic signals will be obtained.

4.3.2.9 ANOTHER CRITICAL element of crosshole testing, which is often ignored, is
the requirement for borehole directional surveys. There are several very good
directional survey tools available which yield detailed deviation logs of each borehole
used at a crosshole site. Borehole verticality and direction (azimuth) measurements
should be performed at every depth interval that seismic data are acquired. With the
deviation logs, corrected crosshole distances between each borehole may be computed
and used in the velocity analysis. Since seismic wave travel times should be measured
to the nearest tenth of a millisecond, relative borehole positions should be known to
within a tenth of a foot. Assuming that the boreholes are vertical and plumb leads to

computational inaccuracies and ultimately to data which cannot be quality assured.

4.3.2.10 RECORDING INSTRUMENTS used in crosshole testing vary considerably, but
there are no standard requirements other than exact synchronization of the source
pulse and instrument trigger for each recording. Crosshole measurements rely
considerably on the premise that the trigger time is precisely known as well as recorded.
The recorded trigger signal from zero-time geophones or accelerometers mounted on
the downhole impact hammer allows accurate timing for the first arrival at each drill
hole. This becomes uniquely critical when only two drill holes are used (i.e., source and
one receiver) because there is no capability of using interval travel times; in this case,
the velocity is simply determined through distance traveled divided by direct travel time.
Utilizing digital recording equipment affords the operator the ability to store the data on
magnetic media for analysis at a later date; but more importantly, digital data can be
filtered, smoothed, and time-shifted during analysis. Also, digital signal processing may
be directly performed for coherence, frequency-dependent attenuation, and spectral

analysis.
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4.3.2.11 NUMEROUS STUDIES have shown that the effects on crosshole
measurements by the choice of geophone is not critical to the results. There are only
two requirements for the receivers: the receiver (velocity transducer) must have a flat or
uniform output response over the frequency range of crosshole seismic waves (25 to
300 Hz); and, a clamping device must force the receiver against the borehole wall such
that it is not free-hanging. The clamping device should not affect the mechanical
response of the geophone (i.e., resonance), nor should the uphole signal wire. If an SH-
wave source is selected, then horizontal geophones must be used, and oriented as
previously described, to detect the SH-wave arrivals. It is paramount that the polarity of
each geophone be known prior to data acquisition because the direct arrivals of S-

waves with reversed polarity can be easily misinterpreted.

4.3.3 INTERPRETATION.

4.3.3.1 FOR INTERPRETATION of direct raypath travel times between two or three
boreholes the Bureau of Reclamation has published a computer program which is
designed specifically for reducing crosshole seismic data. Furthermore, the program
test procedures outlined for crosshole seismic testing. The program CROSSIT (Version
2.0) is intended to be a step-by-step program that allows the user to: (a) Input lithologic
information obtained from geologic drill hole logs.

4.3.3.2 INPUT DEVIATION SURVEY data for each drill hole.

4.3.3.3 INPUT TRAVEL TIMES for P- and/or S-wave arrivals at one or two receiver

holes.

4.3.3.4 ENTER SITE-SPECIFIC information (location, surface elevation, etc.).

4.3.3.5 MAP EACH BOREHOLE utilizing deviation survey information.
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4.3.3.6 DETERMINE CORRECTED crosshole distances between the respective drill

hole pairs: source/receiver 1, source/receiver 2, and receiver 1l/receiver 2.

4.3.3.7 COMPUTE DIRECT P- and S-wave velocities from travel time data.

4.3.3.8 TABULATE AND/OR GRAPH (to hard copy or disk file):
* Borehole directional survey data and plots.

* P- and S-wave velocity depth profiles from each drill hole pair.

4.3.3.9 INTERACTIVELY EDIT input or graphical files and combine data sets.

4.3.3.10 POST-PROCESS seismic data and/or plots for alternate

uses.

4.3.4 CROSSIT IS BUILT FOR compatibility with laptop or desktop computers and dot-
matrix or laser-jet printers such that data reduction could be performed in the field as
geophysical data are being acquired. The logic and flowchart for this interpretation and
data presentation program are designed to follow the typical field data acquisition
process (i.e., geologic information, borehole information, travel-time information) to
permit interactive computer analysis during data collection. This technique of reducing
data in the field has proven its value because of the ability to determine optimal testing

intervals and adjust the program as necessary to address the site specific problem.

4.3.5 UNLIKE SURFACE SEISMIC techniques, crosshole testing requires a more
careful interpretation of the wave forms acquired at each depth. For example, in
crosshole testing, the first arrival is not always the time of arrival of the direct raypath.
As illustrated schematically in Figure 7-46, when the source and receivers are located

within
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lllustration of refracted raypath geometries in crosshole seismic tests where V; > V; <
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a layer that has a lower velocity than either the layer above or below it (this is termed a
hidden layer in refraction testing), refracted waves can be the first arrivals. Both the

source/receiver distance above or below the high velocity layer and the velocity contrast
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(V1 : Vo) across the seismic interface determine if the refracted wave will arrive before
the direct wave. Due to the effect refracted waves have on crosshole data sets, ASTM
procedures require a three-borehole array because velocity corrections can be made for
refracted arrivals. Also, depending upon the velocity contrast across layer boundaries,
direct arrivals through low-velocity layers are generally larger amplitude and thereby
recognizable. This permits timing direct arrivals directly off the wave form. Figure 7-47
shows an example of (SV-) direct-wave arrivals and refracted-wave arrivals where the
arrival time of the direct wave (slower) can be picked later in the wave form behind the
low-amplitude refracted-wave arrival. In this example, refractions occur in a situation
similar to that depicted in Figure 7-46; that is, refractions occur from high-velocity

materials either above or below the low-velocity layer.

4.3.6 WHEN APPROACHING SEISMIC interfaces, refracted wave arrivals begin to be
timed as the first arrival which could (easily) be misinterpreted as direct-wave arrival.
Therefore, the following sequence of eight steps (equations) will confirm detection of
refracted-wave travel time or direct-wave travel time at each recording depth (ASTM
1984):
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Compute i : sin i = F/F,

Compute hypotenuse distance H: H, = H, = H, =
Zlcos i,

Compute abscissa distance F; Y=Y, =Y, =Ztan 7,
Compute travel imes through both matenals:
=20, [ P,
e = (D1 -2Y)/ F,

[Fi, and F, are known from measurement above
and below the seismic interface ]

Compute total refracted fravel fime: 1",;‘_r =iy + 1y
Compute total direct travel tme: T, =D,/ F,

Fetieve measured crosshole travel ime: T,

Compare T, with T, and T,

1 S R

THEN: Tiue ¥V,

) S

" 4w THEN: Apparent V,
(refracted velocity)

(5) Comparing both sets of direct-wave velocities:
that is. source to receiver No. 1 (¥z;,) and source to re-
ceiver No. 2 (Fzy). with the interval velocity (¥;) com-
puted from the following:

':Dz - D1I.1

Interval velocity = ¥V, = .

l:_ TIHG‘{IS (R.’) - Tmaa: iR.i‘] l'
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Figure 7-47. Crosshole SV-waves showing direct (D)

and refracted (R) arrivals

This allows easy identification of boundaries with velocity contrasts. When VI is much

greater than the two computed direct-wave velocities, then refracted-wave arrivals are
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being timed as first arrivals at the second receiver borehole. Therefore, a systematic
comparison of measured travel times, computed direct velocities, and interval velocities
at each recording depth enables interpretation of true in situ velocity at all measurement
depths. For crosshole tests, Butler et al. (1978) developed a computer program which
performs this comparison of the respective computed velocities determined at every
depth. Based on this discussion, to ensure that true in situ velocities are presented,
crosshole measurements should be performed a minimum of four measurement

intervals below the zone of concern to adequately define the velocity profile.

4.3.7 THE COMPARATIVE TECHNIQUE for defining the refractor velocities outlined
above assumes that the velocities are constant within each layer; however, occasionally
this is an oversimplification. Some deposits have linearly increasing velocity with depth,
primarily due to vertical pressures, where the apparent velocity for each depth can be

computed with

Vappz) = Vi Kz

In these cases Vg is a function of depth (z), Vi is the initial velocity at zero depth, and K
is the increase in velocity per unit depth. Direct-wave velocities computed for the far
receiver (Ry) at each depth will always be slightly higher than the near receiver (Ry);
hence, the interval velocity will be even higher. Increasing velocity with depth implies
the seismic raypath is nearly circular between source and receiver thereby sensing
deeper (higher velocity) material as the source-receiver separation increases. The effect
of increasing velocity with depth is greatest within thick homogeneous soil deposits. In
these soil conditions, computing an average velocity from the two direct velocities (i.e.,
Vave = (V(R1) + V(R2))/2) is often the best estimate for presenting the in situ velocity

profile.

4.3.8 MODELLING AND DATA PROCESSING.
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4.3.8.1 TYPICALLY, EITHER forward or inverse modeling for cross-borehole seismic
investigations consists of computing synthetic travel times to test the raypath coverage
and resolution of either unknown or identified velocity anomalies, respectively. For
engineering applications there is not much advantage in determining (via modeling) the
ray coverage or residual velocity resolution because crosshole testing at the
engineering scale utilizes a simple horizontal, straight-raypath geometry to determine
average velocity. Also, lithologic information such as stratigraphy and material type are
determined from the drilling and sampling program prior to seismic data acquisition; this
allows reliable constraints, or boundary conditions, to be placed on the field data along

the boundaries of the material between the boreholes.

4.3.8.2 FOR ENGINEERING APPLICATIONS, digital signal processing in crosshole
seismic tests is, similar to modeling, of minimal value. This, of course, assumes field
data are acquired properly and no analog filtering or digital aliasing was performed prior
to recording seismic data from each depth. There are a number of digital signal
processing techniques useful for determining material properties other than P- or S-

wave velocity, as well as confirming the computed crosshole velocity profile, such as:

4.3.8.2.1 SPECTRAL ANALYSIS for determination of inelastic constants (attenuation
and/or material damping).

4.3.8.2.2 FREQUENCY ANALYSIS for correlation of phase and group velocity.

4.3.8.2.3 CROSS-CORRELATION of recorded seismic signals from one receiver to

another receiver borehole, or source to receiver coupling for signal coherence.

4.3.8.3 SOPHISTICATED processing is rarely required in (engineering) crosshole
testing and the straightforward distance/travel time relationship for velocity

computations is considered functional and effective.

4.3.9 ADVANTAGES/DISADVANTAGES.
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4.3.9.1 CROSSHOLE SEISMIC testing has the unique advantage of sampling a limited
volume of material at each test depth. Thus, the final result is a significantly more
detailed and accurate in situ seismic (P- and/or S-wave) velocity profile. Crosshole tests
are not unique in the use of preferential source/receiver configurations; however, there
is the distinctive opportunity to generate and record only body wave energy, as well as
preferentially excite particle motion in three directions with respect to the vertical
borehole wall. Because of this, the crosshole test permits much easier interpretation of
direct arrivals in the recorded wave forms. Because boreholes are required there is the
opportunity to obtain more site-specific geotechnical information which, when integrated
with the seismic data, yields the best assessment for the engineering application
(liquefaction, deformation, or strong motion characterization). Also, because each drill
hole was cased for the crosshole tests, additional geophysical surveys should be
conducted. Typically, geophysical borehole logging will be conducted in each drill hole
for velocity corrected. Direct-wave arrivals are easily recognized (even with low-
amplitude refracted arrivals) as long as the previously described field equipment is
utilized for preferential generation of P-waves or polarized SV or SH-waves. The ASTM
requirement of three drill holes seems costly to a project budget; however, the
necessary source/receiver configurations and borehole separation allow optimal
correction and evaluation of in situ P- and S-wave velocities for each material layer at
depth.

4.3.10 SAMPLE PROBLEM.

4.3.10.1 TO ILLUSTRATE the effect of a high S-wave velocity layer overlying a low S-
wave velocity layer on crosshole wave forms, the following sample problem is presented
using data acquired at a site in central Utah. Figure 7-48 shows a portion of the wave
forms collected over the depth interval 17.5 to 32.0 m, as well as the entire S-wave
velocity profile obtained at this site. Only one polarity of the S-waves obtained is plotted
over this depth interval (unlike the opposite polarity) but the arrival of the S-wave is

clearly distinguished from the lower-amplitude and higher-frequency P-wave arrival.
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4.3.10.2 THE OBJECTIVE of this investigation was to determine if a low-velocity alluvial
layer exists beneath the embankment, which was constructed in 1943. Data are then
used to determine the liquefaction potential of the foundation alluvial deposits. As
clearly shown on the sample problem figure, directly beneath the embankment the
velocities decrease to less than 240 m/s in a layer of lean clay, which is not considered
liquefiable; however, within the silty sand alluvial deposits, the wave forms show
considerable increase in the S-wave travel times, and the computed velocities indicate
potentially liquefiable deposits with S-wave velocities less than 180 m/s (600 ft/s).
Beneath approximately 30 m (90 ft) the S-wave velocities gradually increase to greater
than 240 m/s.

4.3.10.3 THIS SAMPLE PROBLEM, or example data set, illustrates three distinct
advantages that crosshole testing has over conventional surface geophysical testing for
these

types of investigations:

4.3.10.3.1 EASE OF IDENTIFICATION of direct arrival S-waves.

4.3.10.3.2 ABILITY TO determine the presence of low-velocity materials (alluvium)

directly beneath high-velocity materials (embankment).
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Figure 7-48

4.3.10.3.3 DIRECT AND FAIRLY straightforward computation of the S-wave velocity
profile, which is correlated with the liquefaction potential of both the materials and depth
intervals of engineering concern for the safety of the structure.
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4.4 SURFACE TO BOREHOLE PROCEDURES

4.4.1 OVERVIEW OF BOREHOLE SEISMIC METHODS. There are fundamental
physical reasons why borehole seismic techniques can provide potentially better
answers than conventional surface seismic techniques. There is a progression in both
complexity and benefits from check shot and synthetic seismogram to vertical seismic
profiles (VSP), three-component VSP, offset VSP, and extrapolation and description of
lithologic parameters into the geologic formations surrounding the borehole. Presently
VSP’s are run in wells to aid in the correlation of surface seismic data. Borehole velocity
surveys, commonly called check shot surveys, are often expanded into VSP’s since
additional acquisition costs are relatively small.

4.4.1.1 SYNTHETIC SEISMOGRAMS. Synthetic seismograms have traditionally been
used to correlate surface seismic sections. Like all theoretical models, synthetic
seismograms suffer from the simplifying assumptions that go into the model. An
approximate fit to surface seismic lines is often obtainable. However, synthetic
seismograms offer an important link in trying to understand the seismic tie to the well

log. An example of a synthetic seismogram is shown in Figure 7-49.

4.4.1.2 VELOCITY SURVEYS. Velocity or check shot surveys are well established in
the geophysical community. Sources and receivers are distributed to obtain vertical
travel paths through the formation of interest. Receivers are placed at or near geological
horizons of interest. On the recorded seismic trace, only the information from the

first arrival is used. A velocity survey field setup and recorded field data are illustrated in
Figure 7-50.

4.4.1.3 TIME-DEPTH PLOTS. Seismic first arrivals are converted to vertical travel times

and plotted on time-depth graphs. The time-depth information is used to calculate

average, root-mean-square, and interval velocities.

© J. Paul Guyer 2015 146



4.4.1.4 SONIC LOG CALIBRATION. Sonic log calibration is one of the applications of
velocity surveys. Velocity obtained from sonic logs can be affected by a variety of
borehole effects. Integrated sonic logs are subsequently distorted by these borehole
effects. The resultant discrepancy between seismic and sonic measurements, called
drift, must be corrected prior to the construction of synthetic seismograms to prevent the

shifting in time of the seismic reflections or the introduction of pseudoevents.

4.4.1.5 VERTICAL SEISMIC PROFILES. In vertical seismic profiling full use is made of
the entire recorded seismic trace, in addition to the first break. Receivers are spaced at
close intervals throughout most of the wellbore in order to obtain a seismic section of
the wellbore. The seismic wave itself and the effects on it, as it propagates through the
earth, are measured as a function of depth. Receivers are now close to reflectors. In
addition, both upgoing and downgoing wavefields are recorded at each receiver. The
downgoing wavelet with its reverberant wave train is observed as a function of depth
and can be used to design deconvolution filters. Signal changes in terms of bandwidth
and energy loss can be measured. In general, the VSP also provides better spatial and
temporal resolution. Figure 7-50 illustrates the generation and travel paths of direct

arrivals, reflected primaries, and examples of upgoing and downgoing multiples.

4.4.1.5.1 VERTICAL SEISMIC profiling permits correlation of the actual seismic event
inclusive of all the changes it undergoes, multiples, attenuation, etc., at the actual
recorded depth. This leads to a great deal more confidence in correlating surface
seismic profiling. An example of correlation between VSP and surface seismic profiling
is shown in Figure 7-51.

4.4.1.5.2 RESOLUTION IN VERTICAL seismic profiling is generally much improved
over that obtainable with conventional surface seismic profiling. This is largely the result
of the shorter travel path. With VSP’s, highresolution mapping of, for example, a
reservoir can be accomplished. Better estimates of rock properties, including below the

bit, can be obtained.
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4.4.1.5.3 THE INFORMATION from the VSP about multiples and signature attenuation
can be used to upgrade the processing of surface seismic profiling. In fact, it is
anticipated that reprocessing of surface seismic profiling will be done routinely when

good VSP data are available.

4.4.1.5.4 THE INVERSION OF SEISMIC traces from VSP data to predict impedance
changes below the drill bit has been because careful matching of impedances in the
known portion of the drillhole has led to increased reliability when predicting below the
bit. A popular application is that of predicting overpressure zones. Details of the

technique will be discussed under VSP applications.
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Correlation between crosshole survey, velocity log, synthetic seismogram and surface

seismic reflection section
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Example of correlation between VSP and surface seismic profiling; the VSP data stack
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Model of fault structure

4.4.1.5.5 OFFSET VSP’S were developed to illuminate structure away from the
wellbore. Applications are primarily to find faults and pinchouts. An example of an offset

VSP is shown in Figure 7-52. The top left shows a fault model. The top right shows a
synthetic VSP with the typical break in the upgoing primary reflection due to faulting.

4.4.1.5.6 MULTIPLE OFFSET OR WALKAWAY VSP’s were developed to supply high-
resolution seismic structural detail or provide seismic data in areas where interference

from shallow layers all but renders surface seismic profiling useless. Notable
improvements have been observed in some no-record seismic areas. Lateral extension
of structural and stratigraphic detail around the wellbore is made possible with this type

of survey.
151
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4.4.1.5.7 VSP’S CAN BE OBTAINED around each well in a multiwell project to help
map the geology. Careful correlation can be accomplished with existing 2-D and 3-D
surface seismic profiling. Finally, the entire sequence of formations of interest may be
mapped in terms of porosity, saturation, permeability, etc., by carefully calibrating VSP

data with well log data.

4.4.1.6 DOWNHOLE SOURCES. Downhole sources such as explosives, implosive
devices, airguns, and sparkers are economically desirable, and a great deal of research
has gone into making them successful. Downhole sources suffer from a bad reputation
concerning wellbore damage. Data from a number of experiments show that borehole-
generated events associated with downhole sources tend to overwhelm data quality to
the point of turning this technology into an interpretational problem.

4.4.1.7 DOWNHOLE RECEIVER ARRAYS. Downhole receiver arrays of only a few
geophone receiver elements have been used successfully and have greatly reduced
acquisition costs in borehole seismics. Downhole hydrophone arrays have been used
commercially to measure permafrost thickness. An interesting application of
hydrophone arrays was the successful measurement of tube waves generated by

permeable fracture zones in granite.

4.4.2 VELOCITY SURVEYS.

4.4.2.1 INTRODUCTION. Velocity surveys in well bores are a well-established
technology in the geophysical industry. An accurate measurement of the travel time and
depth location, in combination with a knowledge of travel path, will provide the
geophysicist with the necessary velocities to convert the seismic time sections to depth

and also to migrate the data properly.

4.4.2.1.1 SONIC LOGS PROVIDE this data also; however, sonic logs are usually run

only to surface casing. Tying the information from the sonic log to the surface requires a
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velocity or check shot survey. Usually, enough levels are obtained in the wellbore to

provide sufficient detail to forego the data obtained from the sonic log.

4.4.2.1.2 IN THE SECTION on overview of borehole seismic techniques some problems
that can affect sonic log data accuracy were discussed briefly. Seismic travel times are
considered accurate within the limitations of sample rate and first break picking

accuracy, and sonic times must be adjusted to fit the seismic data.

4.4.2.2 FIELD TECHNOLOGY. Sources for data acquisition must be carefully chosen
for the given desired depth penetration. These sources may include explosives, airguns,
or water guns in containers, or vibrators. Source and acquisition parameters often tend

to match those used during acquisition of surface seismic data.

4.4.2.2.1 RECEIVERS are downhole geophones. A more detailed discussion of source

and receiver characteristics will follow in the section on vertical seismic profiling.

4.4.2.2.2 IN LOCATING THE SOURCE, an attempt is made to obtain a travel path that
minimizes refractive bending through the formations. For the case of horizontal layering
and a vertical well, that would imply placing the source close to the well bore. For a
deviated well, the source is frequently moved above the receiver in the well. This, of
course, requires information from a well deviation survey prior to the check shot survey.
Dipping layers can also introduce sizeable changes in travel time because of refraction

along bed boundaries.

4.4.2.2.3 WHEN WORKING with surface sources such as vibrators, it is advisable to
obtain some shallow levels in order to get some information on velocities in the
weathered zone. The limitation in this case is the source location, since the drilling
platform itself may take up a sizeable space. In addition, refracted arrivals from the top
of the subweathering zone or casing may interfere with direct arrival through

weathering.
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4.4.2.2.4 WHEN WORKING with explosives, an uphole high-velocity geophone is
needed to obtain the uphole times. Proper shot depth with the uphole time can provide
the information on weathering velocities. Shot holes are generally located some
distance from the wellbore to prevent wellbore damage. Therefore, in this case shallow

levels in the borehole may not add much to the survey.

4.4.2.2.5 SOME COMMENTS are in order concerning the placements of geophones in
the borehole. Often geologists pick recording depths corresponding to formation tops
obtained from logs. If acoustic boundaries of sufficient contrast are in that vicinity,
interference between direct and reflected arrivals may lead to errors in first arrival times.
Better receiver locations can sometimes be picked below the horizon of interest from
existing sonic logs. Another effect may include the gradual polarity reversal of the first

break.

4.4.2.2.6 IF RECEIVER SPACING is too close, there may be sizeable errors in
computed interval velocities. In this case the picking of the first break is rarely more
accurate than 1 ms. With a receiver spacing of, for example, 30 m and a velocity of
3,000 m/s, a 1-ms error would amount to a 10-percent error in the computation of

velocities.

4.4.2.3 DATA REDUCTION. When converting travel times to vertical travel times, a
straight line path is normally assumed. This is shown in Figure 7-53. Refinement of the
results can be obtained by modeling and using the initial straight raypath as a first
guess. For a vertical well the horizontal distance from the source to the well and the
vertical distance from the source to the geophone in the well are used. For the deviated
well, the horizontal distance from the energy source to the geophone is used in addition
to the vertical distance. The azimuth of the energy source is required when corrections
for deviations are required. For offset or walkaway shooting, where the source is

moved, the coordinates must be known for every shot.
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4.4.2.3.1 ALL COMPUTATIONS are corrected to the seismic reference datum (SRD).
These corrections are summarized in Figure 7-54. Finally, the corrected computations
are displayed in the familiar time-depth plot shown in Figure 7-55. This graph also
provides an opportunity for quality control. Points deviating greatly from the trend may
require a more detailed evaluation.

4.4.2.3.2 RESULTS OF THE VELOCITY or check shot survey are used to tie time to
depth and calculate average, interval, and RMS velocities (see Figure 7-56). These
velocities are used to study normal moveout (NMO) in data migration and are often

used to correct sonic logs prior to the computation of a synthetic seismogram.
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4.4.3 VERTICAL INCIDENCE VSP.
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4.4.3.1 INTRODUCTION. Vertical seismic profiling has been one of the more rapidly
developing technologies in geophysics in recent years. It is perhaps surprising that the
information following the first breaks on the seismic trace routinely recorded in velocity
surveys was simply disregarded. Acquisition in the field for VSP’s consisted then merely
of the addition of a sufficient number of geophone depth levels in a routine velocity
survey. The additional rig time was perhaps the major deterrent to the widespread use
of VSP’s in the industry.

4.4.3.1.1 THE GEOPHYSICIST had also settled for the use of check shot surveys and
synthetic seismograms to provide him with a more or less accurate nexus between
surface seismic profiling and the well bore. This meant accepting all the assumptions of
plane acoustic waves striking a horizontally layered medium at normal incidence to
obtain a model of a seismic trace arriving at the surface. Another shortcoming was the

lack of knowledge of the makeup of the seismic wavelet.

4.4.3.1.2 THE VSP PERMITS THE actual measurement of seismic energy as a function
of depth. The surface geophone measures only the upgoing wave. The downhole
geophone measures the downgoing wave field in addition to the upgoing wave field.
Effects of reflection, transmission, multiples, and attenuation can be traced as a function
of depth. The increase in resolution resulting from retention of higher frequencies (due
to the decrease in travel path to the downhole geophone compared to a surface
geophone) permits more confident measurement of lithological effects than ever before
from surface seismic profiling. The advent of shear-wave seismic technology has
brought with it the difficulty of resolving both P- and S-waves to the same lithologic
boundary. Again, the VSP can provide an accurate tie between these two events.
Finally, the VSP is one of the more effective means to provide quality control for both
surface seismic profiling and the generation of a reasonable synthetic seismogram. As
the geophysicist gains experience with VSP acquisition, processing, and interpretation,

this relatively new technology will become an integral part of exploration technology.
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4.4.3.2 PRINCIPLES. Simultaneous recording of both upgoing and downgoing wave
fields by the downhole geophone requires some discussion of the principles involved. In
Figure 7-57(b), examples of some possible upgoing and downgoing events are
displayed. For convenience and clarity, upgoing events are to the left of the well,
downgoing are to the right. Furthermore, only two geophone locations are shown, again
separated for convenience in illustrating the concept. In reality more events than those
shown are possible. Figure 7-57(a) is the simple impedance model for this hypothetical
well. Figure 7-57(c) shows the VSP generated from this model as a function of the

depth of the well versus one-way time.

4.4.3.2.1 THE UPGOING EVENTS shown consist of two simple primary reflections and
one multiple. The downgoing events shown consist of the direct arrival and one
downgoing multiple. In Figure 7-57(c), the first arrivals are on the left-most line
increasing in time with depth; i.e., from upper left to lower right. Changes in slope on
this line indicate changes in velocity in the subsurface. Primary upgoing events (P1,P2
in Figure 7-57Db) intersect this line of first arrivals and proceed towards the upper right
on the graph.

4.4.3.2.2 IN ZERO-OFFSET VSP’S, the primary events are symmetric to the first
arrivals and together with the first arrivals have typically a “vV” shape. Primary reflection

P1 illustrates the time-depth tie necessary for correlation.

4.4.3.2.3 THE DIAGRAM SHOWS THE IMPORTANT fact that upward-travelling
multiple events cease as soon as the geophone is located below the last reflector
involved in its generation. The primary reflection and all the multiples in its tail have their
last bounce on that reflector; hence, when the geophone is below that reflector, primary
and upgoing multiple reflections in the tail can no longer be recorded. This multiple, or
reverberant, is henceforth only present in the downgoing wave below this point.
Upgoing events that terminate within the data permit the recognition of the origin of a

multiple.
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Figure 7-57
Basic concept of upgoing and downgoing wave fields, (a) Impedance model, (b) Ray
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Example of a VSP recording in one-way time with gain correction applied

4.4.3.2.4 A REAL VSP IS SHOWN in Figure 7-58. Data have been corrected for
amplitude losses. The traces are arranged with depth increasing from top to bottom and
time increasing to the right; hence, longer travel times to the first arrival are seen with
increasing depth. One should note the sparsity of strong upgoing events and the usual
predominance of downgoing multiple events from near surface highly reverberant
systems. When lowering the geophone, a downgoing multiple event will be delayed by
the same additional amount as the primary event. As a result, in the case of horizontal
layering, the whole family of multiples follows but remains parallel to the first arrival
alignment. This fact will subsequently be exploited in the processing of the vertical
incidence VSP. The first arrivals then draw the time-depth curve. As the geophone
moves further from the source, it moves closer to the reflector; hence, the additional

delay from source to receiver is equivalent to an identical loss in travel time from
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reflector to receiver in horizontal layering. As a result, reflected arrivals slope in the

opposite direction from first arrivals.

4.4.3.3 SYNTHETIC VSP’S. The synthetic VSP is rapidly becoming a valuable aid in
studying the behavior of upgoing and downgoing wave fields with acoustic impedances
obtained from borehole logging. Whereas the synthetic seismogram models a layered
earth as seen from the surface, the synthetic VSP is a study of seismic events as a
function of depth. It also allows the interpreter of VSP’s to gain a better understanding of

the complexities of interacting wave fields and gives more confidence in interpretations.

4.4.3.3.1 In Calculating Synthetic VSP’s, one should incorporate the various multiple
events. Upward-travelling multiples are reflected an odd number of times, downward-
traveling multiples are reflected an even number of times (see Figure 7-57). For upward
traveling multiples, a so-called first order multiple would have been reflected three
times, a second order multiple five times, etc. By analogy, a first-order multiple for
downgoing waves has been reflected twice, etc. (see Figure 7-57).

4.4.3.3.2 FOR A SYNTHETIC VSP, the earth model is divided into equal travel time
layers. The total seismic response for the layered system can be computed from the
individual contributions of upgoing and downgoing waves at the individual interfaces for
all the layers in the model. Multiples up to a given order can be included with overall
attenuation as a function of reflection losses. The proper choice of input wavelet again
becomes important if one attempts to match a synthetic with a real VSP. It is noted that
the real VSP may be contaminated by random and coherent noise, difficult to reproduce
with a synthetic. In order to illustrate the principles and the effects illustrated above, a
simple model and the synthetic VSP calculated from it are shown in Figure 7-59 (Wyatt
1981). The velocity contrasts in the model are rather large in order to accentuate the
effects discussed above. Velocities are seen to range from 1,500 to 6,100 m/s (5,000
ft/s to 20,000 ft/s). Density was held constant.
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4.4.3.3.3 REAL VSP’S RARELY SHOW multiple events that clearly. The first arrival
slopes in this model show the velocity changes clearly. Amplitudes of primary events
give a good indication of the impedance contrast at the boundaries. Amplitudes also
show how a shallow reverberant system gives rise to many strong multiples. The origin
of multiples is also clearly visible on this synthetic VSP. An excellent example of a
comparison between a synthetic and a real VSP is shown in Figure 7-60. Coherent
noise interference for the example is seen between 5,500 and 6,000 ft on the real VSP.
Differences in primary and multiple amplitudes are also very much apparent. Synthetics
then become a valuable aid (but not a replacement) for measuring true wave forms in
the earth.

4.4.3.3.4 SURVEY SOURCES AND EQUIPMENT. Selecting a source for a VSP survey
is largely a function of what was used in obtaining surface seismic data. For improved
matching of VSP and surface seismic data, the same sources are desirable for both
surveys. To date the majority of seismic data are collected with vibrators, airguns, and
explosives. However, a number of other devices have appeared on the market and
some familiarity with signal strengths and source characteristics is desirable. A great

deal of care must go into the choice of sensors and
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Figure 7-60. Comparison of real and synthetic VSP’s

recording equipment. In VSP work, demands on recording equipment and the number
of sensors employed are much smaller than in surface seismic operations. Recording
equipment may have as few as two channels for single- axis tools. Downhole sensors
may have only a single geophone per axis with three-axis tools. Downhole geophone
tools require a clamping mechanism. Data for VSP’s and check shots have been
collected both with geophones and hydrophones in the downhole environment for

specific applications.

4.4.3.4 STATE-OF-THE-ART TECHNOLOGY.

4.4.3.4.1 STATE-OF-THE-ART GEOPHONES may be used in downhole seismic data
acquisition. A variety of choices are available in the marketplace. As a starting point in
downhole tool evaluation the geophysicist should know the amplitude and phase
response of each type of geophone used in the tool. This is of increased importance
when considering the differing response characteristics of vertical and horizontal

geophones used in the three-axis tools.
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4.4.3.4.2 ADDITIONAL COMPLICATIONS are introduced by geophone-to-ground or
formation coupling. Seismic phase and amplitude are highly distorted upon approaching
resonant frequencies. The useable seismic frequency band must then remain well
below the frequency peaks introduced by coupling to the formation. These formation
coupling effects do exist in the borehole. Here the geophone becomes part of the larger
downhole tool, which can, in combination with the formation, give rise to formation
coupling resonances. In practice this is mostly experienced with horizontally oriented
geophones. With presently available commercial tool designs, coupling resonances

have been observed to fall into a frequency range as low as 18 to 30 Hz.

4.4.3.5 BOREHOLE SEISMIC OPERATIONS.

4.4.3.5.1 FOR BOREHOLE SEISMIC operations, conventional surface seismic systems
are more than adequate for most applications. The requirement of only a few channels
simplifies the field acquisition. Adjustable fixed downhole gain is most certainly

desirable to prevent overdriving of the surface amplifiers by direct arrival.

4.4.3.5.2 WITH CONTINUED interest in shear-wave data from three-axis VSP’s and
large S-wave sources, shear-wave attenuation rates amount to twice the decibel loss of
that experienced by compressional waves. Adding attenuation losses from spherical
divergence, scattering, and transmission losses would quickly tax the dynamic range of

most recording equipment except for rather low frequencies.

4.4.3.6 PLANNING. From the preceding sections it has become apparent that more
than casual job planning is required to obtain good field data. A variety of additional field
parameters are to be determined prior to venturing out into the field. Rig time and
source expense often lead to a series of compromises concerning sources, and number
of levels obtained in the well. Source offset may be a function of desirable noise

suppression of tube waves. Shallow levels are often noisy.
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4.4.3.7 QUALITY CONTROL.

4.4.3.7.1 QUALITY CONTROL MUST extend to the borehole environment. Poor tool
coupling may lead to tool creep or slippage. Improved clamping pressure, or perhaps
installation of clamping arms or a more suitable length for a given borehole, will usually
solve creep and slippage problems with their attendant noise bursts. Slacking off the
cable eliminates cable waves in addition to reducing surface noises traveling down the
cable. Tool resonance associated with poor coupling at a given location is solved by
moving the tool to a different location. Both caliper and sonic logs may become helpful

in relocating the tool.

4.4.3.7.2 THE EFFECTS OF casing may lead to additional phenomena in VSP
acquisition. Refracted casing arrivals may precede direct arrivals. Unbonded casing
may lead to casing ring. Cased hole VSP’s can be obtained after the rig has moved off

the site. This leads to a sizable savings in rig time during acquisition.

4.4.3.7.3 THE EFFECT OF tube waves in VSP recording is that of coherent noise. Tube
waves can be generated by body waves impinging on the borehole or by surface waves
crossing the borehole. Tube wave velocities typically come in at velocities of about
1,450 m/s . There are a number of field approaches to reduce tube waves. Improved
clamping can greatly reduce tube waves. Another approach to reducing tube waves is
source offset from the borehole. This is illustrated in Figure 7-61. Different sources give

rise to sizeable differences in tube wave energy.
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Figure 7-61. Tube wave amplitudes as a function of

source offset

4.4.3.7.4 WITH INCREASING experience in both data acquisition and processing, VSP
can supply the additional refinements in seismic exploration that heretofore were elusive
with surface methods. Data from the VSP can now help to solve a number of
exploration problems and give the additional confidence often needed to solve

interpretational ambiguities.
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4.4.3.7.5 IN THE PAST, direct correlation of synthetic seismograms with surface
seismic profiling, however successful in some areas, led to a great number of
unresolvable errors between well logs and surface seismic profiling. The synthetic
seismogram, after all, is a theoretically calculated response based on some rather
simple assumptions and as applied to logging data, is subject to all the various
restrictions discussed in earlier sections. With the VSP one finally has a measured
response of the earth to the actual source wavefield as it progresses with depth. A
connection can now be established directly between seismic analysis and wellbore
information. The synthetic then becomes a means to model and study seismic signal
interaction with the details of formations rather than serving explicitly as a link to the
well. A synthetic log is then relegated to serve to some degree as quality control in the
design of VSP data acquisition in conjunction with ray trace modeling and synthetic VSP
computations. A well tie that serves both the geologist and the geophysicist will typically
include the display of time-scaled logs, synthetic log, corridor or sum stack, the VSP
itself, and the surface seismic section. In addition, a VSP converted to an equivalent
section by summing corridors of traces along equal offset distances from the wellbore
may be included. A variety of displays can now aid the interpreter. Figure 7-62 shows
the correlation from time-scaled logs to VSP to surface seismic. Shown from left to right
are caliper, gamma ray, bulk density, sonic, reflectivity, synthetic log, corridor stack,
VSP-CDP, and surface seismic data.

4.4.3.8 CONCLUSIONS AND EXAMPLES.

4.4.3.8.1 FROM THE previous discussions on vertical VSP applications there are many
benefits obtainable. Careful calibration of logs with VSP’s and calibration of VSP’s with
surface seismic profiling can lead to much refinement in the interpretive process.
Correlation of log-derived lithologic facies can be directly correlated with the results of
seismic studies. To establish better communication between geologist, log analyst, and
geophysicist, displays such as that shown in Figure 7-63 were developed. Additional
calibration with logs and seismic profiling can be achieved by comparing data from

seismic events to those obtained from logs. Amplitudes of reflection coefficients and
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seismic events may be correlated with more confidence to porosity, pore fluids,

saturation, and lithology after proper calibration with logs.
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Figure 7-62
Correlation of time-scaled logs with VSP and surface seismic section. Shown from left
to right: caliper, gamma ray, bulk density, sonic, reflectivity, synthetic seismogram, sum

stack of near traces of VSP-CDP, VSP-CDP, surface seismic section

© J. Paul Guyer 2015 172



Faciolog Faciolog-vSP
400 ft/in 10 in/sec

Vertical Seismic Profile
§ infsec

AT R 2l e
Eﬁ‘!!s:n: mm‘»lmﬁ

.......

0488

Figure 7-63

Example of tying a VSP to a Facio*log; i.e., a log-derived lithofacies analysis
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Figure 7-64
Tying the sum stack to log-derived volumetric analysis of lithology, porosity, and

hydrocarbon saturation

4.4.3.8.2 AN EXAMPLE OF HOW a VSP is correlated with existing log information is
also shown in Figure 7-64. In this example from the petroleum industry, the repeated

sum stack trace is correlated to a time-scaled, log-derived section of the borehole
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showing lithology, porosity, and hydrocarbon saturation. The lithologic column indicates
the volumetric percentage of the major constituent lithologies of the formation. Note that
the peak of the seismic reflector yields an excellent fit with the top of the carbonate
section (top of the reservoir). Hydrocarbon saturation, shown on the far left, is seen to

increase at the top of the reservaoir.
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QUIZ

An Introduction to Magnetic and Subsurface M ethods for
Geophysical Exploration

1. There are three classes of objectives addressed by geophysical surveys: the measurement of
geologic features, the in situ determination of engineering properties, and the detection of hidden

faults

cultural features

resource recovery deposits
vegetation patterns

cooo

2. Resolution, isthe ability of the geophysical measurements to two
similar geologic situations.

a. quantify parameters of

b. calculate baseline values for

c. differentiate between

d. compare engineering properties of

3. Theinterpretation of geophysical contrastsis based on geologic assumptions. Ambiguity is
inherent in the geophysical interpretation process. Preparation of geophysical models almost always
assumes :

rock masses are anisotropic

soil profiles are scalene

materials have distinct subsurface boundaries
the absence of groundwater

cooTo

4. It isimportant to differentiate between accuracy and precision in geophysical results.
Geophysical measurements are very precise. The measurements can be repeated to aremarkable
degree on another day, even by another field crew. If accuracy is evaluated as the convergence of
the geophysical interpretation with measured geologic data, then are not
particularly accurate by themselves.

a. geophysical results

b. extrapolated values

c. interpolated measurements
d. theoretical values



5. Geophysical methods can be classified as active or passive techniques. Active techniques impart
some energy or effect into the earth and measure the earth materials’ response. Passive
measurements record the strengths of various natural fields which are continuous in existence.
techniques generally produce more accurate results or more detailed solutions.

a Passive

b. Combination
c. Active

d. Theoreticd

Seismic (sonic) methods
Electrical and electromagnetic procedures

6. Classified by physical effect measured, the following surficial techniques are options:
» Gravitational field techniques

a. Magnetic field methods

b. Borehole cameras

c. Permittivity measurements
d. anoxyic processes

7. For arippability investigation, the preferred surficial geophysical method is likely to be

a. DCresistivity

b. electro-magnetics
C. seismic refraction
d. gravity

8. For aninvestigation to locate landfill boundaries, the preferred surficial geophysical method is
likely to be

a. DCresistivity

b. seismic refraction
c. seismic reflection
d. magnetics

9. For aninvestigation to determine in situ elastic moduli (velocities), the preferred surficial
geophysical method is likely to be

a. seismic refraction
b. gravity

c. electro-magnetics
d. magnetics



10. Except for local perturbations, the intensity of the earth’s field varies between about 25 and 80
uT over the coterminous United States.

a 10
b. 25
c. 40
d. 55

11. Some tests on rock materials have shown that arock containing 1 percent may
have a susceptibility to an inducing magnetic field as large as 10, or 1,000 times larger than most
rock materials.

a. anthracite
b. magnetite
c. lignin
d. shale

12. Most limestone and chert has a magnetic susceptibility (k) of about

a 10%°
b. 10°®
c. 10°
d. 10*

13. Most basalt has a magnetic susceptibility (k) of about

a 10°® to 10"
b. 10° to 10°
c. 10%t0 103
d. 10%to 10*

14. Most granite has a magnetic susceptibility (k) of about

a 10 to 10
b. 10%° to 10°
c. 108 to 10°®
d. 10°to 10

15. The magnetometer is a sensitive instrument which is used to map variationsin
the earth’s magnetic field.

a. geophysical
b. spatia

C. parametric

d. flow density



16. Intense fields from man-made el ectromagnetic sources can be a problem in magnetic surveys.
Most magnetometers are designed to operate in fairly intense 60-Hz and radio frequency fields.
However extremely low frequency fields caused by equipment using direct current or the switching
of large alternating currents can be a problem. Pipelines carrying direct current for

can be particularly troublesome.

a. defrosting

b. electric generator exciters
c. cathodic protection

d. standby pumps

17. Steel and other ferrous metalsin the vicinity of a magnetometer can distort the data. Large
, €tc., must be removed when operating the unit.

a. cathodic protection anodes
b. steel and cast iron flanges
c. ground rods

d. belt buckles

18. One confusing issue is the fact that most magnetometers used measure the total field of the

earth: no oriented system isrecorded for the total field amplitude. The consequence of thisfact is

that only the component of an anomalous field in the direction of earth’s main field is measured.

Figure 6-1 illustrates this consequence of the measurement system. Anomalous fields that are
the earth’s field are undetectable.

a. juxtaposed to

b. convergent with

c. weaker than

d. nearly perpendicular to

19. Within the contiguous United States, the magnetic inclination, that is the angle the main field
makes with the surface, varies from degrees.

a 55-70
b. 25-40
c. 20-10
d. 90-75

20. geophysics, as defined here, is the science of recording and analyzing
measurements in boreholes or wells, for determining physical and chemical properties of soils and
rocks.

a. Magnetic

b. Electric-magnetic
c. Borehole

d. Gravitationa



21. provide continuous analog or digital records of in situ properties of soilsand
rocks, their contained fluids, and well construction.

a. Strip chart recorders
b. Geophysical logs

C. Piezometers

d. Thermocouples

22. Dataare of questionable value where hole diameter is significantly greater than bit size, or
from intervals where bed thicknessis equal to, or less than, the vertical dimension of the volume of
investigation for the probe. The volume of investigation is defined for the purposes of this
discussion as that part of the borehole and surrounding rocks that contributes percent of
the signal that is recorded asalog.

a 60
b. 70
c. 80
d. 90

23. Both vertical and horizontal scales on logs need to be selected on the basis of the resolution
and accuracy of the data required. Logs obtained by large commercial logging service companies
generally have vertical scales of ft/in., which is not adequate for the detail required in
many engineering and environmental studies, where the wells may be only about 100 m deep.

aborl0

b. 20 or 50

c. 750r 100
d. 100 or 200

24. SAMPLE INTERVAL AND sample time need to be correctly selected for onsite digitizing of
logs. Sample intervals of 0.15 m are used widely in both the petroleum industry and in groundwater
hydrology; however, for detailed engineering and environmental investigations, intervals as small
as m are often used.

a 0.01
b. 0.03
c. 0.06
d. 0.10

25. All drill holes, except those drilled in have thin intervals where hole
diameter exceeds bit size sufficiently to cause anomalous log response. From the standpoint of
guantitative-log analysis, the best procedure isto eliminate from consideration those depth intervals
that demonstrate diameter changes that are significant with respect to the hole diameter response of
the logging tool.




a. soils with high organic content
b. shale

c. very hard rocks

d. sand and gravel

26. Logs need to be properly calibrated and standardized, if logs are to be used for any type of
guantitative analysis or used to measure changes in a groundwater system with time. Calibration is
considered to be the process of establishing environmental values for log responsein a

model that closely simulates natural conditions.

a. semi-infinite
b. finite

c. logarithmic
d. digital

27. Spontaneous potential (SP) is one of the oldest logging techniques. It employs very simple
equipment to produce alog whose interpretation may be quite complex, particularly in freshwater
aquifers. This complexity has led to misuse and misinterpretation of spontaneous potential (SP)
logs for groundwater applications. The spontaneous potential log (incorrectly called self-potential)
isarecord of potentials or voltages that develop at the contacts between shale or clay beds and a/an
, Where they are penetrated by a drill hole.

a. rock lens

b. sand aquifer
c. drill probe
d. geophone

28. The chief sources of spontaneous potential in adrill hole are electrochemical, electrokinetic, or
streaming potentials and effects.

a. reverberation
b. echo
c. redox
d. stray current

29. Among the various resistivity-logging techniques, normal resistivity is
probably the most widely used in groundwater hydrology, even though the long normal log has
become rather obsolete in the oil industry.

a. multi-electrode
b. magnetic

c. induced

d. gravitational

30. An important application of logs and other multi-electrode logsis
for determining water quality.




a. sonophone

b. static digital

c. ground-point

d. normal resistivity

31 were designed to measure the resistivity of thin beds or high-
resistivity rocks in wells containing highly conductive fluids. A number of different types are used
commercialy; the names “guard” or “laterolog” are applied to two of these.

a. Borehole probes

b. Multimeters

c. Constant voltage tests

d. Focused-resistivity systems

32. A large number of microresistivity logging devices exist, but al employ S0
that they have a shallow depth of investigation.

a. direct current circuits
b. short electrode spacing
C. magnesium anodes

d. HSCBCI sedls

33. For dipmeter logging, the dipmeter includes a variety of wall-contact microresistivity devices
that are widely used in oil exploration to provide data on the strike and dip of bedding planes. The
most advanced dipmeters employ four pads located deg apart, oriented with respect
to magnetic north by a magnetometer in the sonde.

a 90
b. 60
c. 40
d. 20

34. Using dipmeter logging methods, although strike and dip can be determined from the analog
record at the well using a , complete analysisis only possible with a computer.

a. strike probe

b. betalogger

C. stereo net

d. copper-copper sulfate cell

35. originally were designed to solve the problem of making resistivity
measurements in oil-based drilling mud, where no conductive medium occurred between the tool
and the formation. A simple version of an induction probe contains two coils: one for transmitting
an AC current, typically 20-40 Khz, into the surrounding rocks and a second for receiving the
returning signal. The transmitted AC generates atime-varying primary magnetic field which




induces aflow of eddy currents in conductive rocks penetrated by the drill hole. These eddy
currents set up secondary magnetic fields which induce a voltage in the receiving coil.

a. Rheostatic loggers

b. Induction logging devices
c. Strip chart recorders

d. Multimeters

36. includes all techniques that either detect the presence of unstable isotopes,
or that create such isotopes in the vicinity of a borehole. They are unique because the penetrating
capability of the particles and photons permits their detection through casing and annular materials,
and they can be used regardless of the type of fluid in the borehole.

a. Radiometry logging
b. Nuclear logging

c. Isotope cell methods
d. Radiographic logging

37. The contacts between lithologic units on anuclear log are shifted approximately the amount of
lag. Furthermore, beds that are thinner than L are not defined. The genera practice for locating
lithologic contacts on nuclear logsisto place them at percent of the maximum log
amplitude for a given bed.

a. 50
b. 40
c. 30
d. 20

38. are the most widely used nuclear logs for most applications. The most
common use is for identification of lithology and stratigraphic correlation, and for this reason they
are often included in multi-parameter logging tools.

a. Beta counters
b. Gammalogs

c. Borehole strips
d. Isotope readers

39. logs, also called density logs, are records of the radiation from a gamma
source in the probe, after it is attenuated and backscattered in the borehole and surrounding rocks.

a Alpha

b. Beta

¢. Gamma-gamma
d. Gamma



40. Neutron logs are made with a source of neutronsin the probe and detectors that provide a
record of the interactions that occur in the vicinity of the borehole. Most of these neutron
interactions are related to the amount of hydrogen present, which, in groundwater environments, is
largely afunction of the water content of the rocks penetrated by the drill hole. Neutron probes
contain a source that emits high-energy neutrons. The most common neutron source used in
porosity logging toolsis -beryllium, in sizes that range from approximately 1 to 25
Curies.

a. cesium
b. tritium
C. americum
d. chromium

41. , emitted by a source, undergo three basic types of reactions with matter
in and adjacent to the borehole asthey lose energy and ultimately are captured: inelastic scatter,
elastic scatter, and absorption or capture.

a. Fast neutrons
b. Slow neutrons
c. Gammarays
d. Beta particles

42. Neutron-activation logging has potential for application to , because this
technique permits the remote identification of elements present in the borehole and adjacent rocks
under awide variety of borehole conditions.

a. seismic surveys

b. fractured rock investigations
c. groundwater quality problems
d. resource recovery

43. Acoustic logging includes those techniques that use a to transmit an acoustic
wave through the fluid in the well and surrounding elastic materials. Severa different types of
acoustic logs are used, based on the frequencies used, the way the signal is recorded, and the
purpose of thelog. All these logs require fluid in the well to couple the signal to the surrounding
rocks.

a. rectifier

b. geosond

C. microphone
d. transducer

44. Acoustic-velocity logs, also called logs or transit-time logs, are arecord of the
travel time of an acoustic wave from one or more transmitters to receiversin the probe.

a. acoustimetric



b. sonic
c. velocity
d. velosonic

45. Theradius of investigation of an acoustic-velocity probe is reported to be approximately
times the wavel ength.

a three
b. four
c. five
d. six



	C:\Documents and Settings\John Southard\Local Settings\Application Data\pdfMachine\MC Geophysical Exploration Magnetic Subsurface.pdf
	C:\Documents and Settings\John Southard\Local Settings\Application Data\pdfMachine\MQ Geophysical Exploration Magnetic Subsurface.pdf

