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Rock and Paleomagnetic Investigations

PURPOSE

1.1

1.2

1.3

1.4

1.5

1.6

This procedure‘ provides a means of assuring the accuracy,
validity, and applicability of the methods used to determine
paleomagnetic and rock magnetic properties,

The procedure documents the USGS responsibilities for quality
assurance training and enforcement, the processes and authority
for procedure modification and revision, the requirements for
pro$edure and personnel interfacing, and to whom the procedure
applies,

The procedure describes the system components, the principles of
the methods used, and the limits of their use.

The procedure describes the detailed methods to be used, where
applicable, for system checkout and maintenance, calibration,
operation and performance verification,

The procedure defines the requirements for data acceptance,
documentation and control; and provides a means of data
traceability,

The procedure provides a guide for USGS personnel and their
contractors engaged to determining paleomagnetic and rock mag-
netic properties and a means by which the Department of Energy
(DOE) and the Nuclear Regulatory Commission (NRC) can evaluate
these activities in meeting requirements for the NNWSI
repository.

SCOPE OF COMPLIANCE

2.1

2.2

2.3

This procedure applies to all USGS personnel, and persons
assigned by the USGS, who perform work on the procedure as
described by the work activity given in Section 1.1, or use data
from such activities, if the activities or data are deemed by
the USGS Project Coordinator to potentially affect public health
and safety as related to a nuclear waste repository.

The procedure also applies to any contractor performing such
activities for the USGS.

A1l data and interpretations from the procedure to determine
paleomagnetic and rock magnetic properttes presented in support

~of the NNWSI Project, and any calibrations or recalibrations

required shall be 1in accordance with this Technical Detailed
Procedure and will vary from it only if and when this procedure
is formally revised.
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PERSONNEL REQUIREMENTS AND RESPONSIBILITIES

USGS personnel and their contractors assigned to the activities and
responsibilities of this procedure shall meet the requirements for
technical training, experience, and personal skills, as determined by
the Principal Investigator, or their designated alternates. USGS
personnel assigned the responsibility of the activities of this
procedure shall become familiar with details of the following USGS
Quality Assurance documents:

QA Program Plan: NWM-USGS-QAPP-01, R1
QA Procedures: NWM-USGS-QP-01 to 10, R1
Unit Task Procedure: NWM-USGS-UTP-02, RO

3.1 The USGS NNWSI Project' Coordinator shall have overall
responsibility for assuring that the activities described herein
are performed in accordance with this procedure,

3.2 The Principal Investigator for the work described under this
procedure shall have direct responsibility for management and
quality of said investigations and measurements conducted by the
USGS for the NNWSI Project, and for the proper use of data
derived from these activities.

3.3 The Branch Chief assigned to the responsibilities for activi-
ties, as described in this procedure by the USGS for the NNWSI
Project, shall have the immediate responsibility for supervising
the performance of this technical procedure for the USGS, and
for the proper use of data derived from these activities.

3.4 The Quality Assurance Office of the USGS NNWSI Project shall
have direct responsibility for the appropriate quality assurance
training for USGS personnel and their contractors assigned to
conduct work within the scope of this procedure.

DETAILED PROCEDURE

This procedure is used to determine the directions and intensities of
remanant magnetism and susceptibilities of samples taken for the
NNWSI. These magnetic properties are used to aid interpretations of
geologic structure (and fits genesis), volcanic stratigraphy, and
magnetic anomalies, '

4,1 Objective

The objective is to provide to the NNWSI the rock magnetic
property data to aid interpretation of the test site strati-
graphy, structure, aeromagnetic surveys and in-hole magnetic
field and susceptibility logs.
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Basis of the Procedure

Many rocks acquire a remanent magnetization parallel to the
geomagnetic field at the time of formation (Nagata, 1961). The
intensity of magnetization and magnetic susceptibility depend on
a variety of factors mainly including the intensity of the
magnetic field, the grain size, and the composition of the
magnetic phases (Nagata, 1961).

Methods Used

4.3.1 Sample collection from outcrop

Samples are collected from the outcrop by drilling with a
0.98 in., ID diameter diamond core bit powered by a gasoline
engine, The method of drilling and sample orientation is
similar to that described by Doell and Cox (1967). The method
used by this procedure differs in that 1) the azimuth recorded
is that of the horizontal in the X-Z plane (see Fig. 4 Doell and
Cox, 1967) rather than the direction of the +Y axis; 2) arrows
are placed on both sides of the scribe line pointing in the -Z
direction rather than short lines toward the +Y direction; and
3) the marks are placed on the specimen with indelible ink
rather than with a diamond scribe. Azimuthal orientation is
always obtained with a magnetic compass. In addition, a sun
compass is often employed {Creer and Sanver, 1967).

4,3,2 Sample collection from drill core

Samples are collected by drilling plugs from drill core segments
with a 0.98 in, ID diameter diamond core bit. The procedure for
maintaining orientation between the core segments and the paleo-
magnetic samples is detailed below, For the geometric relation-
ships between the core segment and the paleomagnetic specimen,
see Figure 1.

Step 1: A reference line of indelible ink is placed on the
core segment to be sampled parallel to the core axis. If
the core was taken with an orienting barrel then the
reference groove is used as the reference line,

Step 2: A piece of gridded mylar is taped to the core
segment so that one set of grid lines parallels the refe-
rence line.

Step 3: The core segment is clamped in a vise with the
core axis horizontal and the reference line upwards. The
grid lines on the mylar are used to center the reference
line between the opposing jaws of the vise so that the
plane defined by the reference line and the core axis is
vertical.
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Figure 1. Geometric relationships between the core segment and the
paleomagnetic samples.
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Step 4: The vice and core segment are placed on a drill
press and a cylindrical paleomagnetic sample is drilled so
that its axis is vertical (i.e., parallel to the plane of
the reference line and the core axis and normal to the core
axis - see attached figure).

Step 5: An orientation line is placed on the downhole side
of the paleomagnetic sample with a brass or copper rod so
that the plane defined by the orientation line and the
sample axis parallels the plane defined by the reference
line and the core axis.

Step 6: The paleomagnetic sample is broken free of the
core., Arrows pointing out of the sample hole are placed on
either side of the orientation line with indelible ink,

Step 7: An identifying sample number consisting of an
abbreviated drill hole identification and a depth in feet
is affixed to the sample (i.e., "GU3-42.6" is a sample from
a depth of 42,6 ft. in drill hole USW GU-3).

4.3.3 Measurement of Remanent Magnetization

N Measurement of remanence is accomplished with a spinner

magnetometer. The techniques are described by Hunt and others
(1979) and in the manufacturer's manuals (Schonstedt 1975 and
1972).

4.3.4 Measurement of Susceptibility

Susceptibility is measured on a device described in Christie and
Symons (1969) and calibrated as described in Rosenbaum and
others (1979).

4.,3.5 Alternating Field Demagnetization

Alternating field demagnetization is accomplished with either of
two commercially available units according to procedures
described in the manufacturer's manuals (Schonstedt 1980, and
1981). In one device the sample is stationary during the demag-
netization cycle; in the other, the sample is tumbled about
three orthogonal axes. The tumbling device is always used,
unless the sample appears to be so delicate that the tumbling
action might destroy the sample.

4.3.6 Thermal Demagnetization

Thermal demagnetization is accomplished in ovens as described by
Hunt and others (1979) or in a commercial unit (Schonstedt,
1976) according to procedures described in the manufacturers

manual.
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4.3,7 Determination of Curie Temperature

The Curie balance and procedure for its use are described by
Hunt and others (1979) and Larson and others (1975).

Alternative Methods Applicable

The methods used in this procedure tend to be straight-forward
and use techniques and {instruments that are specifically
designed for the methods used. The two alternative methods
described as follows are seen as the only deviations from the
methods described above,

4.4,1 Alternate method of measuring Remanent magnetization

The most commonly used instrument for measuring magnetization of
geological samples, other than the spinner magnetometer, is the
cryogenic magnetometer (see Collinson, 1983, p. 268-277).

4,4.2 Oriented hand specimen collection from outcrop

If necessary, paleomagnetic samples may be collected as oriented
hand specimens and cored in the laboratory (Hunt and others,
1979).

Materials/Equipment Required

The materials required consist of the host rock being studied,
which {s avaflable for efther insitu coring, or through core
samples that are again cored for the desired test samples. The
following list is comprised of the equipment items for taking
the samples, for conditioning the samples, and for obtaining the
magnetic data.

1. Field and Laboratory coring equipment.

2. Magne;ometer (such as Schonstedt spinner magnetometer (Model
DSM-1 ,

3. Alternating field demagnetizer €such as Schonstedt Model
GSD-5)

4, Thermal demagnetizer (such as Schonstedt Model TSD-1)

5. Curie balance,

6. Magnetic and sun compasses.

Assumptions Affecting the Procedure

-~ This procedure is an application of basic magnetic principles

and is not dependent on any assumptions on the part of the
investigators,
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4,7 Data Information

4.8

The data collected concerns the magnetic direction and intensity
of samples, the location and orientation of the samples, the
sample volume and its magnetic susceptibility. The interpreta-
tion of these data and any direct use of the data is the subject
of other tasks.

Limitations

In general, the use of this procedure {is 1limited by the
occurrence of weak magnetism that is_gelow the range of the
spinner magnetometer sensitivity of 10 ° Amp/M. Also the abi-
1ity to magnetically clean the sample in an alternating field is
limited to 100 mT.

CALIBRATION REQUIREMENTS

Calibration is an important part of this Technical Procedure. It is
understood that all instruments, and methods where appropriate, will
be calibrated according to appropriate standards prior to obtaining
data that will be cited in support of the NNWSI Project.

5.1

5.2

Calibration Responsibility

The responsibility for timely conduct and maintenance of the
calibrations required in this procedure lies with The Project
Chief; and the performance of the calibration task in accordance
with procedures as described or referenced in Section 5.2 will
be done by or under the direct supervision of the Project Chief.

Calibration Procedure

Several instruments used in this procedure require calibration
prior to taking data. Recalibration is required only to reas-
sure that the instruments are functioning properly and will be
done intermittently but no less frequently than every six months
as specified below for each instrument. The instruments re-
quiring calibration are:

1. Spinner magnetometer

2. Alternating field demagnetizer
3. Thermal demagnetizer

4. Susceptometer
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5.2.1 Calibration of Spinner Magnetometer

Calibration of the spinner magnetometer is accomplished by
measuring a known magnetic field (generated by a DC current
through a reference coil) in accordance with the manufacturer's
instructions. The instrument is calibrated so that remanence
directions are within 1° and intensities are within + 10%.
Calibration 1s to be checked every six months. -

5.2.,2 Calibration of Alternating Field Demagnetizer

The peak field generated by the coil of the alternating field
demagnetizer 1is checked with a Hall-effect probe every six
months. If the output deviates from the panel settings by more
than 5% then the electronics are adjusted according to the
manufacturer's instructions.

5.2.3 Calibration of the Thermal Demagnetizer

The temperature of the thermal demagnetizer 1s monitored on each
run by means of a chromel-alumel thermocouple in contact with
the samples. The residual magnetic field is checked every two
weeks or prior to a series of experiments, If the residual
magnetic field exceeds 10 mT the magnetic shield is demagnetized
in accordance with the manufacturer's instructions.

5.2.4 Calibration of the Susceptometer

The susceptometer is calibrated using powders of known
susceptibility described by Rosenbaum and others (1979).

Calibration Records

Calibration data will be entered in a laboratory notebook or by
other organized documentation. A field notebook will be used if
the test equipment is portable and used in the field., These
notebooks or other documentation shall be maintained as per the
Document Control Procedure (NWM-USGS-QP-01) and stored in
accordance with the Records Control Procedure (NWM-USGS-QP-02).
Notebooks shall contain calibration data, recalibration data,
and observations made from using each iastrument. Minimum data
will include instrument type, instrument identification, instru-
ment location, calibration procedure used, calibration date,
calibration standard used, calibration range and accuracy,
recalibration due date, responsible division subunit, and the
name of the person calibrating the instrument, Calibration
entries shall be signed and dated by the person performing the
calibration, If laboratory or field notebooks are not used, the
calibration shall be recorded on data sheets or logs and filed.
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Equipment Calibration Status Labeling

As specified 1in NMW-USGS-QP-06, R2, all equipment used to
perform this procedure must display at some readily accessible
location a notation of its calibration status. To comply, a
sticker will be affixed to each piece of equipment used in this
procedure denoting the calibration status according to one of
the following three categories:

1. Showing equipment i{dentification, date calibrated, date
recalibration is due, procedure number and calibrator.

2. Indicating the equipment i{dentification, “OPERATOR TO
CALIBRATE", and the Procedure number.

3. Showing the equipment identification and “NO CALIBRATION
REQUIRED".

Appropriate stickers to accomplish this requirement will be
obtained through the NNWSI-USGS Project QA office.

DATA PROCEDURES

It is acknowledged that the data obtained is largely the summary work
product from this procedure. Accordingly, the following formalized
procedure will be followed in documenting, accepting, and storing the
data.

6.1

6.2

Notebooks and log books will be prepared by the Principal
Investigator as necessary to record data for the project and
shall include any information considered by the originator to be
pertinent to the project., When data is kept in loose leaf form,
each page will be numbered consecutively and chronologically.
These documents will have revisions lined out, initialed, and
dated and will be signed or initialed and dated by the
originator on a daily basis when entries are made, Examples of
the data records are included in the Attachments.

A1l data collected to provide a means of assuring the accuracy,
validity, and applicability of the methods used to determine
paleomagnetic and rock magnetic properties will be reviewed and
cosigned by a peer knowledgeable with the objectives of this
procedure in accordance with NWM-USGS-QP-01, Rl Section 12.3;
and as such is acknowleged by both the investigator and the
reviewer to be acceptable and meaningful data that meets
appropriate quantitative and qualitative acceptance criteria.

IDENTIFICATION AND CONTROL OF SAMPLES

7.1

As part of the data records and documentation, all samples are

identified according to a procedure that includes placing a code
number on each sample with indelible ink. The code number for
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surface samples includes identification of the site and a sample
number. An {1llustration of this code is JR81-4-XX, which de-
notes the project chief, (JR); the year collected, (81); the
site No., (4); and a consecutive sample number, (XX); respec-
tively. The drillhole samples are {identified by adding the
sample depth to an abbreviation of the borehole identification,
As an example, a sample taken at a depth of 42,5 ft. in borehole
No. USH GU-3 {s labeled "GU3-42.5".

7.2 The collected and identified samples shall reside in the control
of the Project Chief, who shall keep the samples on file in his
office or laboratory until the project {s completed, at which
time the Branch Chief shall determine the sample retention
procedure in accordance with direction from the NNWSI project
office,

MODIFICATIONS

Significant procedural changes, which are made in any field, labora-
tory or offfce methods, shall be fully documented in subsequent
revisions of this Technical Detailed Procedure, and will be subject
to QA, peer review, and signature approval,

8.1

8.2

If during the course of determining the rock and paleomagnetic
properties of the given samples it is necessary to deviate from
the approved procedure, defined herein, the Branch Chief shall
be informed; and the procedural changes shall be documented
before proceeding.

A1l procedural change documenation shall describe the
modifications, give the sections of the procedure affected, and
shall be dated and signed by both the Project Chief and the

8ranch Chief,
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10,0 ATTACHMENTS

The following attachments are included with this Technical Detailed
Procedure for the purpose of examples as described:

Attachment 1. Instrument Cover Pages

Attachment 2, Samples of Data Qutput

Attachment 3. Description of Cryogenic Magnetometer
Attachment 4. Write up on "the use of the Sun Compass"
Attachment 5, Write up on "Paleomagnetic Sampling" with a

Portable Coring Drill
Attachment 6. Write up on Magnetic Properties
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SCHONSTEDT INSTRUMENT COMPANY
1775 Wiehle Avenue
Reston Virginia 22090

703-471-1050 |
TWX 710-833-9830

GSO-1
AC GEOPHYSICAL
SPECIMEN DEMAGMETIZER

November 13, 1980
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INSTRUCTION MANUAL
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SSM-1 and SSM-1A
SPINNER MAGNETOMETER
N

February 1972
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SCHECNSTEDT INSTRUMENT CoMP2NY
1775 Wiehle Avenue
Reston, Virginiz 22090
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INSTRUCTION MANUAL

GSD-5
AC TUMSLING - S2ECIvzy
DEMAGNSTIZIR

\ / dctober 1981




STM-101
0~*-her, 1976

-/

SCHONSTEOT INSTRUMINT ClMPaANY
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MODEL TSO-1
THERMAL SPECIMEN
DEMAGNETIZER
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SCHONSTEDT INSTRUMENT COMPANY

1775 Wiehle Avenue
Reston, Virginia 22090

INSTRUCTION MANUAL

. DSM DIGITAL
SPINNER MAGNETOMETER

May 1975
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Example: Magnetic Susceptibility and Volume Measurements
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procedure may dissolve surface magnetic grains or carbonate cement in
sandstones.

Whether random magnetometer noise is essentially being measured or a
true but weak NRM can be tested by repeat measurement of samples. This will
also provide information on the accuracy to be assigned to the measured
direction and intensity of any weak NRM present. [t may be necessary to allow
for permanent residual magnetism of the sample holder, if used, by a blank
measurement without the sample. Strangway and McMahon {1973) describe
the successful measurement of very weakly magnetized samples of the Green
river sediments (Colorado) with NRM in the range 0.5~2.0 x 10 "8 Am?kg !,
using the Princeton Applied Research magnetometer.

With weakly magnetized samples, it may be worth considering whether one
NRM measurement using a time constant 7 or two measurements at 7.2 is
preferred. The total measuring time is approximately constant in each case. If
the noise on the signals is proportional to T~! 2 the fractional error in X. ¥
and Z is the same for each method. but the double measurement provides
information on repeatability.

9.4 The cryogenic magnetometer

This type of magnetometer, which came into use in the early {970s, depends on
various effects associated with superconductivity, namely persistent currents,
the Josephson weak link and flux quantization. It is also known as a SQUID
magnetometer, an acrvonym for Superconducting Quantum Interference
Device, derived from a phenomenon which is analogous to optical interference
and which occurs in some superconducting circuits.

9.4.1 Operating principle

A detailed description of the complex physics invoved in SQUID operation is
beyond the scope of this book. and the following account is intended to clarify
the basic principles of the technique. For a more detailed analysis of the
operation of SQUID devices the reader is referred to papers by Deaver and
Goree (1967), Gallop and Petley (1976), Goree and Fuller (1976) and Petley
(1980).

The principle of SQUID operation may be understood by reference to a
superconducting ring of area .4 which has been cooled through the critical tem-
perature in the presence of a magnetic field B, directed along the ring axis. If B,
changes after the superconducting state is achieved a circulating current / is set
up in the ring of magnitude and sense exactly that required to cancel the
change in flux A¢ = A (B, A) linking the ring. However, if [ exceeds a critical
value [, the critical current density in the ring is exceeded and the
superconducting property suppressed. The ring becomes resistive, [ decreases
and the flux linking the ring inceases or decreases according to the sense of
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A B,. The change in flux is quantized and A¢ = nd,, where n is an integer and
& is the fiux quantum. It can be shown that ¢ = h/2e = 2.07 x 10™!* Wb,

When I decreases because of loss of superconductivity. it falls below the :
critical value [, and therefore the superconducting state is regained, and as "
long as B, continues to change sufficiently for [ to become greater than [ the

flux linkage with the ring changes, becoming constant when B, remains '
constantand [ < [.. It can be seen that the circulating current resulting from a e
: change AB, in the external field is a measure of the field change and the
' sensitivity of the SQUID sensor relies on the detection of extremely small ne
' current changes. )

To achieve this sensitivity the cross-section at 2 point in the circumference of
the ring is reduced to a very small area, of the order of | um across. This is the
i Josephson weak link or Josephson junction. A very small change in applied

fiux of the order ¢, can now cause the critical current density in the ring to be ¢
exceeded at the junction, and the suppression of superconductivity. Suppose
now that the ring is driven by a sinusoidal external field superimposed on B,
and of sufficient amplitude to cause [ to exceed 1. At each point in the cycle
: where I, is exceeded and 2 flux quantum enters the ring the change in flux K
: linking the ring can be detected by a voltage spike induced in a suitably placed n,’
X pick-up coil. If B, now changes, the resulting current in the ring will cause the
‘ resistive switching to occur at a difierent point in each cycle and alter the -or

character of the output voltage. There is an analogy here with the operation of of
U a fluxgate magnetometer. in which the points in 2 magnetizing cycle at which 2 ‘
high-permeability core reaches and leaves saturation is varied by a weak field
which alters the core magnetization. However, there are two important
differences between fluxgate and SQUID operation. The fiuxgate ceases to
operate if the external field saturates the core, whereas when I, is exceeded in
the SQUID flux enters the ring and the system resets itself to a lower current
value. Also, a fluxgate measures absolute field values but the SQUID output is
a measure of the change of field in the ring from the field present when it
became superconducting.
. Current SQUID magnetometers employ a drive frequency of 20-30 MHz
i with circulating currents of the order of I pA corresponding to a change of one
: fiux quantum in the detector. For reasons associated with thermal noise the
detector must be very small and posses a small self-inductance (<1 gH) and
there are two common configurations. One is & quartz cylinder (~2 mm in
diameter) on the curved surface of which a thin layer of superconductor is
deposited. A longitudinal slot is cut in the layer except for 2 very narrow
(~0.1 ym) bridge (Dayem bridge) at the centre, which forms the weak link.
The drive coil, from which the output signal is also obtained, is wound on top
of the superconducting layer. An alternative form of detector is a ring in which
the weak link is formed at the point of a fine screw bearing on a fiat surface.
For an estimate of SQUID sensitivity consider a cylindrical detector of
diameter 2 mm. A field change of ~7x107'% T along the cylinder axis
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corresponds to a change of one flux quantum. Since it is possible to detect a
change of 1073 ¢, a field of 7x 10~** T can be detected by the sensor.

In principle the weak link sensor can be used directly for magnetic field
measurements but it is advantageous on several counts, particularly for NRM
measurements, to detect the field initially by means of 2 superconducting pick-
up coil. This is linked by superconducting leads to a field coil tightly coupled to
the SQUID detector. This system acts as 2 form of zero-frequency field
transformer, based on the condition that the flux linkages within the circuit
must remain constant. Thus, for a given field more flux is linked with the sensor
because of the large pick-up coil area relative to the effective SQUID area, and
substantial field amplification by a factor of 20-50 can be obtained. The use of
pick-up coils is also a much more satisfactory (electromagnetically) and
convenient way of detecting the field of 2 rock sample than placing it near the
sensor.
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Fig. 9.23 Block diagram of CCL cryogenic magnetometer. (Courtesy of Cryogenic
Consultants Ltd, London)

The output obtained from the SQUID is non-linear with the applied field
and it is usual to apply feedback to the sensor via a coil, the current or voltage
in which is then proportional to the applied field. A block diagram of a
cryogenic magnetometer is shown in Fig. 9.23.

9.4.2 The SCT and CCL cryogenic magnetometers

At the time of writing there are two commercially built SQUID rock
magnetometers on the market. The Superconducting Technology instrument
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(USA} has been available for about 12 years and more recently Cryogenic

Consultants Ltd (London) have entered the market. The construction of both

instruments is similar and they only differ in some deuwils: a diagram of the stll

CCL instrument is shown in Fig. 9.24. The CCL instrument is pre-cooled with

liquid nitrogen, contained in the upper tank ( ~ 20 1 capacity), which cools the

helium chamber by means of the radiation shield and assists in reducing e

: helium loss during operation. Both the nitrogen and helium chambers are tic
surrounded by vacuum spaces which can be pumped out prior to cooling. The

! pick-up coils and SQUID detectors are shiclded from external magnetic fields the

j by a niobium superconducting shicld and also, in the CCL instrument. by a

: magnetic shield of Mumetal. The sample access tube is 3.5 cm ir diameter and
is normally at a temperature above 0°C. Liquid helium is transferred from a
storage Dewar to the maghetometer chamber by reducing the pressure in the e
latter. About § 1 are required to cool the chamber before liquid helium begins
to collect and the chamber capacity is ~ 24 1. Helium gas is exhausted from the

b top of the chamber and passes to the atmosphere via 2 flowmeter, by means of
which the boil-off rate may be monitored. In the author’s magnetometer it is

i normally 0.2-0.5 I/min of helium gas, corresponding to about 1.21 of liquid k
' helium per day. n,
or
of
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Fig. 924 CCL two-axis cryogenic magnetometer. @, vacuum space and super-
k . insulation: b, liquid nitrogen: ¢, sample access tube; d, liquid helium; ¢, mumetal and
nt ) superconducting shields; f, SQUID units; g, measurement position; b, pick-up coils.
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The construction of the SCT magnetometer is simpler in one respect in that
no liquid nitrogen is used, the helium chamber being enclosed in *super-
insulation”. There is some sacrifice in helium consumption, and the boil-off
rate is around 2-3 I/day. If it is economicaily justified some users of cryogenic
magnetometers collect the helium gas, compress it into cylinders and return it
to the supplier. It may also be possible to use 2 continuous refrigeration
system, available with both magnetometers, although these are expensive and
have sometimes been found to be 2 source of noise in the SQUID output.

. The standard SCT instrument has an access 6.3 cm in diameter, with a
helium chamber capacity of 30 . A single superconducting shield surrounds
the SQUIDS and pick-up coils.

Both magnetometers can be provided with pick-up coils for measurement of
NRM along one sample axis, or for simultaneous measurement along two or
three mutually perpendicular axes. The common configuration is a pair of coils
for each axis, one of each pair on either side of the access tube to detect the
radial components of NRM and a pair (four in the CCL instrument) coaxial
with the tube and symmetrically placed about the measuring position for the
axial NRM component.. Each coil pair is connected to its own SQUID
detector, forming the field amplification system already described. The pick-up
coils, leads and SQUID coil are, of course. all superconducting. The output
signal from each SQUID is proportional to the flux change produced by the
appropriate NRM component and is independent of the rate of change of flux,
i.e. of the rate at which the sample is inserted into the pick-up coils. However, if
the rate of change of flux is too fast there may be loss of lock in the feedback
loop. In practice this maximum allowable ‘slew rate’ is not normally restrictive,
and loss of lock is only likely to occur when strongly magnetized samples are
rapidly inserted into the measuring space.

The sample is lowered to the measuring position and., if necessary, oriented
to different angular positions there by a sample insertion system mounted on
top of the magnetometer. This takes the general form of a carriage moving on
vertical guides of sufficient height so that the sample holder, fixed at the lower
end of a vertical stem attached to the carriage at its upper end, can be raised
above the magnetometer top plate and lowered to the measuring position.
Provision for rotating the sample to different (orthogonal) azimuths about the
vertical axis will also usually be required in one- or two-axis instruments, and
also a ‘background’ measuring position. The latter is a position where the
sample magnetization does not couple significantly with the pick-up coils and
where readings of the ‘zero-level’ SQUID outputs can be recorded im-
mediately before and after measurement of the sample.

Under ideal conditions of very low external noise the noise level of the two
cryogenic magnetometers is stated to be (5-10) x 10~ !'2 A m? total moment,
using an averaging time of ~ 1 s. For a standard cylindrical sample 2.5 cm in
diameter and 22cm high, this noise level is equivalent to a specific
magnetization of ~(2—4) x 107! A m* kg~ . However, as in the case with all
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: rock magnetometers. the useful limit of performance depends on the level of ce

. external sources of both random and systematic noise. Depending on the

f measurement procedure used, total measurement time is ~ 1~2 minutes per :d

: sample. - 1y St

t Probabiy the most common cause of random noise is fluctuations in the

1 ambient laboratory magnetic field. Although the superconducting and

i Mumetal shields provide 2 high degree of protection against field variations. tine

the exceptionally sensitive SQUID detector may still respond to residual neuc
a . variations. These can be further decreased by operating the magnetometer .
s - inside a single-or double-walled ferromagnetic shield fitting closely round it, or in the
in a shielded room. Other potential sources of noise are mechanical vibration. wto

f t.f. interference, and temperature variations in the liquid helium. The latter

T may occur if there are pressure variations in the helium chamber, for example

is from wind blowing across the opening of the exhaust vent, or pressure the

€ ; variations in a gas collection system. A possible source of vibration is the

al sample touching the side of the access tube during insertion and withdrawal. It

e may be helpful to fix a guide to the stem above the holder to maintain the

D holder in a central position. ]
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d Fig. 9.25 Some examples of sample holders for the cryogenic magnetometer: (2) and

he " {d) are mounted on and cut out of Mylar tube respectively; (b) is as narrow as possible *

2d consistent with sample location; in (¢) the sample is held in place with an elastic band;

n- (d) is only suitable where the sample is measured with its axis vertical ;
{

Vo If the ultimate sensitivity of the magnetometer is approached sources of H

t, systematic and random noise which are otherwise usually negligible must be ’

in eliminated. Among the latter are magnetization of the sample holder and the i

fic residual magnetic field at the measuring position. The holder should be of :
1
{
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wood, glass, quartz or nylon. Frequent washing or treatment in an ultrasonic enviro
bath is desirable and. if necessary. a.f. demagnetization of intrinsic ferro- -~ This e
magnetic contamination. Some examples of holders for supporting a shieldi
cylindrical sample with its axis vertical or horizontal are shown in Fig. 9.25, and re
Although in principle the effect of a residual field at the measuring position
and resulting induced magnetization can be meaned out by measuring the
samples in appropriate orientations, 2 fewer number of sample manipulations 9.4.3
and saving of time is achieved if any induced magnetization is negligibly smail. A SQ1
As an example, if a magnetization of 1 x 10°® A m? kg~ ! is required to be sampi
measured, with reasonable accuracy, the induced component should be of whi
<1x10"? Am?. A weakly magnetized sediment may have a mass susceptibility 10ecr
of ~1 x 10" * m3 kg~ !, resulting in the above induced magnetization in a field introd
of ~100 nT. This field is probably 2 useful maximum value to aim for the cavity
measuring position. It should not be forgotten that many rock-forming contir
minerals have a significant paramagnetic or diamagnetic susceptibility of signal
~10"* m3kg~! or more (Table 2.1) and that the holder material may also comp:
contribute in this context. However, the much smaller mass of the latter coils.
relative to the sample ensures a smaller contribution to induced magnetization magn:
from this source. positis
The method of achieving a low residual field in the measuring space depends modit
on the shiclding provided. The SCT magnetometer has a superconducting signal
\./ shield only, and thus traps the field present when cooled through the critical The
temperature. A suitably low field can be obtained in a2 Helmholtz coil system. Thelli
In the currently available CCL magnetometer there is a Mumetal shicld nested heatir
between two superconducting shields. This sytem has some disadvantages. in with
that it may not be possible to completely demagnetize the Mumetal shield. Any - suppl
remanent magnetization remaining varies with temperature and results in a 2 dot
substantial change in the residual field during pre-cooling with liquid nitrogen. Howe
necessitating further demagnetization. The axial residual field is usually the ) below
stronger. and demagnetization can be carried out by means of a coil piaced capac
around the barrel of the instrument. The author has also had some success with to be
magnetizing the shield in the appropriate direction to adjust the remanence Th
during cooling. using either a solenoid inserted in the access tube at the ~1.0
measuring position or the external coil. Eq
Measuring procedure with the cryogenic magnetometer depends on the Card:
number of axes along which NRM can be simultaneously measured. the degree syste:
to which the pick-up coils can accommodate inhomogeneity of NRM. and silica
whether it is considered desirable to mean out induced magnetization. In both posit:
magnetometers the response of the pick-up coils is uniform to about 2%, over vertic
the volume of a standard sample. but experience suggest that it is advantageous the cc
to use a procedure whereby at least four readings each of the X, Y and Z the h
components are obtained. particularly when within a factor of 10 of the noise vertic
level of the instrument. ' alterr
There are advantages in operating the magnetometer in a low magnetic field pend
-
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environment, using a Helmholtz or other coil sysiem or a small shielded room.
This eliminates the enhanced magnetic field a1 the mouth of the internal
shielding. and alse provides a low ambient field at the sample during loading

and re-orientation.
W]}

9.4.3 Other crvogenic magnetometers

A SQUID magnetometer designed for measurement of small archaeological
samples (typical dimension ~ 0.3 cm)is described by Walton (1977), 2 diagram
of which is shown in Fig. 9.26. The measuring position is in a re-entrant cavity e
1.0 cm in diameter on the underside of the helium chamber and the sample is
introduced from below. The pick-up coils are placed close 1o the walls of the
cavity and consist of 2 pair of axial and radizl coils connected in series to forma
continuous circuit. When the sample is inserted into the cavity the output
signal is proportional to the sum of the vertical component of NRM and the
component of the horizontal NRM perpendicular to the horizontal pick-up
coils. If the sample is then rotated about the vertical axis the phase and
magnitude of the horizontal component can be determined from the angular
positions of the sample for minimum and maximum output. In a later
modification the sample is rotated continuously at ~3 Hz and the resulting
signal computer-analysed.

The magnetometer is mainly used for palacointensity determinations by the ¢
k./ Thellier method. A small furnace was originally placed in the cavity for in-situ

heating of the sample, using alternating current at 33 kHz to avoid interference

with the SQUID. A 150-turn coil wound on the outside of the cryostat
supplied the (vertical) applied field and the whole instrument is operated inside
2 double-walled Mumetal shield, maintaining the internal field at ~1 uT.
However, better results were obtained with the furnace placed just outside and
below the cavity, along with vertical and horizontal applied field coils. The
capacity of the liquid helium chamber is 7 I, which enables the magnetometer
to be used for about two weeks.

The noise level in the magnetometer is equivalent to a total moment of
~1.0x 10"*Am?, which in 2 3 mm sample is about 4 x 10~ Am?kg~!.

Equipment designed by J. Shaw and J. Rogers at University College,
Cardiff, Wales consist of an integrated magnetometer and magnetic cleaning
system (thermal and alternating ficld). At the centre of the system is a vertical
silica access tube, at the lower end of which is the pick-up coil and measuring
position. The pick-up coil is a single coil with its axis inclined at 45° to the
vertical. The sample is continuously rotated at 33.3 Hz about a vertical axis at
the coil centre and the SQUID output consists of an alternating signal due to
the horizontal NRM component superimposed on 2 steady signal due to the
vertical NRM component (Fig. 9.27). The amplitude and phase of the
alternating signal determines the components of the magnetization per-
pendicular to the spin axis.
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THE USE OF THE SUN COMPASS

K.M. CREER axp M. SANVER

INTRODUCTION

It is necessary to use a sun compass to orientate rock samples from formations which are
strongly magnetized. This is because the magnetism of such rock formations, e.g.,
strongly magnetized lavas, ore bodies, etc., appreciably distorts the local geomagnetic
field so that a magnetic compass no longer points in the direction given by isogonic charts.

DESCRIPTION

A sun compass consists of 2 square fiat plate to which a thin straight rod is fixed accurately
perpendicular. Azimuthal angles are marked, preferably in a counter-clockwise direction,
on the flat piate concentric with the base of the rod. Two spirit levels are fixed to the plate
so0 that it can be set horizontally. The sun compass should be set against the rock face
with its **0°" mark pointing in the direction whose bearing is required, i.e., with the
*90°" mark nearest the rock face. The plate is held so that it is horizontal and the azimuth
of the shadow cast by the sun relative to the unknown direction is read. The time must
be recorded accurately. The azimuth of the shadow relative 1o geographic North may

be found as described below.

CALCULATION OF THE SUN'S AZIMUTH

The direction of the sun, relative to the horizontal plane and geographic North at 2 site,
may be calculated from two angles which may be found by consulting the Air Almanac.
These are the angle between the sun’s direction and the equatorial plane and the angle
between the meridians containing the site and the sun. The former varies appreciably from
day to day throughout the vear and is called the sun's declination (Fig.1). Although the
declination is listed in the Air Almanac at 10-min intervals for each day of the year, it does
not vary significantly for our purpose from hour to hour. It varies from 23°30° N in
June to 23°30° S in December. The second angle is called the local hour angle, H (Fig.2).
In the Air Almanac the Greenwich hour angle, G, is listed for each day of the year at
10-min intervals. For our purpose the variation from day to day is not significant but the
variation during the day is and this is why the local time must be recorded. The local time
should be converted to Greenwich time and the Greenwich hour angle read off from the
tables. The local hour angle is given by adding the longitude (°E of Greenwich) to the
Greenwich hour angle.

. *pﬂl

NM-USGS-GPP-06, RO
— Attachment #4

. - — —

LR T e

2 Bt tn & bmcttmmie 98 s g Mmm e o




P S

. s DA
». A

S

R s et A WIS

W A P

RSP A PR W~

o

NWM-USGS-GPP~-06, RO .
- Attachment #4 -

- -, ,
[ . ) @

- N

K.M. CREER AND M. SANVER
TABLE I

ALLOTMENT OF SIGNS OF L, D, AND H

Quantiry Signs

Latitude (L) North, —ve South, —ve

Declination (D) North, —ve South, —ve

Local hour angle (H) <180°, —ve > 180°%, use 360° —H, —ve

Fig.1. Diagram illustrating the declination of the sun. O'E’ = equatorial plane: 0'S", 0S =
direction of the sun: OZ = vertical at O. (All above lie in the plane of the paper.) L = latitude
of site; D = declination of the sun. The local hour angle in this figure is zero.

Fig.2. Diagram illustrating the local hour angle. £5°, OS5 = directions of the sun: EOW is the
equator; PEP = meridian plane containing the sun; POP = meridian of site O0; H = local
hour angle (angle between planes PEP and POP’, measured in an easterly direction), H is
independent of latitude L for all sites of the same meridian.
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Fig.3. Reialionship of L,D, H, 2 and &. For explanation see text.

The azimuth, ;, of the sun may be obtained by solving the spherical triangle POS
of Fig.3. We first caiculate 4 from:

\-/ cosh = sinLsinD -+ cosLcosDcosH )
We may then obztain 3 using either the sine rule:
sin ; = — cosDsinH/sink ) .
or the cosine rule: -
cos 3+ = (sinD—sinLcosh)/cosLsink 3 :

Alternatively, dividing eq.2 by eq.3 and using eq.1 to eliminate cosk, we find:
tan > = — sinH/(cosLtanD—sinLcosH) . )

The quadrant in which 5 lies depends upon the signs of H, L and D and may be deduced
from Table I and II. An alternative method for obtaining 3, using sight reduction tables,
is given by Fraser (1963).

As examples, I', the direction of the sun’s shadow has been calculated for a
number of different latitudes for declination 20.5°N (23 May or 21 July). The curves
relating T’ with the time of day are plotted (Fig.4) for times between sunrise and sunset.
Note that the sun is not exactly due north (or due south) at noon but that all the curves
pass through the abscissa T’ = 0 or 180° at the same time of day (approx. 6 min after
noon on these 2 days) whatever the latitude.
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Fig.4. The direction of the sun's shadow, I, measured from geographic north between sunrise
and sunset. All thecurvesarefor D = 20.5°N, but the latitudes, L, vary as follows: curve (1) 60 °N,

(2) 30°N, (3) 15°N, (4) 1578, (5) 30°S and (6) 60°S.

TABLE II

QUADRANT OF AZIMUTH OF SHADOW

Signs of Eq 4 zimuth of . - -
numeratror denominaror shadow -
- - rr

- - 130 —-T

- - 180 -T

- -— 360 —T

CALCULATION OF BEARING OF UNKNOWN DIRECTION

In the field

(1) Place the sun compass against the orientation arrow on the rock surface as

shown in Fig.5. Ensure that the scale is level.
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Fie .7, Calculation of unknown bearing. ¢ = bearing of unknown direction: I’ = azimuth of
shadow: ¢ = angle between unknown direction and shadow; 8 = I' + ¢.

(2) Record the angle ¢ between the shadow of the vertical rod and the azimuth
zero, measured in anti-clockwise sense.
(3) Record the local time, and the date.

In the laboratory

(/) Look up the latitude and longitude of the site.

(2) Convert the local time to G.M.T.

(3) In the A4ir Almanac look up the Greenwich hour angle G and the daclination
D of the sun.

(4) Obtain the local hour angle A by adding the longitude °E of Greenwich to G.

(5} Calculate ;' using eq.4 using the sign convention for D, L and H given in
Table 1.

(6) Use Table II to determine quadrant of T, the direction of the sun’s shadow (T
= - + 180°: this has been-taken into account in the derivation of Table II).

(7) The bearing 8, of the orientation arrow is given by: »

6=T=~¢ (5
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PALAEOMAGNETIC SAMPLING WITH A PORTABLE CORING DRILL

RICHARD R. DOELL a~np ALLAN COX

INTRODUCTION

This report presents a brief description of the equipment used by the Rock Magnetics
Laboratory of the U.S. Geological Survey. Much of the material presented here is included
in DoeLL and Cox (1965). Publication in present form is authorized by the Director,

U.S. Geological Survey.

DESCRIPTION OF CORING DRILL

The coring unit consists of (/) a core barrel, (2) a transmission unit with coolant fittings,
(3) a power unit, (4) 2 coolant hose and pressure tank, and (5) an optional guide frame.
The equipment is shown on display in Fig.1 and in operation with the guide frame in Fig.2.

The core barrel is a commercial sintered-diamond type manufactured for drilling
hoics in masonry. The standard heavy-duty drill which we employ produces & core 2.49

t:21. The coring unit.
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l “ ’ Fig.2. The coring unit with guide frame in operation.
¢m nominal diameter; we have found that a core-barrel length of 20-25 ¢m is convenient.
The threaded coupling which connects the core barrel to the transmission shaft is welded
to the barrel before final machining to ensure proper alignment with the drive shaft.
l_y ."
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g Fig.3. The transmission unit.
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The transmission unit consists of an aluminum housing which contains the drive-
shaft bearings and coolant seals and is machined to fit directly to the power unit (Fig.3).
Tihe motor clutch-plate is fitted directly 10 one end of the partly hollow stainiess-steel
drive shaft. and the core barrel is attached at the other end. The drive-shaft bearings are
of the sealed roller type and are fitted at the extremitics of the housing. The first set of
coolant seals is fitted inside the bearings. and these are followed by grease reservoirs. The
sccond set of seals is fitted 1o the inside of the grease reservoirs. The drilling coolant is

irtroduced between these two inner seals and passes into the hollow shafi through radial .
holes. The double seals and grease reservoirs, which are filled through normal automotive- .
1y pe grease nipples. ensure that the coolant does not enter the roller bearings; the latter are e

lubricated for their normal life at the factory.
The power unit we employ is 2 commercial single-cylinder two-cvele gasoline motor
wormally used 10 power a lumbering saw (McCullough model 35A). It develops approxi-

mately 2 h.p. at about 3,000-4.000 r.p.m., the normal drilling speed. The motor is firted E
with a diaphram-type carburetor, which allows it to run in any position, and an automatic -
ceatrifugal-type clutch that engages the plate fitted to the transmission shaft. The motor, )
1ransmission. and core barrel weigh 9 kg.

e

The coolant is supplied to the transmission unit through a shut-off valve and 6.4
mm inside-diameter plastic hose fitted to a commercial pressure-type garden insecticide t
srraver with quick release couplings. The tank and tube shown in Fig.l weigh 4 kg net, ."’
und will carry 9 1 of coolant. Salt water and fresh water have been used for coolant, care -
t2ing taken in the case of the salt water to see that it did not remain in the equipment after t &
use. Coolant requirements vary widely depending upon rock type; however, an experi-
vaced operator requires no more than 1 | of coolant per core drilled in basalt, limestone,

or simifar rocks. T -
venient, - it
welded 1 <L OF THE DRILL -
* shaft, ’

% ter a little experience most workers find that it is not too difficult to drill cores 10-20 cm
- «ngth in seft rocks (basalt, pantly welded tuffs, siltstones, fine sandstones, or limestones)
hout the use of 2 guide. In harder rocks (quartzites, cherts, dense volcanic glasses,
~.iiles, or gneisses) it is generally simpler to use & guide to support and steady the drill
«ring the longer driiling time required. Our guide is attached to the outcrop with an Lt_

-*pansion bolt that fits a short hole drilled with the core drill for this purpose (see Fig.2).
e other end of the guide is supported by two adjustable legs.
After the drill is removed, and before the core is broken from the outcrop, it must

" : oriented in its in situ position. For this purpose we employ 2 slotted brass tube which , °
"y be slipped over the drilled core and upon which is mounted an inclinometer and t L‘
«ull open blade transit (Fig.1). These are so arranged that when the inclinometer plate

vertical, the slot in the tube lies vertically above the core axis. The inclinometer measures
" inclination of the core axis below or above the horizontal, and the transit, along with
-aCr surveving aids, may be used to measure the geographic ezimuth of the horizontal
«.7eetion that is at right angles to the core axis and directed to the right as one views the
«++7¢ from the outcrop surface. A copper or brass wire is then inserted into the slot, leaving
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Fig.4. Core and laboratory specimens.

a mark on the uppermost part of the cylindrical surface of the core. The core may then be
separated from the outcrop by inserting a wedge between it and the parent rock. If the
rock is not fractured, the stress distribution during this operation ensures that the core
breaks free of the parent rock at the very bottom of the cut. The core may then be removed
and a diamond scribe used to make the orientation mark permanent, as well as to identify
the *“top™ of the core. If short marks are scribed or marked from the orientation line in the
direction of the geographic azimuth (as defined above), then each segment later cut from
the core to make a laboratory specimen will contain a complete orientation record. A
core, and laboratory specimens cut from it, is depicted in Fig.4. '

DISCUSSION

The major advantage of using a portable core drill over sampling and corienting small joint
blocks is that any desired portion of an outcrop may be sampled. Thus the entire sampling
program may be designed around the availability of fresh rock and the desired sample
spacing; it is not limited to the availability of removable joint blecks.

Accuracy in assigning orientation is uniform and of the same precision that can be
obtained in placing specimensin the measuring apparatus. Withoutspecial orienting devices
this precision is usually better than can be obtained by orienting “flat™ faces or placing
other marks on joint blocks using a geologist’s compass.

There is no chance to err or lose accuracy in transcribing orientation marks from
field samples to laboratory specimens, since each specimen to be cut from the core is

_ given a complete orientation record at the time it is collected. Laboratory specimen

preparation is reduced to two passes with any diamond saw blade (one pass suffices if

.. am R




NWM-USGS-GPP-06, RO
Attachment #5

e

NG -WITH A PORTABLE CORING DRILL 2%
p. [

ox sAMPL

the saw is equipped with two blades spaced at the desired specimen length). On the average,
¢cach core (2.5 cm diameter by 15 cm long) weighs about 200 g. or § cores’kg: on the other
nand. a single joint block sample of average size (say 10 cm on an edge) weighs about 2.5
hg. If many samples are desired. as is usual in modern palacomagnetic studies. then a
smple caleulation of the weights involved will point out the efficiency of the in situ coring

method of sample collection.
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MAGNETIC PROPERTIES
By Don Watson

INTRODUCTION

Paleomagnetism

Research in the field of paleomagnetism
began around the turn of the century, with much
of the effort being devoted to determining the
Earth's main magnetic field. Because direct
observations of the geomagnetic field extend
back only four centuries, paleomagnetism affords
the only opportunity to lengthen this record and
does so by a factor of 10°. As a result of
paleomagnetic research, a great deal of informa-
tion has been obtained relating to the theories
of the sources of the geomagnetic fleld, polar
wandering and continental drift, field rever-
sals, dating of rocks, and tectonics.

A1l rocks exhibit some magnetic properties

owing to the presence of various iron compounds

that make up only a few percent of the rock as
accessory tiinerals. These iron compounds have
acquired magnetization which is termed fossil
magnetism or NRM (natural remanent magnetiza-
tion). The mechanism by which the NRM was
acquired depends on the metheds of formation and
the subsequent history of the rocks. Magnetiza-
tion acquired by coocling, in the presence of a2
magnetic field, from high temperatures through
the curie points of the magnetic minerals (as in
the formation of igneous rocks) is called TRM
(therzoremanent magnetization). If the magneti-
zation is acquired by chemical action at low
texmperatures as in red beds, then it is termed
CRM (chemical remanent magnetization). The
alinezent of magnetic particles during deposi-

NWH-USGS-GPP-06, RO
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tion of sedimentary materials is called DRM
(detrital rezanent magnetization). The above-
mentioned components are considered the "prigary
magnetization” and, by definition, are supposed
to reflect the direction of the geozagnetic
field at the tize of forzation or shortly there-
after. Any other subsequent ccmponents added by
2 nucber of preccesses such as viscous decay,
lightning discharge, chezical alteration, or
therzal overprinting are referred to as "sec-
ondary magnetization.® A major task in paleo-
magnetic investigations is to identify and elim-
inate these secondary components, where pos-
sible, without destroying the desired primary
components.

Archaeomagnetises

Ancient pottery, bricks from kilns, and
fireplaces whose last date of firing can bde
determined from carbon-1% techniques exhibit a
therzoremanent magnetization. The study, using
these materials, of the variation of declina-
tion, inclination, and intensity of the geomag-
netic field is referred to &s archaecmagnetisa.
It differs from paleomagnetisz only because it
makes use of manmade materials rather than
rocks. Researchers who study such materials
have begun to put together prehistoric secular-
change curves of direction and intensity of the
Earth's field for certain locdlities where data
can be obtained that extend over a sufficiently
long period of time. The most important results
of this work are that az better understanding has
developed as to the nature of long-tera (about
10,000 years) secular variations, and this in-
formation is now being used to date archaeologi-
cal material when carbon-14 determinations are
impossible.

Extraterrestrial magnetisa

Recanent zagnetization has been found to
occur in both zeteorite and lunar materials. A
large volume of magnetic-property geasurements
has been accumulated for returned lunar samples
(Banerjee and Hargraves, 1971; Stacey and
others, 1961; Herndon and others, 1975; Watson
and others, 1975). Studies of these samples
have aided in (1) modeling the interior of the
moon and its evolution, (2) determining the
history and formation of the lunar regolith, and
(3) increasing our understanding of the nature
of extraterrestrial iron minerals.

Magnetic-property investigations of wmete-
orites have provided additicnal clues as to the
origins of meteorites and the forzation of the
solar system. Carbonacecus chondrites are con-
Sidered to be among the most primitive materials
in the solar system. The rezanent magnetization
found in these rocks indicates the presence of
strong gagnetic fields early in the histery of
the solar system, even befcre planetary forma-
tion.
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THE PRINCIPLES OF ROCK MAGNETISM
Rezanen: and¢ induced cagnetisz

The magne:izatior ¢f any material is gener-
ally made up of two cozponents: the "remanent
magnetization," whick is that part remaining
alter rexoval of arn aprlied field such as the
Earth's, ané the "inducec magnetization," which
is that part iacuced by ar applied field but
which disappears after rezoval of the [field.
(See figure 2C.) In rocks, the total magnetiza-
tion J is made up ©f the vector sux of the
resanence Jn ancd the induced mpagnetization Ji’

where
Jds J1 - Jn . (1)

The induced magnetization J1 is proportional to

the applied field E; that is,

Ji z XK 1] (2)

where Xx is the constant of proportionality
czlled the "pagnetic susceptibility.™ Most pa-
leomagnetic investigations do not routinely in-
volve susceptibility ceasurezents; and, there-
fore, care is taken to shield the rocks froz
external magnetic fields during rezanence mea-
surements. (See section entitled "Measurement
of Rezanence.") On the cther hand, aeromagnetic
applications usuzlly require measurements of
susceptibility and, therefore, these measure-
pent techniques will also be discussed.

Ferromagnetisz, antiferrozagnetism,
and ferrimagnetisa

Substances such as iron, nickel, and cobalt
exhibit strong magnetic effects known as ferro-
magnetisc. These elexzents contain unpaired
electrons that are magnetically coupled between
neightoring ators. This interaction results in
a strong spontanecus cagnetization that causes
the alinement to be retained after removal of
the external applied field. As the temperature
increases, thermal agitation may destroy this

- alinement process. This occurs at & critical
temperature known &s the "curie temperature.®

Some substances are characterized by a sub-
division into two sublattices (4 and E), in
which the atomic moments within each are alined
but antiparallel to cne another. The result is
no net magnetic moment, and this phenomenon is
known as antiferromagnetisz (fig. 21). If the
atozic moments of the £ and B sublattices are
unequal, then there is a weak, net gpontaneous
magnetization known as ferrimagnetisz. Finally,
if the atomic moments in the two sublattices are
not exactly antiparzllel and a weak spontaneous
magnetization results (fig. 21), then the sub-
stance is s3id to be 2 canted antiferromagnetic.

Diamagnetisz, paramagnetisz,
and superparamagnetisnm

Two types of magnetization are diamagnetisn

:K\_'/ nd paramagnetism. Ieo its path around the nu-

J
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cleus, an electron creates a dipole poment
called the orbital magnetic coment. Also, the
electron spinning about its owr axis creates &
spin magnetic moment. The suz of the corbital
and¢ spin moments results in the magnetic dipole
wogent of an atoz, with most atozic momeatss
being zero. When atoms or molecules having zero
goments are placed in a magnetic field, they
couple to precess about the magnetic field.
This ordital precession causes a magnetic moment
to be induced in each atoc in the direction
opposite tion to the applied field. This is
referred to as diagmagnetisz. The susceptibility
is negative (fig. 22k).

In an atoz having a resultant magnetic
moment, the application of a magnetic field
alines these mozents in the direction of the
field. Substances having this effect are celled
parazagnetics with positive susceptibility
(rig. 22B).

Very fine particles, less than single do-
pain size (<0.0% uz), have very short relaxation
times (equation U4), even &t room temperature.
These particles are referred to as dbeing super-
parazagnetic; that is, they behave paramagneti-
cally but with intensities similar to those of
ferromagnetic paterials. Though the individual
particles have ferromagnetic-like intensities,
they rapidly change directions with an applied
field and, when the field is removed, cannot
paintain any remanence. Relaxation time is
dependent on both volume and temperature and is
much less than 1 se¢ for superparamagnetic pare
ticles. Superparamagnetism is not norpally ob-
served in terrestrial rocks, but can influence
magnetic-property measuresents of lunar and pe-
teoritic materials owing to the presence of
extremely fine grained iron.

Magnetic minerals in rocks

The minerzls that are most freguently found
to be responsible for the magnetic properties of
recks are within the ternary systex Fe0-Ti0z-

Fe,04 (fig. 23). There are the strongly magnet-
ic cubic oxides magnetite (Fe30,), maghemite (}-
Fe,05), and the solid-solution series of magne-
tite with ulvdspinel (Fe,TiO,), which are the

titanomagnetites. The somewhat weaker magnetic
rhombohedral minerals are hematite (a~-Fe,0,) and

its sclid-solution series with ilmenite
(FeTi0,), known as titanchematites. Oxidation

of these minerals proceeds in the direction of
the arrows (fig. 23).

The strongly ferrcmagnetic magnetite and
the paramagnetic (room temperature) and antifer-
romagnetic (low temperature) ulvdspinel form the
end members of their solid-solution series. The
variations of curie point with mole fractiocn of
Fe,Ti0, of this series are shown in figure 24.
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Figure 20.--Hysteresis curve of a ferromagnetic

macerial. J s is the saturation magnetiza-
tion, Jn is the remanent magnetization, Hc
is the coercive force, and Hsa: is the

field necessary to produce J'.
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magnetization produced By lowe-temperature oOxi-
dation of magnetite. This occurrence is gener-
ally cue te weathering or later stages of slow,
initial ccoling. In addition, low-texzperature
oxidation of titanomagnetite can produce titano-
maghezite, which {s also unstadle at elevated
texperatures.

Hematite has a rhombohedral structure and
both & wesk ferromagnetisn due %0 the spin-
canting in its two sublattices and s defect
ferromagnetisz arising from the interaction be-
tween the antiferromagnetisx and lattice defects
or impurities. Ilmenite, which is antiferromag-
netic at room temperature and paramagnetic at
liquid-nitrogen texzperatures, forms the other
end of & solid-solution series with hematite.
The variation of curie point with mole fraction
of FeTi0, is shown in figure 25. The unusual

solvus curve is shown in figure 26. In the
composition range of O to 50 perceant ilmenite,
the solutions behave as canted antiferromag-
netic, whereas between 45 and 95 percent ilmen-
ite, they btecozme ferrimagnetic, reverting to
antiferromagnetisz near 100 percent ilmenite.
This series is mainly responsidble for the magne-
tizaticn of red sediments and felsic volecanie
rocks.

The only iron sulfide that is ferrimagnetic
is pyrrhotite (Fes x where Ocxc1). It has an

intermediate composition between troilite (FeS)
and pyrite (FeSj;). An increase in the sulfur

content of troilite causes vacancies to replace
the iron atoms, which have ordered locations.

CANTED Particularly in the region of x = 0.14, pyrrho-
FERRO- ANTIFERRO- FERRI- ANTIFERRO- tite is strongly magnetic. Uncertainties exist
MAGNETIC  MAGNETIC  MAGNETIC  MAGNETIC  gbout its curie temperature, but it is commonly

T AV

I
T LT Y
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Figure 21.--Types of magnetization and resulc-
‘ ing “"net" magnetizaticn. Arrows represent
atomic moments.
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This series is mainly responsible for the mag-
netization in young basic rocks and can also
occur in older veolcanic rocks, although they are
typically asscciated with other minerals result-
ing from subsequent alteration.

Maghemite is alsc a Cferrcmagnetic, cubie
gineral, but is metastable and bruks down into
hematite upon heating to above 350°C. Maghemite
is generally considered as a "secondary" form of

28

found to cccur between 300° and 350°C. In most
terrestrial rocks, the iron sulfides appear as
pyrite, which has & cubic structure and is non-
magnetic. Troilite occurs commonly currence in
meteorites and lunar samples. Its presence
causes considerable problems in attexzpting to
thermally demagnetize lunar samples, because
troilite immediately begins to break down inte
pure 1ren at only moderate texmperatures of 2-
round 200°C.

Two important, naturally occurring oxyhy-
droxides of ircn, which dehydrate to oxides at
100° to 300°C, are goethite (c-FeQOH) and lepi-
docrocite (v-FeOOH). Chemically precipitated
ferric hydroxides in sediments may suffer dehy-
dration during compaction or much later, forming
hepatite froz goethite or maghezite from lepi-
docrocite. These types of alterations tend to
further complicate the paleomagnetisz of red
beds which is discussed later.

Therporemanent magnetization (TRM)
TRM is that rezanence acquired by z rock

upon cocling froam sbove the curie point to room
tezperature in the presence of a magnetic field.
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Figure 22.--Graphical representztion of the effect of inducing fields on the dipole moment of an

aron.
the inducing field.

RUTILE

Figure 23.--Ternary diagram of typical iron-
titanium solid-solution series. Arrows
represent directions of oxidation.

It is considered to be an extremely stable mag-
netizaticn over the geologic time scale. TRM is
not &ll acquired at the curie point, Tc' but

over & range of temperatures down to room team-
perature (fig. 27). 7The TRM can be considered
tc be acquired in discrete temperature inter-
vals, and that fraction of totzl TRM acquired in
each temperature interval is called the PTRM
(partial TRM) ‘for that interval. The acquired

A, dianagneric macerials; B, paramagnetic materiasls.

J is the magnetization and H is
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Figure 24,--Variation of curie temperature as s
function of magnetite-ulvospinel ratios.

PTRM depends only on the magnetic field applied
during that interval and is not affected during
any cother subsequent intervals. The total TRM
is equal tc the suxz of the PTRM's. This is known
as the law of additivity of PIRM ancd is an
extremely useful principle when applied to pa-
leointensity determinations and thermal demag-
netization (Thellfer and Thellier, 1956).

TRM acquisition is also & function of grain
size (fig. 28), increasing with decreasing grain
size. In low fields TRM is proportional tc the
applied field, but in stronger fields it satu-
rates (fig. 29).
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Figure 25.--Variation of curie temperature as
a function of ilmenite-hematite ratios.
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Figure 26.--Solvus curve of ilmeno~hematite
solid-solution series.

Chemical remanent pagnetization (CRM)

CRM occurs during the formation of & mag-
netic mineral at low temperatures (aabient) by
chextical or phase change in the presence of an
applied field. The main products of chemical
alteration are hematite, maghemite, or titano-
maghemites. These ead products can be formed by
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Figure 27.--Representative thermzl demagnetiza-
tion curve showing loss of TRM (thermal
remanent magnetization) (dashed curve) and
susceptibilicy (solid curve). Patterned
blocks i{llustrate acquisition of PTRM
(partial thermoremanence) by cocling in a
magnecic field for different temperature

intervals.
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Figure 28.-~Acquisition of TRM (thermo-
remanent magnetization) as a function of
grain size.
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any of the following processes: (1) oxidation

. “of magnetite to hecatite or maghemite, (2} oxi-

dation of :itanomagnetite to titanomaghemite,
(3) dehydration of iron oxyhydroxide to hema-
tite, ancd (&) precipitation of ferromagnesian
minerals, such as biotite, hornblende, and au-
gite, froz infiltrating ground waters in sedi-
ments, and then subsequent oxicdation to hema=-
tite.

CRM is the most probable source of magneti-
zation in rec beds. This is due to unusually
large volures of hematite in the forw of either
pigmentation or specularite. The intensity of
magnetization of red beds can be two or three
orders of magnitude greater than that of non
red beds. The current controversy in red-bed
magnetics is whether the CRM was acquired at, or
shortly after, deposition or by subsequent al-
teration much later (Helsley and Shoemaker,
1973; Larson and Walker, 1975).

CRM acquisition is analogous to the acqui-
sition of TRM. Secondary hematite forms from a
nucleation process. At first the grains are so
small (<0.02 um) that they are superparamagnetic
and, therefore, cannot retain a spontaneous mag-
netization. As the grain grows beyond a crit-
ical bdlocking diazeter, the magnetization be-
comes spontaneous.

Detrital remanent magnetization (DRM)

The process of alinement of all magnetic
particles by 2 magnetic field as they fall
through water and(or) the rotation of such par-
ticles into the field direction when they are in
the water-filled interstitial holes of a wet
sediment is called DRM. The original magnetiza-
tion of all sediments is due to DRM, but in the
case of altered sediments, such as red beds, the
CRM component soon dominates that of the DRM.
Geologically recent lake sediments, however, ap-
pear to still carry most of their remanence in
the form of DRM, and many investigators are now
using such sediments as a tool for analyzing
prehistoric secular change of geomagnetic field.
Most DRM's are also subject to later viscous
effects because of their already weakly magnetic
characteristiecs.

MEASUREMENT TECHNIQUES AND INSTRUMENTATION
Sample collection and preparation

Sample collection is a critical and all-
too-often neglected aspect of rock magnetism.
At each field site one or more oriented samples
are collected, either as an oriented block or an
oriented core drilled from an outerop. From
each of these samples, a number of specimens are
drilled or sliced. It is absolutely necessary
that the samples be collected from an outcrop
that is still in situ, because most palecmag-
netic studies require referencing the direction
of magnetization in the specimen back to the
present direction of the geomagnetic field at
the sampling site.
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Hand sampling of oriented blocks requires
using a Brunton compass and inclinometer, for
instance, to place a: leas: two horizontal marks
on two approximately perpendicular sides of the
block and an arrow on the top of the block
referencing magnetic north (fig. 30). Field
notes should Pe made as to the dip and strike of
the unit sampled. Generally, because of the
lack of convenient flat surfaces on the block
and errors in compass readings, the accuracy of
this method is at best only a couple of degrees;
one can overcome these problems, however, by
using a simple sun-compass device (fig. 31). A
more critical objection to block sampling is
that the most convenient samples to collect are
sometimes associated with Joints or cracks in
which surface weathering is more predominant.

The most accurate way to sample is by using
a portable core drill (fig. 32); this permits
sampling away from undesirable joints and frac-
tures and to greater depths in the outerop,
which are removed from weathering. After the
core is drilled and prior to breaking it off
from the outerop, a long tube with an orienta-
tion table on top is slipped over the core (fig.
33). The long tube (copper or brass) has a slit
down its side for marking the core after the
table is oriented. This orientation is accom-
plished by first leveling the table and record-
ing the dip of the tube, using the protractor on
the side. Then the orientation of the table
with respect to magnetic north is accomplished
using either a Brunton compass or sun compass.

For some studies in which one wishes only
to measure the magnetic properties of the rocks,
for instance, the rocks do not have to be ori-
ented, but it may be necessary to keep accurate
field notes as to the relative stratigraphic and
geographic locations of the samples. For sus-
ceptibility measurements, the collection of pow-
dered samples may be satisfactory if competent
samples are unobtainable.

After the samples have been taken to the
laboratory, they probably must be further pre-
pared for measurement of remanence. If hand
samples were collected, then specimen cores must
be obtained from them. The standard core size
required for most measurements in the rock mag-
netism laboratory is approximately 2.54 cm diam
x 2 cm long. The hand sample must be leveled in
the laboratory, using a leveling eclamp (fig.
34), and cored in the drill press. Prior to
breaking off the specimen from the block, the
north orientation is transferred to the core.
The. specimens must then be sliced to proper
length using a diamond cut-off saw. If cores
were taken in the field, then they need only be
cut to proper length.

Preparation of magnetic separates
and polished sections

Magnetic separates are needed for any of
the following: (1) curie temperature determina-
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Figure 29.--Acquisition of TRM (thermo-
remanent magnetization) in increasingly
larger inducing magnetic fields (H). A,
magnetite powder; B, hematite powder.

tion, (2) petrographic studies, (3) X-ray dif-
fraction or microprobe analysis, or (4) scanning
electron microscope studies. Powdered separates
can be obtained in the rock magnetism laboratory
in several ways, but they all start with pulver-
ization, using a mortar and pestle. Next one
must extract the maximum amount of the magnetic
particles possible from the crushed powder.
This is generally accomplished by (1) mixing the
powder with a beaker of clean water; (2) wrap-
ping a suitably sized permanent magnet with thin
plastic; (3) dipping the magnet, enclosed in
plastic, into the powder mix and stirring the
mixture slowly; (4) slowly removing the magnet
with attached magnetic particles and immersing
it into another beaker of clean water; and (5)
removing the magnet from within the plastic and
swirling the plastic around to detach particles,
allowing them to settle to the bottom of the
beaker. The plastic-wrapped magnet is then
returned to the powder-water mixture and the
process is repeated until a desired amount of
magnetic material is collected. The water from
the final beaker is poured off slowly, while
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Figure 30.--Drawing illustrating typical
method for orienting hand specizens. N
represents magnetic north and lines on
sides of specimen reference horizoncal.

Figure 31.--Sun-compass orientation device.
The three pointed legs are used as
references. Line drawn on rock points
to magnetic north.

retaining the magnetic particles as a sediment.
Acetone is then used to flush the particles from
the beaker to a petri dish where the acetone is
allowed to evaporate, leaving DYehind the mag-~
netic particles.

A new way of extracting magnetic particles
from a powder has been developed in the rock
magnetism laboratory. This methed is much sim-
pler because it is done dry. It makes use of the
concept of a linear induction motor in which the
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Figure 32.--Light-weight, gasoline-powered, portable drill with auxiliary water supply.

particles become moving magnets driven by a
series of coils powered by a three-phase alter-
nating current. The whole-rock powder is simply
deposited at one end of this magnetic "conveyor
belt,” and the magnetic particles move to the
other end and are collected in 2 sample holder,
leaving behind the nonmagnetic material.

In addition to the equipment for producing
magnetic separates, the rock magnetism labora-
tory has all the necessary eguipment for prepar-
ing polished sections of these separates (fig.
35). :

M zasurement of remanence

The measurement of remanent nagnetization-‘

constitutes the majority of measurements done in
the laboratory. This is accomplished by either
of our two spinner magnetometers. One is a
standard commercigl system with g sensitivity of
approximately 10 emu/ce (fig. 36). It also
has the capability of measuring anisotropy of

k]

susceptibility. The device accepts our standard
specimen size, and the direction and intensity
of magnetization in the rock can be cobtained by
either a three- or six-spin set of measurements
(rig. 37). Six-spin mpeasurements are usually
required vhen dealing with specimens whose rema~
nent intensity fealls below 10 ~emu/ce. & digi-
tal readout is provided for additicnal accuracy.
Computer programs for determining resultant di-
rections and intensities along witk complete
statistical analysis, including paleopcle posi-
tions, are available on 2 hand calculator with
printcut.

The second spinner gagnetometer is & new
digital system (fig. 38). The digita) spinner
iz faster and more sensitive ( 2 x 10° " emu/ec),
using the same measuring techniques; that is,
fluxgate sensor, magnetic shield, and 5-Hz drive
assezbly. Eowever, the computerized system dif-
fers from the analog system in that it converts
the fluxgate signal into digital form and pro-
cesses the data in the minicomputer provided
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Figure 33.--Core orientation device.

with the systez. Instead of locking onto the
fluxgate signal and doing 2 time-dependent inte-
gration as in the analeg, the digital data froz
the digital spinner signal are Fourier-analyzed
for each spin and averaged for consecutive spins
until the predetermined signal-to-noise ratio is
met. The digital spinner uses 2 six-spin set
that 1s slightly different than that of the
analog systez (fig. 39). & block diagraz of the
digital systez is shown in figure Lo.

C . em e —

Brunton compass is shown placed on top.

3%

- & ...

Measurezment of curie temperature

Thermomagnetic analysis based oz determi-~
nation of a rock’s curie temperature has become
a standard tocl for gigersl 1ideantification
(Eigs. 61 and 42). The procedure involves
geasuring the saturation gagoetization J, &s &
function of temperature 7. J.,~T analysis can
also be used for deterxzining the suitability of
saoples for palecintensity peasurecents and for
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Figure 34.--Laboratory orientation clamp with rock in plnccf

examining the rates of alteration of a2 mineral
or assemblage of minerals during heating.

The curie balance that is located in the
rock magnetisz laboratory is shown in figure 41.
The heart of the systex is an electrobalance
that can measure weight changes as small as 5 x
1077 g. A balance of this type has the advantage
of providing & voltage proportional to weight
end also of maintaining the sample in exactly
the same position between the pole pieces of a
pagnet during the experiment. This fixed posi-
tion eliminates the need to sdjust for changing
field gradients. The modified balance systex
consists of (1) the electrobalance; (2) a
chromel-alumel thermocouple; (3) a furnace with
controller capable of reaching 800 C; (&) a
1.8-kilogauss permanent magnet capable of satu-
rating most common magnetic minerals (hematites
excluded); (5) an accurate gas-mixing systex
capable of providing & partial pressure of oxy-
gen in the furnace of from 1 atm down to 10 3
atm, thus elirminating the need for & vacuum
systez; (6) an oxygen fugacity probe that per-
mits the monitoring of the oxygen activity on a
real-tipe basis; (7) an electrcmeter for measur-
ing the output of the fugacity probe; and (8) an

!l
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X-Y plotter that automatically plots J_ vs T
(fig. 4&2). The furnace, fugacity probe;, ther-
mocouple, and gas inlet are all incorporated
into the probe assembly (fig. 43).

The fugacity probe is an yttria-doped zire
conia ceramic electrolyte (Satec, 1970) that
functions as follows: the tube is closed at cne
end, and gold or platinum-fcil electrodes are
fitted to the inside an¢ cutside of the clesed
end of the tube. Pure oxygen is fed into the
inside of the tubdbe furnace. Any difference in
total oxygen between the reference and the ex-
ternal gas pixture causes charged oxygen ions to
pigrate, creating a potential difference between
the two electrodes. This potential is measured
by an electrometer. The oxygen fugacity can be
calculated using the thermodynazic equation:

(E in mv) x 100
{Tin K) x §.98 ° (3)

4 typical measurement of the curie texpera-
ture of a specimen proceeds as follows: the
specimen is prepared either in the form of chips
from a whole rock or 2 powdered magnetic sepa-
rate from a sediment. Depending upon how
strongly magnetic the specimen is, one chocses

-logf(0;) =



Figure 35.—Polisher with azccessories and various polishing compounds,

the amount of the material to be measured; this
can range anywhere from a single grain weighing
several ricrograms tc a quantity of powder
weighing as much as a few hundred milligrazs.
One pust optimize this amount tc prevent the
suspension systez from being drawn to the side
of the furnace by the magnetic attraction of the
perzanent magnet. The specimen is then placed
in the small quartz bucket, the furnace unit is
attached, and the specimen is weighed and 2ze-
roed, using the digital tare provided by the
Cahn electronics to give a zerc reference on the
recorder. The magnet is then moved into posi-
ticn. An apparent weight increase will be due
to the downward force on the magnetic materials
generated by the vertical gradient between the
poles of the magnet. The furnace controller is
then set at the desired final temperature, the
current to the furnace that is necessary to
achieve that setpoint is set, and the furnace is
turned on. When the setpoint is reached, the
furnace is switched off and allowed tc cool to
roos temperature, A typical direct plot of a
run is shown in figure U8, If gas contrel 1s
desired during 2 run, the gas mixture must be
flowing (approximately 60 @L/min) before the
specimen 1s weighed, so that the szall amount of
buoyancy created by the upward-flowing gas can
be canceled along with the weight.
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Magnetic cleaning of specimens
Introduction

The main objective behind magnetic cleaning
of rock specimens i{s to remove unstable or un-
wanted secondary components of magnetization
that have been added subsequent to the formation
of the original or primary magnetization. Even
the primary magnetization may be unstable. In
these cases, the results of magnetic cleaning
could indicate sufficient uncertainty in the
data so as to warrant their being discarded.
Apart froz an interest in the stability of
rocks, an understanding of the origin of the
magnetization being studied is important. Mag-
retic cleaning can provide additional clues.

Secondary components can appear in several
forms. IRM (isothermal remanent magnetization)
is formed by large magnetic fields at ambient
texzperatures. An example of this is lightning
strikes. VRM (viscous remanent magnetization)
is formed in relatively weak fields over long
periods of time as a function of temperature.
Chexnical remagnetization can create still an-
other form of secondary magnetization. However,
this forz is stable, sometices even completely
overprinting the primary magnetization.
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Figure 36.--Standard analog spinner magnetometer.

Alternating-current demagnetization

The energy required to change the magnetic
state of a specimen may be supplied by a mag-
netic field, and the "coercive force" (fig. 20)
indicates the strength of field necessary to
induce a magnetic change. The average coercive
force is easily measured for a rock and varies
from tens to thousands of oersteds, depending
upon grain shape, size, alinexent, and degree of
internal imperfections. Because of the wide
spectrun of microscopic coercivities in a rock,
progressive dezagnetization, first of softer re-
gions, then of harder ones, can be carried out.
A direct field does not discririnate the varying
hardnesses, but if & rock is subjected to an
alternating field in such a way that the magne-
tized zones are affected by many cycles of di-
minishing amplitude of field, these softer zones
will be magnetized into random orientations that
cancel, while the harder ones remain unmodified.

tizer in the rock magnetism laboratory consists
of (1) & solenoid (coil constant of 125 Oe/azp)
capable of fields to 850 Oe without appreciadle
overheating, (2) a three-axis tumbling mecha-
pism, and (3) a solid-state 60-Hz power supply
that drives the coil froz some preset current
to zero (<1 ma) linearly with time (fig. U5).
The rate of demagnetization is 100 Oe/min. &
typical a.c. cleaning proceeds as follows: af-
ter measurement of the NRM of a specimen, it is
placed in the tumbler. A peak field {perhaps 25
Oe, 50 Oe, or 100 Oe) is chosen and the time of
decay is set. First the tumbdler is turned on;
then the start switch is thrown. The rock
tuzbles as the field decays to zero. The start

~ switch is then turned off, followed by the tum-

bler. The rock is removed and placed back in the
spinner to measure the new remanence. This
process is repeated at progressively higher mag-
netic fields until the desired results are odb-
tained. These are explained in the data analy-

The a.c. (alternating-curtent) demagne- sis section of this report.
37
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Figure 37.--Specimen orientation for the spinner magnetometer,

six-spin orientation sequence.

Thermal demagnetization

The characteristic time for a process,
which appears as a relaxation time in theories
of magnetic viscosity or thermorezanence in sin-
gle domains, is:

vE _J
1 c s
=3P AT

where k is Boltzmann's constant and t is °K. The
blocking temperature for a grain of volume v {s
that temperature at which the relaxation time t
becomes small, say 100 sec. A high blocking
temperature indicates that the grains will have
a long relaxation time at room temperature. The
blocking-temperature spectrum of a rock can be
broken into two dasic parts: thermally discrete
components that have high stabilities which re-
main unchanged up to the curie temperature; and
thermally distributed components that consist of
a series of blocking temperatures and are less
stable and, therefore, more capable of acquiring
secondary compenents of magnetization.

If the specimen temperature is raised in
discrete steps, the transitions that have short
relaxation times will occur at lowest tempera-
tures. These will be demagnetized if the speci-

(4)

gen is in a zero magnetic field during cooling.

o, ~NOTCHED

+ZJ/ -2 “/  EDGE
NOTCHED'
EDGE

A, three-spin orientation; B,

Unstable or secondary VRM or IRM can be demagne-
tized while magnetically harder components re-
pain essentially unchanged. Examples of thermal
demagnetization of TRM, IRM, and CRM are illus-
trated in figure 46 for comparison.

The rock magnetism laboratory contains two
complete thermal demagnetization systezs. One
is a single-sample, platinum-wound furnace (fig.
47) with atmospheric control identical to that
included in the cuzy.e balance. The temperature
controller has a +1 C accuracy and uses a plati-
nuz-platinua thermocouple. The furnace is sur-

~rounded by a two-layer gu~metal shield that

38

lowers the ambient field around the sample to
within +2 gamma. There is, in addition, a set of
axial Helmholtz coils interior to the shields
for the purpose of applying as much as a 1 Qe
field for paleointensity measurezents.

The second thermal demagnetization systeaz
is & nultisample (as many as to 12} cylindrical
furnace (fié. 48). The temperature controller
has a «1 C accuracy and uses a chromel-alumel
therpocouple. Over the entire area containing
the samples (approximately 3-in. diameter x 6-
in. length), the magnetic field is maintained to
within +5 gamma. This is accomplished by a two-
layer mu-metal shield. A typical heating to

I

i

5

600 C° and cooling to roo: temperature takes
about 1 hour.
R~ cad - e T
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«=Sample-holder orientation for spins one through six, as used on the digital spinner.

Figure 39.
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Figure 41.--Curie balance system based on an electrobalance.
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Figure 42.--Schezatic of curie balance systen.

A thermal dezagnetization run proceeds as
follows. 4 specizen or specimens are placed in
the spinner magnetometer and the direction and
intensity of the NRM's are measured. They are
then placed in the furnace and heated to a2
predetermined tecperature step (for example,
100°C) and held. An average 12-cc specimen will
take about 30 minutes to equilibrate. The fur-
nace is then shut off and the specimens are
2llowed to cool to room temperature in an essen-
tially zero magnetic field. They are returned
to the spinner for remeasurexment of direction
and intensity. This process 1is repeated at
higher temperatures until either all of the
repanence is destroyed or the objectives of the
experiment are achieved. These objectives are
discussed in a later section on data analysis.

Petrographic analysis

A thorough investigaticn of paleomagnetic
or rock-mpagnetic properties should include a
petrographic analysis of the specimens used in
the study. Curie-temperature determination for
the purpose of mineral identification is not
sufficient in many cases. For instance, a tita-
nomagnetite containing about 60 percent ulvd-
spinel has a curie temperature of around 200°C,
but so does s titanohematite containing about 50
percent ilmenite. The laboratory has z petro-
graphic picroscope for use with either transpite
ted or reflect light; its highest magnification
capability is 600X. In addition, an autcmatic
camera setup is attached to the microscope for
either Polaroid or 35-mm pictures (fig. 49).
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DATA ANALYSIS AND EVALUATION
Field tests for stability

Basic information is required concerning
the geologic history of the host rock unit frozm
which the samples were collected. This informa-
tion will be used in seeking t¢ discover scme
geologic process that will indicate the time
dependence of physical mechanisms in rocks. The
purpose of subjecting these rocks to demagneti-
zation and field tests is to determine whether
remanent magnetizatiocn of a rock was acquired at
a4 specific time and whether it is parallel to
the ambient magnetic field operative at that
time.

One set of tests is for the self-consis-
tency of the data. For example, samples cole
lected from a single geologic unit or from sev-
eral units of similar age may be s2aid to be
magnetically stable if they have consistent di-
rections of magnetization. Also, normal and
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Figure &44,--Typical saturation-magnetization (J
versus temperature curve, Arrows indicate
reversibility of heating and cooling curves.

reversed directions of magnetization froz rocks
of similar age, provided that these directions
are exactly antiparallel, provide a strong argu-
ment for stability. If a single geologic unit
is sampled over a large geographical area and
consistently uniform directions of magnetiza-
tion are found, then this strongly indicates
stable recanence.

A particularly useful test can be applied
to igneous rocks. These have intrusion tempera-
tures higher than the curie tezperature of their
magnetic minerals. As they are emplaced, they
heat the surrounding country rock to tecpera-
tures sometimes exceeding the curie teamperatures
of the minerals in the country rock. On cool-
ing, the direction of the ambient field may be
locked into both units. If the igneous unit and
the baked contact have the same diredtion of
magnetization, they can be considered to be
stabtle.

The above tests relate to possible altera-
tion of the magnetic minerals with time. Other
tests reflect stability even though the rocks
pay have been physically displaced by scme geo-
legic process. The most common of these is the
fold test. 1If a formaticn has been folded and
the directions of magnetization are corrected
for structural attitude, all the directions
should be the same if they were acquired prior
to folding an¢ have been stable since. The
conglomerate test has also been used on ccca-
sion. If pebbles in a conglomerate can be
identified with an clder source formation and
these pebbles have randon directions of magneti-
zation, then it can be said that the magnetic
minerals in the pebbles have been stable over
geologic time. This implies that the source
formation may be considered stable and suitable
for palecmagnetic sampling.

— = .

)

42

NWM-USGS~-GPP-06, RO

Attachment #6

";t

o :gi-
-

L
- . o

> W

Laboratory tests for stability

One of the simplest types of laboratory
stability tests is the storage test. This in-
volves peasuring the remanence directions of the
samples as soon as possible after returning froz
the field and then storing thez in a known
apbient field for some time. The directions are
then remeasured periodically for tizmes gzs short
as days to as long as months. If directions
remain unchanged, the samples can be considered
to be relatively stadble. If drastic directional
changes cccur, especially within shorter periods
of time, the samples are magnetically unstable.
The above effect is due to the acquisition of
VRM. Samples that exhibit this tendency contain
zinerals with extremely low coercivities.

The most widely used technique for deter-~
mining the magnetic stability of a rock is a.c.
demagnetization. This test consists of sub-
mitting the samples to a series of a.c. demag-
netizing cycles. The wmethod for determining
suitable cycles varies. The best way to de-
scribe the methods is through examples. In
figure S04 the NRM directions have a pronounced
streaking characteristic. Cleaning to 200 Oe
causes the directions to group tightly, and
going beyond 200 Oe produces no significant
improvement. In figure SOE the directions are
widely scattered, and at 400 Oe they are
grouped. Figure 50A is representative of a VRM
component in the <direction of the present
Earth's field. Figure 50B appears to be due to
IRM produced by lightning. These conclusions
are supported by the plot of intensity versus
peak demagnetizing field (fig. S51). Curve B
shows an abrupt initial decrease to 200 Oe with
only 5 percent of the original reganence remain-
ing. It is well known that induced IRM can be
removed by an equivalent a.c. field up to satu-
ration.

In general, both IRM and VRM tend to be
less resistant to a.c. dezagnetization than
TRM, CRM, or DRM. Therefore, they can be re-
moved selectively while preserving the original
magnetization. Also, although both examples in
figure 51 tend to stabilize in intensity above
200 Oe, B in figure 50 does not group in direc-
tion until about 400 Oe. Much of the subjec-
tiveness enters into the a.c. cleaning procedure
at this point. The choice of optimum demagne-
tizing field is often based upon a combination
of criteria. Any one may be cbjective in na-
ture, but they are typically combined in a sub-
Jective manner. Generally speaking, for most
rocks, 200 Qe a.c. should be sufficient to re-
move spuriocus components of magnetization.

Thermal demagnetization or thermal clean-
ing 1= another technique for estimating the
stability and determining the original direc-
tions of magnetization in rocks. Partizl ther-
mal demagnetizaticn is used comzonly to remove
secondary compcnents with low blocking texmpera-
tures and to eliminate the effects of low-tezm-
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Figure 45.—-Alternating-current demagnetizer showing tumbling mechanisn in foreground and solid-

state controller at rear.

perature thermal overprinting in rocks. Thermal
cleaning appears to have little effect on IRM.
As with a.c. cleaning, thermal cleaning also
requires a bit of subjectiveness. For instance,
in dealing with recd beds, thermal demagnetiza-
tion can drastically lower the intensity of a
rock in the first few hundred degrees, but the
direction of nagnetizttion can continue to
change to uithin 50°C of the curie temperature
of hematite (670°C).

None of the above tests should be accepted
without a reasonable knowledge of the magnetic
zinerals of the rock. This can conly be acquired
from petrographic, X-ray diffraction, and curie-
tezperature analyses.

Statistical methods

By examining 2 1ist of paleomagnetic direc-
tions, poles, and intensities, cone can get an

idea of their average value and scatter; but
statistical analysis affords the opportunity to
compare sets of data and put meaningful numbers
on distributions and scatter. Two assumptions
that are usually made are that (1) every vector
has equal significance and 4is given egqual
weight, and (2) the directions have z Fisherian
distribution. Fisherian statistics were devel-
oped to meet the demand for defining the distri-
bution of points cn a sphere (Fisher, 1953).

Directions of magnetization are usually ex-~
pressed in terms of their declination, which is
measured clockwise fromw true north, and their
inclination from the horizontal plane, expressed
&s positive downwards (fig. 52). Directions of
magnetization can also be described as pole
positions (fig. 53). The latitude and longitude
of this pole (xp,e ) can be calculated from

Ap = sin” (sin ) 2C08¥ + cosi sinwcosb)
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(chemical remanent magnetization) hematite in
a red sandstone; open square, IRM (isothermal
remanent magnetization) produced in magnetite
powder in field of 100 Oe and 20°C.

and
¢p = 4y * 4,
where
§ = sta”! (coswsinnlcosxp).
Here the site location, AS,Q‘, is known along

with the declination D and inclimation I. The
colatitude or distance of the pole froz the
sanpling site is given by

v =z cot~1(1/2tanI).
It is assumed that the remanence was acquired in
the field of a uniformly magnetized earth (fig.
53).

Remanence is a vector; therefore, cne can
obtain a mean direction by standard vector alge-
bra. In cartesian coordinates,

x = cosDcosI;

¥ = sinDcosI;
and z =z sinl. -
The resultant vector R and its direction, D,I,
are given by

[ ——w—‘
N - wh

- e el
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Pole positions or directions of magnetiza-
tion can be shown graphically on many projece-
tions. The most common is equal-arez (ortho-
morphic) polar or equatorial stereographic. As
a convention, the vectors are plotted as solid
circles on the lower hemisphere (positive incli-
nations) and open circles on the upper hemi-
sphere (negative inclinations).

Fisher (1953) described the mathezatiecs for
determining the various statistical parameters
that are necessary for the proper evaluation of
magnetic-pole data. Those formulas will not be
reiterated here, but gention will be made of the
types of parameters most commonly used, and
examples are shown in figure S4. Five groups of
nine points are presented. The table lists, for
each group, (1) the vector sum R; (2) the preci-
sion parameter K, which determines the disper-
sion of the points; (3) 695, which is the radius

of a circle on the sphere corresponding to a
probability of 0.05, so that there is a 20 to 1
chance of the true mean direction lying within
that circle; and (4) the circular standard devi-
ation 563' which is the diameter of a circle

enclosing 63 percent of the points. In gen-
eral, the larger the value of k and the smaller
the °95’ the more reliable are the results.

Statistical analyses can be done for dif-
ferent sampling levels (specimens, samples,
sites, units, and so forth), or different demag-
netization levels, or both. Because the preci-
sion of the statistical analysis is dependent
upcn the number of samples, cne might feel that
it is necessary to maximize the number collect-
ed, but several previous studies have shown the
optimum to be six to eight independently orient-
ed samples per unit. If any weighting i{s done,
it is usually acccmplished by either eliminating
suspect samples from the analysis or using un-
even numbers of specimens from each sample.

Two objective geasuremeats of stability
have been developed in the last few years: S.F.
(the "Stability Factor®) is based on the changes
in direction and inteansity during stepwise de-
magnetization. For each step (1),

S.F. = i,_/(i,_ +Ir),
where ii is the vector at step i and Ir is the

nonvector sum of all previous changes. S.F. is
essentizlly a measure of the ratio of low and
high coercivity vectors and applies wmore to
magnetic-properties studies. S.I. (the "Stabil-

=



P
-

‘r\\\.

o AT

YR
e e

o 41 |

2 Y % % S

e Attachment #6

i

%’g}“ of) . '
?@a 4 'lu(‘ '.
R T EEd S

(il
(Y

{i’ .

il

LTS

LIRC Nt

Figure 47.--Single-sample furnace used for palecintensity determinations and thermal demagneti-

zation in controlled atmosphere.

ity Index") is based on the tightest grouping of
directions. It is calculated for all possible
combinations of three or more successive direc-
tions during demagnetization; that is,

S.I. = max (Ranse*/ess).

S.I. can estimate the range cver which z single
component of remanence can be isolated.

When analyzing susceptibility, and rema-
nence for comparing different rock units, it is
best to determine their log-normal distribution
rather than their mean values of remanence or

43

susceptibility. This procedure is recommended
because of the generally extreme variations in
amplitude within units. The logarithms of the
values tend to have a symmetrical (gaussian)
distribution, suggesting that the pain influence
on both susceptibility and intensity within any
rock unit is the distritution of grain size.

For computaticn purposes, the rocke-magne-
tism laboratory has 2ll of the computations for
pole positions D end I and Fisher statistics

programmed on & hand caleculator that has printer
output.
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\_/ Figure 48.—-Multisample thermal demagnetization system shown with calibration magnetomecer.
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Figure 50.--Effects of alternating-current demag- 7
netization. A, VRM (viscous remanent magnetiza-

tion); B, IRM (isothermal remanent magnetiza- Figure 52.--Components of magnetization in & rock.
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Figure 51.-~Decay of magnetic 1ntensity.(J) of

sample under influence of alternmating field Figure 53,--Pole-position representation of
(Hoe). A, VRM (viscous remanent magnetization) resultant magnetization in & rock referenced to
and B, IRM (isothermal remanent magnetization). geomagnetic coordinates where S is sample loca-

tion, D is declination, P is the geographic
location of the paleomagnetic pole, and ¥ is
the distance to the pole from the sampling
site.
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GROUP R K Gos 04
1 8.99 806 17 2.7
2 8.97 347 28 4.4
3 8.74 32 8.2 14.4
¢ 8.2¢ 10.6 16.6 25.1
5 7.1 4.2 284 40.0

Figure 54.,~-Standard paleomagnetic statistical
parameters. R, resultant vector sum; K, pre-
cision parameter; ao.., circle of confidence;
and 053, circular standard deviacion.
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SPECTROSCOPIC PROPERTIES
By Grahaz R. Hunt

Introduction

Spectroscopy may be defined very broadly as
the study of the interaction of electromagnetic
radiation with matter; and a spectrum, &s & plot
of the intensity of theé transmitted, reflected,
or exitted racdiation as a function of its ener-
gy, frequency, or wavelength.

The electromagnetic spectrum extends from
the high-energy (short-wavelength) coszic-ray
region to the low-energy (long-wavelength) do-
main that is well below audio frequencies. Of
this vast wavelength range, extending froz less
than 107° yz to more tham 1010 yg, only the
region from the NUV (near ultraviclet) to the
FIR (far infrared) (from 0.16 to 50 um) is
currently investigated in the spectroscopy sec-
tiocn of the Petrophysics Laboratory. 4 much
greater range (covering 15 orders of magnitude)
at longer wavelengths is covered in the section
entitled "Electrical Properties." Even though
the NUV-FIR range is comparatively small, it is
the principal region in which electromagnetic
racdiation truly interacts with virtually all
matter, without at the same time disrupting it.
Because it is also the range in which energy
sources and detection systems are well developed
and in which atmospheric effects do not com-
pletely remove all solar radiation, it is the
prime range over which remote sensing technigues
are traditionally applied.

Figure 55 shows the electromagnetic spec-
truz and some of the more comzmon ways in which
the energy, freguency, or wavelength can be
expressed. These relationships can be simply
expressed (using consistent units) as

vse s-,
where v is the frequency, : , the wavelength, and
¢, the speed of light; and as

:-hv--!;—c-.
where £ is the energy and n, flanck's constant.



