NUREG/CR-5562

Dating and Earthquakes: Review
of Quaternary Geochronology and
Its Application to Paleoseismology

Edited by
J.M Sowers, J S. Noller, W R Lettis

William Lettis and Associates, Inc.

Prepared for
U.S. Nuclear Regulatory Commission




AVAILABILITY NOTICE
Availability of Reference Materials Cited in NRC Publications

Most documents cited in NRC publications will be available from one of the following sources:

1. The NRC Public Document Room, 2120 L Street, NW., Lower Level, Washington, DC 20555-0001

2. The Superintendent of Documents, U.S Government Printing Office, P. O Box 37082, Washington, DC
20402-9328

3. The National Technical Information Service, Springfield, VA 22161-0002

Although the listing tﬂat follows represents the majority of documents cited in NRC publications, it is not in-
tended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Document Room
include NRC correspondence and internal NRC memoranda: NRC bulletins, circulars, information notices, in-
spection and investigation notices; licensee event reports:; vendor reports and correspondence; Commission
papers; and applicant and licensee documents and correspondence

The following documents in the NUREG serles are available for purchase from the Government Printing Office:
formal NRC staff and contractor reports, NRC-sponsored conference proceedings, international agreement
reports, grantee reports, and NRC booklets and brochures. Aiso available are regulatory guides, NRC regula-
tions In the Code of Federal Regulations, and Nuclear Regulatory Commission Issuances.

Documents available from the National Technical Information Service include NUREG-series reports and tech-
nical reports prepared by other Federal agencies and reports prepared by the Atomic Energy Commission,
forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical libraries include all open literature items, such as books,
journal articles, and transactions. Federal Register notices, Federal and State legislation, and congressional
reports can usually be obtained from these libraries

Documents such as theses, dissertations. foreign reports and translations, and non-NRC conference pro-
ceedings are available for purchase from the organization sponsoring the publication cited.

Single copies of NRC draft reports are available free. to the extent of supply. upon written request to the Office
of Administration, Distribution and Mail Services Section, U.S Nuclear Regulatory Commission, Washington,
DC 20555-0001.

Coples of industry codes and standards used in a substantive manner in the NRC regulatory process are main-
tained at the NRC Library, Two White Flint North, 11545 Rockville Pike, Rockville, MD 20852-2738, for use by
the public. Codes and standards are usually copyrighted and may be purchased from the originating organiza-
tion or, if they are American National Standards. from the American National Standards Institute. 1430 Broad-
way, New York, NY 10018-3308.

DISCLAIMER NOTICE

This report was prepared as an account of wark sponsored by an agency of the United States Government.
Neitherthe United States Govemment nor any agency thereof, nor any of their employees, makes any warranty,
expressed or implied, or assumes any legal liability or responsibility for any third party’s use, or the results of
such use, of any information, apparatus, product, or process disclosed in this report, or represents that its use
by such third party would not infringe privately owned rights.




NUREG-5562

Dating and Earthquakes: Review
of Quaternary Geochronology and
Its Application to Paleoseismology

Manuscript Completed: January 1998
Date Published: March 1998

Edited by
JM. Sowers, J.S. Noller*, W.R. Lettis

William Lettis and Associates, Inc.
1777 Botelho Drive, Suite 262
Walnut Creek, CA 94596

R. McMullen, NRC Project Manager

Prepared for

Division of Engineering Technology
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001

NRC Job Code L2211

*Vanderbilt University, P.O. Box 56, Station B, Nashville, TN 37235




NUREG/CR-5562 has been reproduced
from the best available copy.
|

For sale by the U S Government Printing Office
Superintendent of Documents, Mail Stop: SSOP, Washington, DC 20402-9328

ISBN 0-16-049507-5



Dating and Earthquakes: Review of Quaternary Geochronology and its Application to Paleoseismology

ABSTRACT

Quaternary geochronology, or the dating of Quaternary deposits and landforms, is criti-
cal to paleoseismology; it provides the means of assessing the rate of deformation and the tim-
ing of past displacements. This report provides: (1) a review of twenty-two Quaternary
geochronologic methods or groups of methods, (2) a discussion of the application of
geochronology to paleoseismology, including twelve case studies, and (3) the results of four
original field and laboratory studies. Included in appendices are a report of a workshop that
focused on issues of the application of geochronology to paleoseismology, and a reference list of
geochronological laboratories.

Quaternary geochronology is a rapidly developing field. Cosmogenic nuclide dating of
surface exposure is the most exciting new method and has enormous potential for applications to
both Quaternary geology and paleoseismology. The accuracy and precision of the isotopic
methods such as K-Ar, radiocarbon, and U-series are improving with the developement of
improved instrumentation and analytical techniques. Other types of methods are seeing similar
improvements that increase confidence in their use. At the same time, a few existing methods
are seeing decreased use as new research has cast new doubts on their reliability, or as better
methods are developed. Despite the many methods available and these new advances, obtaining
accurate and precise age estimates of Quaternary deposits and landforms remains a challenge.

A limited field and laboratory program was conducted with the overall objective of test-
ing and comparing specific Quaternary dating methods and evaluating their applicability to pale-
oseismology. In Pleistocene coastal plain sediments near Virginia Beach, Virginia, ages deter-
mined by U-series, infrared stimulated luminescence (IRSL), and amino-acid racemization
(AAR) methods were generally in agreement, with the greatest precision and accuracy found in
the U-series ages. The 36C] cosmogenic nuclide method was successfully used to date a fault
scarp face at Hebgen Lake, Montana, and showed a stepwise decrease in age with height on the
scarp face. In South Carolina, we attempted to determine whether luminescence geochronology,
specifically optically stimulated luminescence (OSL), could be used to date paleoliquefaction
features. The results from this study are still being evaluated. The proposed site at Santa Rosa
Island, California, proved unsuitable because the proper geologic materials were not present.
Our experience at this site reinforced the importance of thorough geologic and stratigraphic field
work.

To encourage the effective application of dating methods to paleoseismology, we recom-
mend increased collaboration between the paleoseismologist and geochronologist, the verifica-
tion of age estimates by the application of multiple dating methods, that error analysis account
for all sources of uncertainty, that studies undergo technical peer review, and that the rapid pace
of research in the field of Quaternary geochronology be recognized in the preparation of applica-
ble federal regulations or guidelines.
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Dating and Earthquakes: Review of Quaternary Geochronology and its Application to Paleoseismology

EXECUTIVE SUMMARY

According to Section 100.23, 10 CFR Part 100 “Seismic and Geologic Criteria Siting
Factors” all tectonic features capable of generating both earthquakes and tectonic surface defor-
mation should be identified and characterized. Regulatory Guide 1.165, which describes
methodologies acceptable to the Nuclear Regulatory Commission for applying 100.23, defines a
“capable tectonic source”, in part, as one showing geologic evidence of multiple displacements
within the past 500,000 years or at least one displacement in the past 50,000 years. Satisfying
these criteria requires detailed geologic and geomorphic investigations of the tectonic source to
assess the occurrence and timing of past large-magnitude earthquakes. Such investigations are a
major element of the emerging field of paleoseismology.

An important element of paleoseismology is the accurate and precise estimation of the
age of geologic deposits and landscape features. Information on the ages of deformed and unde-
formed Quaternary deposits and landscape features is used to evaluate the presence or absence
of tectonic deformation during the past 500,000 years, as well as for characterizing the occur-
rence and timing of earthquake activity.

This report provides a state-of-the-science review of Quaternary geochronologic meth-
ods and their applications in paleoseismology. In preparing this report we (1) interviewed
experts in the fields of geochronology and paleoseismology and assembled a panel to provide
guidance to the project and to assist in preparing this volume, (2) conducted a workshop (March
24, 1994) involving 45 scientists and practicioners to assess the status of geochronologic meth-
ods and their application to paleoseismology; (3) prepared and edited this volume of state-of-
the-science reviews containing articles by leading experts; and (4) conducted field and laborato-
ry studies to further the application of selected geochronologic methods to paleoseismology.

This report contains five parts. Part 1 is an introduction to the project; it gives the pur-
pose of the study and describes the methods used in conducting our review and preparing this
volume. Part 2 is the largest section and consists of thirty chapters by leading geochronologists,
each reviewing the state-of-the-science of a specific method or group of methods. In each chap-
ter, the author discusses the theory of the method, procedures for collecting and preserving sam-
ples, appropriate materials for dating, accuracy and uncertainties of the method, advantages and
disadvantages of using the method, appropriate age range, and applications of the method to
paleoseismology. This information is summarized on a large-format wall chart (Plate 1). Part 3
introduces the principals of applying geochronologic methods to paleoseismology, and presents
twelve short case studies, written by the scientists who conducted those studies. Part 4 presents
the results of four original field and laboratory studies that help test or validate the application of
various geochronologic methods to specific problems in paleoseismology. Part 5 includes our
conclusions from this review, and recommendations to the NRC and the professional communi-

ty.

In Part 2 the chapters are grouped into six categories based on the type of method
reviewed. These categories are: sidereal, isotopic, radiogenic, chemical and biologic, geomor-
phic, and correlational methods. Sidereal methods, including dendrochronology, varve chronol-
ogy, and schlerochronology, yield numerical ages and are based on a natural or human measure
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of time related to daily, lunar, seasonal, or annual cycles or events. Isotopic methods, including
radiocarbon, cosmogenic nuclides, potassium-argon, argon-argon, uranium series, lead-210, and
uranium lead/lead-lead, yield numerical ages results and are based on a constant rate of isotopic
decay or accumulation of nuclides. Radiogenic methods, including fission-track, thermolumi-
nescence, optically stimulated luminescence, and electron-spin resonance, measure the cumula-
tive effects of radioactivity on mineral properties. Chemical and biological methods, including
amino-acid racemization, obsidian hydration, rock varnish, and lichenometry, are based on
chemical or biological processes, or both. Geomorphic methods, including soil-profile develop-
ment, rock and mineral weathering, and scarp degradation, are based on the time dependency of
geomorphic processes, including landscape change, soil formation, and weathering.
Correlational methods, including paleomagnetism, tephrochronology, paleontology, and correla-
tion to global climate change, are concerned with records of the physical phenomena and evolu-
tionary changes in life on Earth.

Part 3 addresses the appropriate and successful application of geochronologic methods
to paleoseismologic investigations. An introductory chapter presents the principals of paleoseis-
mology and the critical role geochronology plays in a successful paleoseismological investiga-
tion. Then, twelve case studies are presented that illustrate the successes and failures of apply-
ing various Quaternary geochronologic methods in paleoseismology. Each case study summa-
rizes an actual investigation and presents the specific seismic hazard, sampling strategy,
Quaternary geochronologic methods used, confidence in age estimates and interpretations,
results of the hazard assessment, and lessons learned regarding the application of Quaternary
geochronologic methods.

Part 4 presents the results of our original field and laboratory studies. These include
(1) a comparison of three different dating methods in marine sediments near Virginia Beach,
Virginia; (2) field reconnaissance of Holocene sediments on Santa Rosa Island, California;
(3) application of cosmogenic nuclide methods to dating of a fault scarp at Hebgen Lake, and
(4) feasibility of using luminescence to estimate ages of paleoliquefaction features in South
Carolina.

Significant advances in Quaternary geochronology have been made in the past five to
ten years. Geochronologists have developed new analytical techniques to improve the resolution
and precision of existing methods such as radiocarbon, argon-argon, uranium series, and amino-
acid racemization methods. And new or experimental methods also are being increasingly
developed and tested, including thermoluminescence, optically stimulated luminescence, elec-
tron-spin resonance, and cosmogenic nuclides. Many of these new methods are becoming estab-
lished and widely applied. At the same time, some existing methods, including uranium-trend
and rock-varnish cation-ratio, are seeing decreased use as new research has uncovered signifi-
cant uncertainties in the theoretical basis or accuracy of these methods.

Consmogenic nuclide methods, which measure the time of surface exposure, are the
most promising of the new methods. Although they are still considered experimental, and com-
plications such as erosion remain a challenge, the theoretical basis is considered sound and the
potential for application is enormous. We expect many cosmogenic nuclide methods to reach
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"established” status over the next ten years. A large, energetic, and growing community of
researchers is actively developing the theory, procedures, and applications for these methods.

Despite the many methods available and these new advances, obtaining accurate and
precise age estimates of Quaternary deposits and landforms remains a challenge. Each method
has a very specific set of assumptions that must be satisfied, and it is often difficult to find mate-
rials that satisfy these assumptions. We are specifically lacking accurate and precise methods to
date clastic deposits, such as alluvial and colluvial deposits, materials that are commonly dis-
placed by faulting.

We make the following recommendations to further the proper application of
geochronologic methods to paleoseismologic investigations.

(1) The paleoseismologist and geochronologist should work together throughout all
phases of a project, including project planning, field sampling, and interpretation of
the data;

(2) Some verification of the accuracy of age estimates should be made; application of
multiple dating methods is encouraged,;

(3) Sufficient funds should be budgeted to allow for the application of multiple methods
and the analysis of an adequate number of samples for each method;

(4) Error analysis should be rigorous and must account for all sources of uncertainty,
including those associated with geologic context;

(5) All studies should undergo technical peer review, especially where experimental
methods are applied;

(6) The rapid pace of research in the field of Quaternary geochronology should be rec-
ognized in the preparation of applicable federal regulations or guidelines.

The methods discussed in this report have been used in site characterization studies for
nuclear facilities throughout the United States and abroad. This report provides a summary of
their current status in the rapidly evolving fields of geochronology and paleoseismology so that

practitioners may use each method in the most advantageous, efficient, and sound means possi-
ble.
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ABBREVIATIONS

yr years
k.y.  thousand years

m.y. million years

ka thousand years before present

Ma million years before present

yr B.P. years before present (used for reporting radiocarbon ages)
dpm  decays per minute
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Dating and Earthquakes: Review of Quaternary Geochronology and its Application to Paleoseismology

1 INTRODUCTION

Knowledge of the ages of deposits and landforms is crucial to the interpretation of
Quaternary geology and, of particular interest to this study, to determining the timing and rates
of tectonic deformation. According to Section 100.23, 10 CRF Part 100 “Seismic and Geologic
Criteria Siting Factors™ all capable tectonic sources are required to be identified and character-
ized during the siting of future nuclear power plants. Capable tectonic sources are defined in
Regulatory Guide 1.165, in part, as “showing geologic evidence of having multiple displace-
ments in the past 500,000 years” or at least one displacement in the past 50,000 years. In addi-
tion, the regulatory guide allows for a probabilistic assessment of seismic hazards involving
some determination of the rate of tectonic deformation. Both of these tasks, assessing the timing
of most recent deformation and rate of tectonic deformation, involve the use of geochronology
to estimate the ages of deformed and undeformed deposits and landforms.

Despite the numerous geochronologic methods available, obtaining accurate and precise
age estimates of Quaternary deposits and landforms remains a challenge. Each method involves
a specific set of theoretical, analytical and geological assumptions that must be satisfield. Thus,
it is often difficult to find materials that are suitable for dating, Also, many Quaternary
geochronologic methods are subject to problems that can result in inaccuracy or imprecision,
and thus may fail to yield geologically meaningful results.

Fortunately, significant advances in Quaternary geochronology have been made in the
last decade. Geochronologists have developed new analytical techniques to improve the resolu-
tion and precision of existing methods such as radiocarbon, argon-argon, uranium series, and
amino-acid racemization methods. New or experimental methods also are being increasingly
developed and tested, including thermoluminescence, optically stimulated luminescence, elec-
tron-spin resonance, and cosmogenic nuclides. Many of these new methods are becoming estab-
lished and widely used by the professional community. At the same time, some existing meth-
ods, including uranium-trend and rock-varnish cation-ratio, are now seeing decreased use as new
research has uncovered significant uncertainties in the theoretical basis or accuracy of these
methods. Advances in methods now occur at rates that often outpace the dissemination of
research results.

At the same time, the field of paleoseismology has become a separate discipline with its
own set of principles and methods. This emerging field is focused on investigations of the
occurrence and timing of past large earthquakes, typically utilizing geologic, geomorphic and
geochronologic methods. Paleoseismologists are developing new applications of existing
geochronologic techniques to evaluate the timing of past earthquakes and rates of Quaternary
deformation. Specific needs have been identified by paleoseismologists for advances in
geochronology in order to date earthquake-related ground-failure and landscape features.

This report reviews the state of knowledge in the field of Quaternary geochronology and
provides guidelines and examples for the application of geochronologic methods to paleoseis-
mology. Twenty-two geochronologic methods or groups of methods are discussed, including
their theory and assumptions, sampling and laboratory procedures, data analysis, and interpreta-
tion for each method. The principles of paleoseismology also are reviewed and examples of the
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application of specific geochronologic methods to paleoseismology are presented. It is hoped
that this report will be a useful reference for geochronologists and geologists

Although several reference books have been published on geochronology in the past
decade (Table 1-1), this report provides a timely and useful review. In particular, this report
stands apart from earlier review volumes in four important aspects: (1) it focuses on methods to
date Quaternary deposits and landforms; (2) it provides a more recent update of advances in ana-
lytical methods; and (3) it emphasizes the application of dating methods to assess paleoseismici-
ty and Quaternary surficial deformation; and (4) it is almost entirely prepared by individual
experts in their respective fields of study. This report provides useful information to the NRC
and the nuclear industry in identifying and defining methods of dating earth materials.

1.1 Technical Approach and Methods

This report provides a comprehensive review of the state-of-the-science in Quaternary
geochronologic methods and their applications in paleoseismology. The review was prepared in
three phases: Phase One involved literature review, interviews of experts, workshop discussions,
and preparation of summaries of each geochronologic method; Phase Two involved limited field
and laboratory studies to verify the use of selected geochronologic methods for paleoseismolo-
gy; and Phase Three involved compilation and editing of this volume.

1.1.1 Phase one

The technical approach during Phase One consisted of (1) literature review; (2) inter-
views of experts; (3) a workshop review attended by leading geochronologists and paleoseismol-
ogists, and (4) preparation of a draft report on the status and trends of Quaternary geochronolo-
gy. These activities are discussed briefly below.

LITERATURE REVIEW

Literature related to geochronology and its application to paleoseismology and the siting
of nuclear facilities was compiled and reviewed. Relevant literature is cited at the end of each
section, and includes published and unpublished literature from the research community, unpub-
lished consultants’ reports, NUREG literature, and unpublished reports from the files of the
NRC. In addition, we solicited reports, papers and unpublished works from individual authors
involved with this study. Bibliographic searches were conducted to identify relevant books,
journal articles, library catalogs, and on-line services. Most of the reference material was found
by consulting the reference lists of seminal books and papers on the subject of dating methods
or their applications. The bibliographic databases of the American Geological Institute, U.S.
Geological Survey, and GeoRef were searched. Keywords used during our bibliographic search-
es are listed in Table 1-2. Catalogs of several libraries across the United States were reviewed,
including those of the U.S. Nuclear Regulatory Commission, U.S. Library of Congress, U.S.
Geological Survey, major universities, and private firms.
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TABLE 1-1. COMPARISON OF COVERAGE OF THIS STUDY

WITH PREVIOUS STUDIES*

METHODS
Dendrochronology

Varve chronology
Sclerochronology

Historic records

K-Ar and Ar-Ar

U-series

Radiocarbon

Cosmogenic nuclides

U-Pb and Th-Pb
Thermoluminescence
Optically stimulated luminescence
Electron-spin resonance
Fission track

Obsidian hydration
Amino-acid racemization
Rock varnish chemistry
Lichenometry

Nitrogen or collagen content
F content

Soil-profile development
Rock and mineral weathering
Scarp degradation

Crustal deformation dates
Miscell. geomorphic processes
Paleomagnetism
Tephrochronology
Palynology

Marine paleontology
Terrestrial paleontology
Archaeology

Meteorites

Glacial and periglacial record
Eustatic sea level record
Fluvial record

Lacustrine record

Eolian record

Isotopic record (O,D,S,C, and/or Sr)
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* Key to Studies
1 This Volume
2 Beck (1994)

3 Hill and others (1993) 9
4 Colman and Pierce (1991) 10
5 Goksu and others (1991) 11
6 Morrison (1991) 12

Coverage
X = Major
* = Minor

0 =\

Geyh and Schleicher (1990)
Forman (1989)

Rutter and others (1989)
Easterbrook (1988)

Crone and Omdahl (1987)
Mahaney (1984a)

13 Mahaney (1984b)

14 Wright (1983)

15 Goudie and others (1981)
16 Packer and others (1976)
17 Wright and Fray (1965)
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TABLE 1-2. KEYWORDS USED IN SEARCHES FOR
QUATERNARY GEOCHRONOLOGY STUDY

age
amino-acid racemization
archaeology (archaeological)
beryllium-10

carbon-14

chemical clock
chronology (chronological)
clock

cosmogenic

date (dating)

decay

earthquake

fault

fossil

geology (geological)
glacial

half-life

Holocene

isotope (isotopic)

lichen (lichenometry)
methods (methodology)
paleomagnetism
paleoseismology

parent isotope (nuclide)
phenomenologic (phenomenon)
Pliocene

Quaternary

radiogenic

rate

scarp degradation
seismology (seismic)
stratigraphy
tephrochronology
Tertiary

uranium

weathering

year

aluminum-26

annum

argon-argon (Ar-40/Ar-39)
biological clock

Cenozoic

chlorine-36

climate

correlation

crustal deformation
daughter isotope (nuclide)
dendrochronology
electron-spin resonance (ESR)
fission track
geochronology (geochronologic)
geomorphic

growth

helium-3

interglacial

lead

luminescence

obsidian

paleontology

palynology

pedology

Pleistocene
potassium-argon (K-40/Ar-40)
radiocarbon

radiometric

rock varnish
schlerochronology

soil

tephra

terrestrial

time

varve chronology

Many of the significant advances in Quaternary geochronology during the past five to
ten years are documented in published journal articles. Journals reviewed for this study are
listed in Table 1-3. Of specific interest, a new journal named Quaternary Geochronology began

publication during preparation of this volume.
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TABLE 1-3. SERIALS REVIEWED FOR QUATERNARY
GEOCHRONOLOGY STUDY

American Antiquity American Association of Petroleum Geologists

American Journal of Science Bulletin

Bulletin of the Seismological Arctic and Alpine Research
Society of America Canadian Journal of Earth Sciences

Catena Chemical Geology

Earth and Planetary Science Letters Earth Science Reviews

Earth Surface Processes and Landforms Geoarchaeology

Geochimica et Cosmochimica Acta Geoderma

Geological Journal Geological Society of America, Bulletin

Geology Geomorphology

Geophysical Research Letters Geoscience Canada

Geoscience Canada Holocene

Israel Journal of Earth Science Journal of Archaeological Research

Journal of Geology Journal of Geophysical Research

Journal of Quaternary Science Journal of Sedimentary Research

Nature Nuclear Instrumentation Methods

Nuclear Tracks and Radiation Paleogeography, Paleoclimatology,
Measurements Paleoecology

Paleos Quaternary Geochronology

Quaternary International Quaternary Research

Quaternary Science Reviews Radiocarbon

Science Soil Science

Soil Science Society of America Journal Tectonics

U.S. Geological Survey Publications

CONSULTATION OF EXPERTS IN GEOCHRONOLOGY AND
PALEOSEISMOLOGY

Interviews were conducted with scientists acknowledged as experts in the fields of
Quaternary geochronology or paleoseismology or both. To facilitate this process, a panel of
experts in the field of Quaternary geochronology was assembled (Table 1-4). Each panel mem-
ber solicited opinions and advice of other practitioners of their respective geochronologic
method, and prepared written summaries of their method for inclusion in this report. We inter-
viewed geochronologists, paleoseismologists, and other experts conducting research on dating of
geologic events. These interviews were conducted by telephone, e-mail, and written communi-
cation, as well as in person at the (1) 1994 National Geological Society of America Meeting,
Seattle, Washington; (2) International Paleoseismology Workshop, Marshall, California; and (3)
1994 Fall American Geophysical Union Meeting, San Francisco, California.

WORKSHOP FORMAT
A workshop was held in Denver, Colorado on March 22, 1994, to discuss issues related
to Quaternary geochronology and seismic hazards assessments. A complete report on the work-

shop, including a list of attendees, is provided in Appendix A. Invited participants included
Quaternary geochronologists and paleoseismologists from universities, government agencies,
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TABLE 1-4. EXPERT PANELISTS FOR QUATERNARY GEOCHRONOLOGY STUDY

Expert Affiliation Method
Dr. Steven Forman University of Illinois at Chicago
Chicago, IL Luminescence
Dr. Teh-Lung Ku University of Southern California
Los Angeles, CA Uranium series
Dr. Gifford Miller University of Colorado
Boulder, CO Amino-acid racemization
Dr. Fred Phillips New Mexico Institute of
Mining and Technology Cosmogenic nuclides
Socorro, NM
Dr. Paul Renne Berkeley Geochronology Center ~ Potassium-argon/argon
Berkeley, CA -argon
Dr. Thomas Rockwell San Diego State University
San Diego, CA Soil geomorphology
Dr. Susan Trumbore University of California
Irvine, CA Radiocarbon
Dr. Kenneth Verosub University of California
Davis, CA Paleomagnetism
Dr. John Wehmiller University of Delaware
Newark, DE Amino-acid racemization
Dr. Marek Zreda University of Arizona
Tucson, AZ Cosmogenic nuclides

professional organizations, and consulting firms in the United States. During the workshop,
eight discussion groups of five to seven individuals, each led by one or more of the expert pan-
elists, discussed issues related to their respective methods.

These issues and related topics included:

* What is the state-of-the-science in Quaternary geochronology?
- Identify methods or techniques that are considered standard, new, experimen-
tal, and outdated.
- Identify theoretical and practical problems with each method.
- What advances are foreseen in these methods and techniques in the next five
to ten years?
*  What level of confidence do we have in age determinations for each method?
- Identify sources of error.
- Identify most appropriate means of determining and expressing error.
- How does level of confidence vary with age range?
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Later in the workshop, we convened eight different groups, each led by a paleoseismolo-
gist, to address issues related to the application of geochronology to seismic hazards assess-
ments, including:

*  What are the major problems in the application of Quaternary geochronologic meth-
ods to seismic hazards assessments?
Consider misapplications of methods, misinterpretations of age estimates, and
problems in assessment of confidence.
Are paleoseismologists familiar with appropriate geochronologic methods and
their assumptions?
What problems are associated with costs and turnaround time?
- What solutions can be suggested for these problems?
*  What criteria should the NRC use to evaluate geochronologic studies in seismic haz-
ards assessments?

1.1.2 Phase two

In Phase Two a limited program was conducted to validate one or more Quaternary
geochronologic methods that are applicable to Quaternary fault studies. Field sites were consid-
ered where multiple dating methods could be tested and cross-correlated to either an established
methods or a known chronostratigraphy. This phase focused on (1) established methods that
recently were modified, and presumably improved; and (2) new or experimental methods or
paleoseismic applications that require further documentation and validation.

The selection of study sites was based on expert opinion. This process involved numer-
ous experts in the fields of Quaternary geochronology and paleoseismology (Table 1-4). A list
was prepared of all known or potential study sites, including potential applications of dating
methods. This list was brought before the Expert Panel at a meeting on March 21, 1994. Each
of the study sites was discussed and ranked relative to the other sites. Sites with known stratig-
raphy, good potential for testing two or more of the principal dating methods (those represented
by the expert panel), and had a paleoseismic application were ranked highest. The higher
ranked sites on this list were explored further, and budget and time required to complete the
study were estimated.

Four sites were chosen for study. Results of the field and laboratory tasks of these stud-
ies are described in Part 4 of this report.

1.1.3 Phase three

This Final Report was prepared during Phase Three. During this phase, each subsection
of this report underwent peer review by at least two scientists knowledgeable in the particular
field and by the NRC staff.
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1.2 Previous Studies

Several earlier volumes have reviewed the status of Quaternary geochronologic methods
(Table 1-1). This volume builds on these previous efforts and was especially influenced by
Colman and Pierce (1977), Mahaney (1984a), Crone and Omdahl (1987), Colman and others
(1987), Forman (1989), Geyh and Schleicher (1990), and Morrison (1991). This volume
includes nearly all topics covered in previous compilations and presents geochronologic methods
and paleoseismologic applications in a consistent format (Table 1-1).

1.3 Organization of Report

This report contains five parts. Part 1 is the introduction to the project, gives the pur-
pose of the study and describes the methods used in conducting our review and preparing this
volume. Part 2 is the largest part and consists of thirty chapters by leading geochronologists,
each reviewing the state-of-the-science of a specific method or group of methods. In each chap-
ter, the author discusses the theory of the method, procedures for collecting and preserving sam-
ples, appropriate materials for dating, accuracy and uncertainties of the method, advantages and
disadvantages of using the method, appropriate age range, and applications of the method to
paleoseismology. The information in Part 2 is summarized on a large-format wall chart (Plate
1). Part 3 introduces the principals of applying geochronologic methods to paleoseismology,
and presents twelve short case studies, written by the scientists who conducted those studies.
Part 4 presents the results of four original field and laboratory studies that test or validate the
application of various geochronologic methods to specific problems in paleoseismology, Part 5
contains two appendices including the report of the March 1994 workshop and a list of
geochronological laboratories.
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Dating and Earthquakes: Review of Quaternary Geochronology and its Application to Paleoseismology

2  QUATERNARY GEOCHRONOLOGIC METHODS
2.1 Introduction to Quaternary Geochronology

Janet M. Sowers
William Lettis & Associates, Inc., 1777 Botelho Drive, Suite 262, Walnut Creek,
California 94596

Jay Stratton Noller
Department of Geology, Vanderbilt University, P.O. Box 56, Station B, Nashville,

Tennessee 37235

PURPOSE AND OVERVIEW

A variety of geochronologic methods are used for dating Quaternary deposits and land-
forms. Many of these methods are established, accepted techniques and are widely used by the
professional community. Other methods are new and/or experimental and are not widely used
or readily available. In this volume we review a selection of both the major established methods
and promising new or experimental methods. In particular, we describe those methods that offer
the greatest potential for constraining the timing and rates of Quaternary tectonic deformation
for use in seismic hazards assessment. These methods are described in a series of papers (sec-
tions) authored by knowledgeable experts, in most cases a researcher actively involved in the
development, application, or refinement of the method described.

The intent of describing these geochronologic methods is to assist a geologist in select-
ing the appropriate method(s) for a specific field setting. The information is also be used for
evaluating and interpreting existing data, and to gain an overall appreciation and understanding
of Quaternary geochronology. For each method, we describe the basis of the method, time
range of applicability, methods of sampling, laboratory analysis, data reduction, error analysis,
reporting standards, and applications of the method to geologic and paleoseismic problems.
This information is summarized in chart form in Plate 1.

The Quaternary period (or the last approximately two million years) is the geologic age
most relevant to understanding present-day geologic processes, including tectonic processes that
produce earthquakes. We assume that geologic processes operating today are similar in nature
and frequency to geologic processes operating in the immediate past. Thus, we use the record of
the past to predict the nature and frequency of processes in the future. Investigation of seismic
hazards at any given site begins with an investigation of the geologic record of seismic events
and tectonic deformation in the Quaternary, especially the late Quaternary. A key piece of infor-
mation needed to assemble this record is the age of deformed Quaternary deposits and land-
forms.

Estimating the ages of Quaternary deposits and landforms has proved to be a challenge.
Many isotopic methods that provide insights into the age of the earth and large crustal features
such as oceanic and continental plates, and ancient mountain ranges, are inapplicable to materi-
als of Quaternary age. Isotopic methods that are applicable to the Quaternary have a narrow
time range and a limited number of appropriate applications. In fact, no one single method has
emerged that is applicable throughout the Quaternary to common materials of this age. Thus,
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with this in mind, we present in this volume a large selection of tools that are presently available
to estimate the age of Quaternary geologic materials.

Quaternary geochronology is a collection of strategies (approaches) and methods for
estimating the ages of Quaternary deposits and landscape surfaces. These strategies and meth-
ods vary widely in theoretical basis, mode of measurement, applicable geologic settings, resolu-
tion, type of result, and community confidence. Some methods employ highly sophisticated
instrumentation and analytical methods, others rely on simple field measurements. No one
approach can provide reliable age estimates in all settings, thus the Quaternary geologist must be
familiar with as many methods as possible. Because it is not unusual that no method is found to
be entirely suitable, the geologist should be prepared to adapt an existing method or develop a
new strategy for a specific field problem.

In this introduction to Part 2, we provide an overview of the field of Quaternary
geochronology, review the classification of methods and the types of applications possible, and
present guidelines for the assessment of confidence. Assessment of confidence in the result, or
"error analysis" is one of the most difficult but most important tasks in geochronology. We con-
clude with a general discussion of the confidence of the scientific community in various meth-
ods, and the progression of a method from "experimental” status to "established" status.

GEOCHRONOLOGIC METHODS

Twenty-two dating methods or groups of methods are described in the following sec-
tions. A summary of these methods is provided in chart form on Plate 1, Methods for Dating
Quaternary Surficial Materials. The following general discussion can be used as a guide to this
chart.

On Plate 1, geochronologic methods are grouped by type of method and expected type
of result. The time range of applicability indicated for each method is that considered by the
respective author(s) to be typical for each method under optimum conditions where the assump-
tions of the method are met and samples are of high quality. The range may be extended under
especially favorable circumstances. Conversely, the range may be shortened under less than
ideal circumstances. Resolution shown is also that which the author(s) believe is typical under
optimum conditions, and does not generally include error associated with geologic context,
unless otherwise noted. Care must be taken to assess all sources of uncertainty and to add this
error to the analytical error, as we discuss later on.

Plate 1 also describes the geologic materials (e.g., sedimentary, igneous, and metamor-
phic deposits) and geomorphic landforms that are most suitable for each dating method. The
distinction between methods that give the age of the deposit and those that give the age of a geo-
morphic surface is critical. The age of the deposit represents the time when the material was
deposited (sedimentary materials), cooled from a melt (igneous materials), or ceased metamor-
phism (metamorphic materials). For example, the radiocarbon age of a peat represents the time
since the peat was deposited; the luminescence age of an eolian sand represents the time since
the sand was deposited and buried; and the K-Ar age of a basalt represents the time since the
basalt cooled and crystallized shortly after being deposited. The "clock" for each of these meth-
ods is set at the time of deposition and/or burial.
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The age of a geomorphic surface, however, represents the time interval of exposure of
the surface to the atmosphere and weathering. For example, a soil-profile development age rep-
resents the length of time the surface was exposed to soil-forming processes; a cosmogenic
nuclide age represents the length of time the surface was exposed to cosmic radiation; and a
lichenometry age represents the length of time the exposed surface was suitable for lichen
growth.

In some cases, the age of the deposit and the age of the surface are the same, and a
method applicable to the deposit also can estimate the age of the surface and vice versa. For
example, the K-Ar age of a lava flow may be the same as the cosmogenic nuclide age of the lava
flow surface if the flow in question is presently at the surface and has not been eroded, or buried
and exhumed. As a rule, however, the age of a deposit and the age of a surface are different. If a
lava flow is overlain by subsequent flows, its age will be much greater than the time interval that
this particular flow was exposed at the surface. Similarly, the time of development of a soil-pro-
file on the surface of an alluvial deposit that has not been eroded since deposition will represent
fairly well both the time interval of exposure and the age of the deposit. If, however, the soil has
formed on an eroded deposit, the age determined by an evaluation of soil-profile development
will be younger than the deposit. Soil age will better represent the age of the erosion event.

The deposit itself must be dated by a method that dates the time of deposition, such as radiocar-
bon analysis of in situ charcoal, paleontology, luminescence, or tephrochronology.

CLASSIFICATION OF METHODS IN THIS VOLUME

Geochronologic methods are grouped by type of method according to the classification
scheme of Colman and others (1987). A revised version of this scheme is presented in Section
2.1.1 (Pierce and Colman, this volume). The classification scheme groups dating methods
according to the type of method (sidereal, isotopic, radiogenic, chemical and biologic, or corre-
lational) and by type of result (numerical, calibrated, or correlated). This classification scheme
provides a convenient framework for understanding the appropriate application, expected result
and level of confidence associated with each method. Using this framework, we now introduce
the methods discussed in detail in Part 2.

Sidereal (calendar or annual) methods

Sidereal methods, also known as calendar or annual methods, are those which determine
calendar dates or count annual events (Pierce and Colman, this volume). Three sidereal methods
are presented in this volume, dendrochronology, varve chronology, and sclerochronology.
Dendrochronology is based on the tendency of trees to produce one new ring of growth each
year. Rings can be counted and patterns of wide and narrow bands correlated. Varve chronolo-
gy is based on the annual accumulation of winter and summer sediment layers that can also be
counted and correlated. Sclerochronology similarly is based on annual growth rings in corals.
Other sidereal methods may use growth rings in other organisms such as mollusks. Use of his-
torical records to obtain calendar dates of geologic events is also a sidereal method, based on
historical documentation of these events.

All sidereal methods give a numerical result, meaning they give a quantitative estimate
of age on an absolute scale. A sidereal result is typically expressed as a calendar date to the
nearest year. Resolution may be as little as an hour, as with a well-documented historical event,
or as great as a decade or more if the record is poor or if correlations are uncertain.
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Isotopic methods

Isotopic methods are those that measure changes in isotopic composition due to radioac-
tive decay (Pierce and Colman, this volume). Radioactive decay is the spontaneous emission of
alpha particles, beta particles, or gamma rays and the production of a daughter nuclide by the
disintegration of a parent nuclide. This decay occurs at a constant rate without regard to envi-
ronmental factors. Isotopic methods use the basic decay equation:

rate of decay = dN,, /dt = -kpr (2.1-1)
where N, is the number of parent isotope atoms, A, is the decay constant of the parent nuclide.

The half life of the parent nuclide (#//,) is the period of time during which one half of
the existing parent atoms decay to daughter atoms. The half-life is equal to the natural log of
two divided by the decay constant:

t'/, = In2/A (2.1-2)
2 D /

The geologic material can be dated given the initial and current ratios of parent to
daughter atoms, and the half-life of the parent nuclide:

t= 1/7\,,, x In((NdIN,,)+1) (2.1-3)

where ¢ is the time elapsed since the system was closed. This is the simplest case, and each
method may require modifications and assumptions to deal with multiple decay constants or
more complex systems.

We subdivide the isotopic methods into either: (1) standard isotopic methods, those that
are based on the steady of decay of a fixed amount of radioactive material incorporated into the
sample at the time of formation; or (2) cosmogenic nuclide methods, which are based on the
constant formation and decay of radioactive isotopes in the sample, with additional radiogenic
nuclides continually formed from cosmic ray bombardment near the surface.

Standard isotopic methods assume a completely closed system after formation, and no
loss or gain of isotopes except through decay. Radioactive isotopes are incorporated into the
sample at the time of formation, and ages are calculated based on the relative numbers of parent
and daughter isotopes. Standard methods presented in this volume include radiocarbon, potassi-
um-argon, argon-argon, U-series, 219Pb, U-Pb, and Th-Pb. Of these, radiocarbon is by far the
most widely used for Quaternary studies. The radiocarbon method is applied to carbon (plant or
animal tissue, carbonate, shell, bone), materials common to Quaternary deposits, and is applica-
ble over the Holocene and latest Pleistocene.

Cosmogenic nuclide methods also assume a closed system in that nuclides cannot be
gained or lost within the geologic material. The system must be open with respect to cosmic
rays, however, and nuclides in the material convert to other nuclides ir-situ from cosmic-ray
bombardment. These cosmogenic nuclides then may undergo radioactive decay to daughter
nuclides. Cosmogenic methods presented include 26Al, 36Cl, 3He, and 14C.
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All cosmogenic isotope methods provide surface exposure ages; they measure the length
of time that the near-surface geologic materials have been exposed to cosmic rays. For example,
cosmogenic methods have been used to estimate the age of the surface of a lava flow, the age of
the surface of a fluvial terrace, or the time a boulder outcrop has been exposed. The occurrence
of erosion or deposition during exposure is a complicating factor that introduces error into the
result.

Both standard and cosmogenic isotopic methods produce a numerical-age result,
expressed in years or thousands of years in the past. Some isotopic methods benefit from cali-
bration to other methods to provide the most accurate ages, and then will provide a calibrated-
age result.

Radiogenic methods

Radiogenic methods measure the cumulative non-isotopic effects of natural radioactive
decay on minerals (Pierce and Colman, this volume). Three methods are presented: fission
track, luminescence, and electron-spin resonance. The fission track method measures the accu-
mulation of damage trails (fission tracks) in minerals or glass from the natural fission decay of
trace uranium. The luminescence and ESR methods measure the accumulation of electrons in
the crystal lattice defects of silicate minerals due to natural radiation. All radiogenic methods
must be calibrated for the level of natural radiation. In the case of fission track, the 238U content
of the mineral grain is measured. In the case of luminescence and ESR, the environmental dose
rate is determined by field or laboratory measurements.

The type of result produced by radiogenic methods is generally considered to be a
numerical-age result. The results do not depend on other methods for calibration. However, the
confidence in the result can often be improved by calibration to other methods.

Chemical and biologic methods

Chemical and biologic methods are based on time-dependent chemical or biological
processes, or both (Pierce and Colman, this volume). Chemical methods involve change in
chemistry or chemical properties of materials with time, including diagenesis of organic com-
pounds (amino-acid racemization), adsorption of water (obsidian hydration), and leaching (rock-
varnish cation-ratio). Biological methods involve the growth of lifeforms that do not prove a
sidereal record (e.g., lichenometry). Other methods, not presented in this volume, include pro-
gressive changes in soil chemistry, growth of carbonate stone coatings in soils, tephra hydration,
and 10Be accumulation in soils.

Chemical and biological methods provide a relative-age result unless they are calibrated
to other methods, in which case they provide a calibrated-age result. The rates of these process-
es may be linear or non-linear, and they vary with both materials and environmental factors.
Thus, calibration is best made to similar materials in similar environments and age range. The
methods may sometimes provide a correlated-age result if the properties of the material of inter-
est can be compared with, and correlated to material of known age in a similar environment.
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Geomorphic methods

Geomorphic methods are based on progressive changes of geomorphic features through
time, including landscapes and soils (Pierce and Colman, this volume). These features are the
results of complex, interrelated, time-dependent geomorphic processes, including chemical and
biological processes as well as physical surface processes. Presented in this volume are soil-
profile development, rock and mineral weathering, and scarp degradation. Both soil-profile
development and rock and mineral weathering can also be considered chemical and biologic
methods, but typically involve a more complex interaction of processes than other chemical and
biologic methods. Conversely, rock varnish development, presented in the chemical-biologic
section along with rock varnish cation-ratio, can also be considered a geomorphic method.
Scarp degradation measures the progressive rounding of scarp profiles due to surface processes.
Other geomorphic methods based on landscape evolution are those that measure rates of down-
cutting, deposition, or deformation, or that utilize geomorphic position as a relative age indica-
tor.

Geomorphic methods provide a relative-age result, and, under favorable circumstances,
a calibrated-age result. Indeed, geomorphic methods, especially rock and mineral weathering
techniques, have often been termed relative-age-dating techniques (RAD). Calibrated ages can
be determined if an independently dated stratigraphy is available. However, the rates of geomor-
phic processes are highly dependent on factors other than time, such as climate, lithology, biota,
and topography, and rates are typically non-linear through time. This results in typically poor
resolution for calibrated ages. The most accurate and precise calibrated ages are those calibrated
to a well-dated local stratigraphy where environmental and geologic factors closely match those
at the site. Even so, resolution will be below that of most other methods. The benefits of apply-
ing geomorphic methods, however, are that they are widely applicable to a variety of environ-
ments, and that the relative-age results and gross calibrated ages, though approximate, are quite
reliable.

Correlation methods

Correlation methods are those that establish age-equivalence using time-independent
properties (Pierce and Colman, this volume). To obtain an age-estimate, a geologic unit is corre-
lated, using a variety of properties, to another independently dated geologic unit. Methods pre-
sented include: (1) paleomagnetism, in which remnant magnetism of the rock or sediment is cor-
related to a dated magnetic stratigraphy; (2) tephrochronology, in which distinct physical or
chemical characteristics allow identification of tephra of a specific eruption; (3) paleontology, in
which correlation is made to a dated sequence of fauna or flora; and (4) climatic correlations, in
which deposits and landforms, such as glacial deposits, coastal terraces, eolian deposits, fluvial
terraces, or lacustrine features, can sometimes be correlated to climatic events, based on models
of geomorphic response to climate change and known ages for specific climatic events.
Correlation methods not presented include archaeology, astronomical correlations, and tectites
and microtectites, in which meteor shower events are correlated.

Correlation methods generally provide a correlated-age result. The age is determined by
establishing age-equivalence to an independently dated unit. For example, a tephra may be cor-
related by its chemistry to an eruption whose associated flows are dated by K-Ar, thus the tephra
is assigned the same age as the flow. Some correlation methods, those that show progressive
change in the properties through time, can also provide a relative-age result. Paleontology often
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provides relative ages. For example, the evolution of microtine rodents is progressive such that
any group of fossil remains can be placed in relative-age order. Geomorphic features also can
provide relative ages by their relative geomorphic position, as seen in a flight of coastal terraces
or sequence of nested moraines.

ASSESSMENT OF CONFIDENCE IN RESULT

A date is of little value if the confidence associated with that date is low, unknown, or
unassessed. Degree of confidence is critical to any geological interpretations that rely on the
geochronological data. Clearly, a date of 10,000 + 800 years will merit a different sort of inter-
pretation than a date of 10,000 8,000 years. Despite its obvious importance, geochronologic
data commonly are published without an adequate assessment of confidence.

Assessment of confidence begins with an inventory of sources of uncertainty. All
sources of uncertainty should be accounted for and quantitatively evaluated to the extent possi-
ble. Sources of uncertainty will vary with the geologic context, age range, and methods used,
but usually include the following categories:

. Analytical error

. Natural variability in sample quality or suitability
. Geologic context errors

. Calibration errors

. Violations of assumptions

Analytical error for the numerical and radiogenic methods commonly is reported by the
geochronology laboratory in terms of a mean and standard deviation. For the radiocarbon age
7550 + 320 yr B. P, the mean of the data is 7550 yr B. P. and the standard deviation (1-G) is 320
years. If the reported error is 1-6, you are 68 percent confident that the true mean lies within
the stated range. If the reported error is 2-G, you are 95 percent confident that the true mean lies
within the stated range. Analytical error is usually based on repeated counts, measurements, and
comparison with standards of the same sample.

Natural variability is evaluated by analyzing a representative population of suitable
material, then determining a mean and standard deviation. If only one sample is analyzed, nat-
ural variability cannot be assessed. Unfortunately, error due to natural variability often is
ignored if multiple analyses are not run, a common consequence of insufficient funding. A com-
mon misperception is that analyzing large numbers of samples increases error. The truth is that,
although analyzing one or two samples may produce a small known error, the unknown error
due to natural variability could be very large, and will remain unknown until a representative
sample is analyzed. Analyzing a larger number of samples allows appropriate quantification of
the error associated with natural variability, and will result in greater confidence in the accuracy
of result.

Errors in documenting and interpreting geologic context have the potential to be among
the largest of errors, and thus are important to evaluate. Geologic context refers to the relation-
ship of the sampled material (ultimately dated) to the surrounding stratigraphy. For example, a
young tree root that penetrates an older bed will yield an anomalously young radiocarbon date
for the bed, thus the geologic context error is large. Similarly, detrital charcoal washed into a
peat bed may yield a much older radiocarbon date than the peat itself. Geologic context error
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also may be quite large when measuring anomalously thick weathering rinds on clasts inherited
from an older soil. Geologic context error also is imroduced when a paleomagnetic sequence is
miscorrelated because the stratigraphic context was improperly interpreted. In some cases geo-
logic context error can be quantified and added to other errors, simply decreasing the precision
of the date. In other cases, a geologic context error will be so large or unquantifiable as to result
in the discard of the data.

Calibration error occurs for methods that rely on the calibration to other methods to con-
vert a relative-age result to a numerical-age result. The error associated with the data from these
other methods must be figured in to the total error. For example, rates of soil-profile develop-
ment are calibrated using reference soils dated by other methods. The ages of the reference soils
have an error that arises from both the error in the dates and error in the relationship of the dates
to the soils themselves, since soils usually cannot be directly dated. In a second example, radio-
carbon ages are calibrated using dendrochronology to compensate for variations in atmospheric
14C. The error associated with the calibration is combined with the analytical error to give the
standard error typically reported in the literature.

A critical source of error is any failure to satisfy the assumptions of the method. If such
errors are discovered and their effects cannot be quantified, often the data must be discarded.
For example, if the luminescence of a sand deposit is not completely reset during deposition, the
tuminescence date will reflect inherited luminescence, and thus will be too old by an unknown
amount. If calcite has not acted as a closed system since its crystallization, uranium may have
been leached resulting in a U-series age that is too old. Similarly, if a geomorphic surface has
undergone erosion and some cosmogenic isotopes were removed, cosmogenic isotope ages will
be too young.

All of these sources of uncertainty must be considered when using a dating method to
assess the age of a geologic deposit or landform, and should be quantified where possible.
Regardless of whether the uncertainties are fully quantified, they must be factored into the geo-
logic interpretation of the feature under investigation.

COMMUNITY CONFIDENCE

Confidence of the scientific community in the utility of any given geochronologic
method is measured by the barometer we refer to here as “community confidence.” This is not to
be confused with popularity, for there are other and certainly less objective reasons for the latter.
Historically, a geochronological method waxes and wanes in its community confidence.
Methods generally go through a process from experimental status and accompanying low com-
munity confidence, to established status and accompanying moderate to high community confi-
dence. It is important that both those inside and outside the community understand this “initia-
tion” of methods, much as other scientific hypotheses are posited, debated, and ultimately reject-
ed or accepted.

Community confidence in a method generally goes through four phases: (1) an early
upsweep in confidence due to initial optimism and flurry of testing of the method and its appli-
cations; (2) a down-turn in confidence as initial and new-found doubts are amplified and pub-
lished; (3) a rebound of confidence as test results validate the method and free it from prior criti-
cisms; and finally, (4) a stabilization in confidence (either high or low) as the method becomes
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accepted by the community, and considered "established", or rejected by the community and dis-
carded. This stabilization is accompanied by a generally agreed upon assessment of the
strengths and limitations of the method. Variations on this theme include the case where (A) a
method is outright rejected by the community either through scholarly proof of the inviability of
the basic principle(s) of the method or through disuse, even though it might be the only means
of establishing an age estimate; or (B) a base assumption is later disproved, sending the commu-
nity confidence into another swing through phases (2), (3) and (4), and (C) refinement of an
established method leads to an upswing in confidence, followed by restabilization at a higher
level.

We hope that in the following chapters the reader gains an appreciation for the state-of-
the-science in Quaternary geochronology. This discipline is an active field of research as evi-
denced by the number of related publications, practicing researchers, and number of newly
established methods in the past 5-10 years. There does not appear, as of this writing, that this
growth trend shows any signs of slowing.

REFERENCE

Colman, S. M., Pierce, K. L., and Birkeland, P. W., 1987, Suggested Terminology for
Quaternary dating methods: Quaternary Research, v. 28, p. 314-319.
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INTRODUCTION

In the past three decades, considerable progress has been made in estimating the age of
Quaternary deposits and surfaces. These efforts use methods that range from traditional geolog-
ic analysis, such as stratigraphy and correlation, to high-precision analytical techniques such as
those used in isotopic dating. All dating methods, both established ones and new experimental
ones, yield results that vary greatly in precision and accuracy. Consequently, terminology for
Quaternary dating methods has evolved along lines that describe the types of age information
provided by the methods. Unfortunately, this evolution has sometimes led to confusing, inaccu-
rate, or deceptive terminology. Colman and others (1987) suggested a terminology for
Quaternary dating methods that is seeing increased use among geologists, and is reproduced
with minor modification here. The terminology is derived from two types of classifications,
based on type of method, and type of result. These suggestions represent an evolution in our
thinking over a period of years (Colman and Pierce, 1977, 1979, 1991; Birkeland others, 1979;
Colman, 1986; Pierce, 1986; Colman and others, 1987). This chapter is adapted from Colman
and others (1987). Several summary papers have been recently published on Quaternary dating
methods, including Easterbrook (1989), Geyh and Schleicher (1990), Rosholt (1991), Rutter and
others (1989), and Beck (1994).

A: CLASSIFICATION BY METHOD

A practical classification of Quaternary dating methods is one that groups methods that
share similar assumptions, mechanisms, or applications. Accordingly, we group dating methods
into the following six categories:

1. Sidereal (calendar or annual) methods, which determine calendar dates or count
annual events.

2. Isotopic methods, which measure changes in isotopic composition due to radioactive
decay and/or growth.

3. Radiogenic methods, which measure cumulative effects of radioactive decay, such as
crystal damage and electron energy traps.

4. Chemical and biological methods, which measure the results of time-dependent
chemical or biological processes; these processes are generally simpler that those

whose results are measured under "geomorphic methods."

5. Geomorphic methods, which measure the cumulative results of complex, interrelat-
ed, physical, chemical, and biologic processes on the landscape.
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6. Correlation methods, which establish age equivalence using time-independent prop-
erties.

These six groups of methods are shown in Table 2.1.1-1 under the lower header "Type
of Method." Not all methods fit neatly into one category or the other. For example, weathering
and soil development are primarily the result of chemical and biological processes, but they are
also geomorphic processes, and their use in estimating ages is more akin to other methods in the
geomorphic category. Also, cosmogenic isotopes, used as a measure of surface-exposure age,
are quite similar to radiogenic methods, despite measurement techniques and other applications
that are typical of isotope-decay methods.

B: CLASSIFICATION BY RESULT

The most useful classification of dating methods is probably one based on the types of
results that they produce. Age estimates, like any other measurement, can be classified by the
type of measurement scale according to measurement theory (Stevens 1946; Krumbein and
Graybill, 1965, p. 38; Griffiths, 1967, p. 247; Colman 1986). These scales are nominal (mea-
surement is a class or group assignment), ordinal (measurement is an order or rank), interval
(measurement is a number whose difference with another is fixed), or ratio (measurement is a
number whose ratio with another number is fixed). This scheme requires modification for dat-
ing methods because (1) most methods that actually measure ages, by definition, contain more
information than nominal measurements, and (2) even though many methods, such as isotopic
methods, use an arbitrary zero (the present or A.D. 1950) and are thus interval methods, in
effect, they can be considered ratio methods (Colman, 1986). Nevertheless, this classification
derived from measurement theory is useful for classifying dating methods according to the
results that they produce.

The classification listed below is also given at the top of Table 2.1.1-1; it divides dating
methods into four categories based on the type of result that they produce: numerical-age, cali-
brated-age, relative-age, and correlated-age methods.

1. Numerical-age methods are those that produce results on a ratio (or absolute) scale,
that is, they produce quantitative estimates of age and uncertainty whose ratios can
be compared; results of some of these methods have been called absolute ages,
although we object to this usage, as discussed later.

2. Calibrated-age methods can provide approximate numerical ages. Many dating
methods that measure systematic changes resulting from individual processes or
related groups of processes are being developed. The rates of these processes
depend on environmental variables, such as climate and lithology, so that the
process rates must be calibrated by independent chronologic control; we refer to
these increasingly useful methods as calibrated-age methods. Many relative-age
methods (see #3), when calibrated by independent chronologic control, become cali-
brated-age methods, employing a ratio scale. This usage should not be confused
with "calibrated" radiocarbon ages.

3. Relative-age methods provide an age sequence (an ordinal measurement), and most
provide some measure of the magnitude of age differences between members of a
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TABLE 2.1.1-1. CLASSIFICATION OF QUATERNARY GEOCHRONOLOGIC METHODS

TYPE OF RESULT
==NUMERICAL-AGE 1
==CALIBRATED-AGE 1
==RELATIVE-AGE 1
1=CORRELATED-AGE =
TYPE OF METHOD
Sidereal Isotopic Radiogenic Chemical and Geomorphic Correlation
Biologic
Dendro- Radiocarbon Fission track Amino-acid Soil-profile Stratigraphy
chronology racemization development
Cosmogenic Thermo- Paleomagnetism
Sclero- isotopes luminescence Obsidian Rock and mineral
chronology 36C], 10Be, hydration weathering Tephrochronology
and annual 2641, 14C, Optically and tephra
growth 3He, and stimulated hydration Scarp morphology Paleontology
in other others? luminescence and other progressive
organisms Rock-varnish landform modification Archeology
(e g mollusks) K-Ar and Infrared cation ratio
39Ar-40Ar stimulated Rock-varnish Climatic correlation
Varve luminescence Lichenometry development
chronology Uranium- Stable isotopes
series Electron-spin Soil chemistry Rate of deposition
Historical resonance Astronomical
records 210pp 10Be accumula-  Rate of deformation correlation
tion in soils
U-Pb, Th-Pb Geomorphic position Tectites and

Carbonate stone
coatings

microtectites

I Triple-dashed line indicates the type of result most commonly produced by the methods below it; single-dashed line indicates
the type of result less commonly produced by the methods below it

2 Somie cosmogenic methods, particularly exposure ages, have some similarities with methods in the "Radiogenic" column (see

text)

NOTE- Methods in boldface type are discussed in detail in this volume
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sequence. These methods have also been called "relative-dating methods," but the
use of "relative-age" is encouraged for consistency.

4. Correlated-age methods do not directly measure age; they produce ages only by
demonstrating equivalence to independently dated deposits or events, and thus are
essentially nominal-scale methods.

Considerable overlap exists in these classes (Table 2.1.1-1). For example, measurements
of amino acid racemization may yield results as relative age, calibrated age, correlated age, or
numerical age, depending on the degree to which calibration and control of environmental vari-
ables constrain the reaction rates. In addition, the grouping by type of result may be consider-
ably different than that by type of method. For example, some isotopic and radiogenic methods
routinely produce numerical ages, whereas others are more experimental or empirical and
require calibration to produce numerical ages. Such methods commonly serve as calibrated-age
methods, but under unfavorable conditions they may produce only relative ages.

SOME TERMINOLOGY

The North American Stratigraphic Code (North American Commission on Stratigraphic
Nomenclature, 1983) made several recommendations concerning terminology for geochronolog-
ic data. The discussion that follows is generally compatible with those recommendations; it
includes some additions and amplifications pertinent to Quaternary geochronology.

Strictly defined, a date is a specific point in time, whereas an age is an interval of time
measured back from the present. The use of "date" as a verb to describe the process of produc-
ing age estimates is generally accepted. However, in geologic applications, "date," when used as
a noun, carries a connotation of calendar years and a degree of accuracy that is seldom appropri-
ate. Most "dates" are better described as "age estimates" or simply "ages." Exceptions include
dates derived from historical records, and some ages derived from tree rings, varves, or coral
growth bands. Further, the degree of confidence that is associated with an age can be conveyed
by expressing ages in terms of the method that was used to generate them, as in "amino-acid
ages." In spite of its connotations, we recognize that the use of "date" is firmly entrenched, that
alternatives are sometimes awkward, and that the verb or its derivatives are acceptable. Finally,
the phrase "age dating" is grossly redundant, and should be abandoned.

With regard to abbreviations used to express ages, the North American Commission on
Stratigraphic Nomenclature (1983) made a distinction between (a) ages determined by
geochronologic methods and (b) intervals of time. They recommend the use of the SI-derived
abbreviations ka and Ma (thousand and million years ago, respectively, measured from the pre-
sent) for ages, and informal abbreviations such as yz, k.y., and m.y. for time intervals. Time mea-
sure from the present is implicit in ka and Ma; neither "before present” nor "ago" should be
added to these abbreviations. Ages of less than 1,000 years may be awkward to express in ka,
but radiocarbon ages in this range can be expressed in yr B.P.,, and ages derived from sidereal
methods (Table 2.1.1-1) can usually be expressed as calendar dates. In the rare remaining cases,
we recommend that ages of less than 1 ka be expressed simply in years or yr, despite the lack of
distinction in such cases between ages and time intervals.

Radiocarbon dating has established the use of the phrase yr B.P. to indicate radiocarbon
ages measured from 1950 A.D. Radiocarbon ages depart from true calendar ages due to past
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variations in the atmospheric production of radiocarbon. To indicate that radiocarbon ages have
been calibrated for such atmospheric variations, the designation "cal" should be included, such
as 13,500 cal yr B.P. ("cal" designates calibrated, not calendar.) To avoid confusion, the use of
yr B.P. should be restricted to radiocarbon ages. Historic calendar ages should be reported as
the year A.D. or B.C.

The use of the word "absolute" to describe any dating method, all of which carry inher-
ent uncertainties is not recommended. "Absolute” commonly has been used to describe the
results of isotopic dating methods, but variation in estimates of analytical precision, decay con-
stants (e.g., Steiger and Jager, 1977), or half-lives (e.g., Grootes, 1983) invalidates the "absolute-
ness" of the age estimates derived from these methods. In addition, undetected contamination
and geologic uncertainties, such as the delay between a geologic event and the "time zero" used
by a dating method, commonly render isotopic ages (indeed, all age estimates) less than
absolute. Radiocarbon dating is perhaps the most widely applied isotopic method used for the
Quaternary, yet many reports discuss the difficulties in interpreting radiocarbon ages (e.g.,
Thom, 1973; Goh and others, 1977; Worsley, 1980; Clayton and Moran, 1982; Bloom, 1983).
The departure of the radiocarbon time scale from calendar years is well determined for
Holocene time (Stuiver and Reimer, 1993) and from 6,000 to 8,000 years ago, radiocarbon ages
are 700-1,000 years too young (Stuiver and Pearson, 1993). For pre-Holocene time, the depar-
tures are considerably larger, but much less well determined. For example, about 20,000 years
ago, apparent radiocarbon ages are about 3,000 years younger than 230Th/234U ages (Bard and
others, 1993; see also Mazaud and others, 1991).

Earlier, we recommended that "absolute" be abandoned and the term "numerical” used
for age estimates that provide quantitative estimates of age and uncertainty on a ratio (absolute)
time scale (Colman and others, 1987). Ample precedent exists for this use of the term "numeri-
cal" in the geochronologic literature, especially for pre-Quaternary time (cf. papers in Snelling,
1985). Furthermore, this usage is recommended in the North American Stratigraphic Code
(North American Commission on Stratigraphic Nomenclature, 1983).

SUMMARY

We group Quaternary geochronologic methods into four classes based on type of result
— numerical-age, calibrated-age, relative-age, and correlated-age — to describe the level of
information and the degree of confidence they produced. We further classify Quaternary dating
by type of method into sidereal, isotopic, radiogenic, chemical and biological, geomorphic, and
correlation methods. We recommend that the term "absolute" be replaced by "numerical," and
that the use of "dates" be minimized in favor of "ages" or "age estimates." Recommended
abbreviations for most ages are ka and Ma. Calendar dates (A.D. or B.C.) can be used for ages
derived from sidereal methods and calibrated radiocarbon ages. Uncalibrated radiocarbon ages
are designated by yr B.P.

REFERENCES

Bard, E., Amnold, M., Fairbanks, R.G., and Hamelin, B., 1993 230Th-234U and !4C ages obtained
by mass spectrometry on corals: Radiocarbon, v. 35, p. 191-199.

Beck, Charlotte, ed., 1994, Dating in exposed and surface contexts: University of New Mexico
Press, Albuquerque, 239 p.

2-15 NUREG/CR 5562



S. Colman and K. Pierce

Birkeland, PW., Colman, S.M., Burke, R.M., Shroba, R.R., and Meierding, T.C., 1979,
Nomenclature of alpine glacial deposits--or what's in a name: Geology, v. 7, p. 532-536.

Bloom, A.L., 1983, Sea level and coastal morphology of the United States through the late
Wisconsin glacial maximum: in Porter, S.C., ed., Late Quaternary Environments of the
United States, vol. 1, The Late Pleistocene, University of Minnesota Press, Minneapolis,
p. 215-229.

Clayton, L., and Moran, S.R, 1982, Chronology of late Wisconsinan glaciation in middle North
America: Quaternary Science Reviews, v. 1, p. 55-82.

Colman, S.M., 1986, Levels of time information in weathering measurements, with examples
from weathering rinds or volcanic clasts in the western United States: in Colman, S.M.,
and Dethier, D.P,, eds., Rates of Chemical Weathering of Rocks and Minerals, Academic
Press, New York, p. 379-393.

Colman, S.M., and Pierce, K.L., 1977, Summary Table of Quaternary Dating Techniques: U.S.
Geological Survey Miscellaneous Field Investigations, MF-904.

Colman, S.M.,, and Pierce, K.L., 1979, Preliminary map showing Quaternary deposits and their
dating potential in the conterminous United States: U.S. Geological Survey
Miscellaneous Field Investigations, Map ME-1052.

Colman, S.M., and Pierce, K.L., 1991, Summary of Quaternary dating methods: in Morrison,
R.B,, ed., Dating Methods Applicable to the Quaternary, and in Rosholt, J.N., ed.,
Quaternary Non-Glacial Geology of the Conterminous United States, Geological
Society of America, Decade of North American Geology, p. 45-46 and large chart.

Colman, S.M,, Pierce, K.L., and Birkeland, PW., 1987, Suggested terminology for Quaternary
dating methods: Quaternary Research, v. 28, p. 314-319.

Easterbrook, D.L., ed., 1989, Dating Quaternary sediments: Geological Society of America
Special Paper 227, 165 p.

Geyh, M.A., and Schleicher, H., 1990, Absolute Age Determination, Springer Verlag.

Goh, K.M., Molloy, B.J.P,, and Rafter, T.A., 1977, Radiocarbon dating of Quaternary loess
deposits, Banks Peninsula, Canterbury, New Zealand: Quaternary Research, v. 7, p.
177-196.

Griffiths, J.C, 1967, Scientific Method in the Analysis of Sediments": McGraw-Hill, New York.

Grootes, PM., 1983, Radioisotopes in the Holocene: in Wright, Jr., H.E., ed., Late Quaternary
Environments of the United States, vol. 2, The Holocene), University of Minnesota
Press, Minneapolis, p. 86-105.

Krumbein, W.C., and Graybill, F.A., 1965, An Introduction to Statistical Models in Geology:
McGraw-Hill, New York.

Mazaud, A., Laj, C., Bard, E., Arnold, M., and Tric, E., 1991, Geomagnetic field control of 14C
production over the last 80 ka: Implications for the radiocarbon time scale:
Geophysical Research Letters, v. 18, p. 1885-1888.

North American Commission on Stratigraphic Nomenclature, 1983, North American strati-
graphic code: American Association of Petroleum Geologists Bulletin, v. 67,

p. 841-875.

Pierce, K.L., 1986, Dating methods: in Wallace, R.E., ed., Active Tectonics, National Academy
Press, Washington, D.C., p. 195-214.

Rosholt, J.N., ed., 1991, Dating methods applicable to the Quaternary: in Morrison, R.B., ed.,
Quaternary Non-Glacial Geology of the Conterminous United States, Geological
Society of America, Decade of North American Geology, p. 45-46 and large chart.

NUREG/CR 5562 2-16



Classification of Methods

Rutter, N., Brigham-Grette, J., and Catto, N., eds., 1989, Applied Quaternary geology:
Quaternary International, v. 1, 166 p.

Snelling, N.J., ed., 1985, The chronology of the geologic record, Memoir No. 10: Geological
Society of London, Blackwell Scientific Publications, London.

Steiger, R.H., and Jager, E., 1977, Subcommission on geochronology: Convention on the use of
decay constants in geo- and cosmochronology: Earth and Planetary Science Letters, v.
36, p. 359-362.

Stevens, S.S., 1946, On the theory of scales of measurement: Science, v. 103, p. 677-680.

Stuiver, Minze, and Pearson, G.W., 1993, High-precision bidecadal calibration of the radiocar-
bon time scale, AD 1950-500 BC and 2500-6000 BC: Radiocarbon, v. 35, p. 1-23.

Stuiver, Minze, and Reimer, P., 1993, Extended 14C data base and revised CALIB 3.0 14C age
calibration program: Radiocarbon, v. 35, p. 215-230.

Thom, B.G., 1973, Dilemma of high interstadial sea levels during the last glaciation: Progress in
Geography, v. 5, p. 167-246.

Worsley, P., 1980, Problems in radiocarbon dating of the Chelford Interstadial of England: in
Cullingford, R.A., Davidson, D.A., and Lewin, J., eds., Time Scales in Geomorphology,
Wiley, New York, p. 289-304.

2-17 NUREG/CR 5562






Dating and Earthquakes: Review of Quaternary Geochronology and its Application to Paleoseismology

2.2 Sidereal Methods

Sidereal methods, also known as calendar or annual methods, are those which determine
calendar dates or count annual events (Colman and Pierce, this volume). Three sidereal methods
are presented in this volume, dendrochronology, varve chronology, and sclerochronology.
Dendrochronology is based on the tendency of trees to produce one new ring of growth each
year. Rings can be counted and patterns of wide and narrow bands correlated. Varve chronolo-
gy is based on the annual accumulation of winter and summer sediment layers that can also be
counted and correlated. Sclerochronology similarly is based on annual growth rings in corals.
Other sidereal methods may use growth rings in other organisms such as mollusks. Use of his-
torical records to obtain calendar dates of geologic events is also a sidereal method, based on
historical documentation of these events.

All sidereal methods give a numerical result, meaning they give a quantitative estimate
of age on an absolute scale. A sidereal result is typically expressed as a calendar date to the
nearest year. Resolution may be as little as an hour, as with a well-documented historical event,
or as great as a decade or more if the record is poor or if correlations are uncertain.
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2.2.1 Dendrochronology

Gordon C. Jacoby
Lamont-Doherty Geological Observatory, Tree-Ring Laboratory, P.O. Box 1000,
Palisades, New York 10964

INTRODUCTION

Dendrochronology is a dating method based on variations in annual growth rings of
trees. Tree growth response to climatic variations throughout a region allows crossdating of the
rings between trees. Ring-growth response to physical disturbance or changing environment
allows the dating of causative seismic events. The ability of tree-ring analysis to yield the actual
or relative year and even season of growth disturbance is almost unique. Many earthquakes dis-
turb surficial areas populated by trees. Some species of trees live long enough that absolute
dates can be determined for events during recent centuries to millennia. If the events are beyond
the limits of absolute tree-ring dating with living or extended tree-ring records, relative tree-ring
dating between samples can show whether disturbance events were simultaneous.

Tree shaking and damage are mentioned often in early observations of earthquakes
(Lawson, 1908; Fuller, 1912; Jepson, 1923; Louderback, 1947). Effects on trees are included in
the modified Mercalli scale for classification of earthquake severity (Wood and Neumann,
1931). The concept that trees can provide information related to earthquakes dates back at least
to the last century when Lyell (1849) and later McGee (1892) attributed tree death and establish-
ment ages, respectively, to ground and water-level changes due to the New Madrid earthquakes.
McGee used simple ring counting to estimate ages. Precise tree-ring dating or dendrochronolo-
gy only developed as a science during the early 1900's (Douglass, 1919, 1928). However, the
concepts of annual ring formation, climate response of annual rings, and crossdating of speci-
mens had much earlier origins beginning with Theophrastus c. 300 BC and daVinci c. 1500 A.D.
(reviewed in Baillie, 1982). Herein are presented some of the basic concepts of tree-ring analy-
sis and the potential for application of tree-ring analysis to paleoseismology.

THEORY OF DATING METHOD
Principles and assumptions

Tree-ring analysis or dendrochronology is based on the strong tendency of trees in tem-
perate to boreal regions and austral regions to grow one growth increment of xylem cells per
year on the outer portion of the wood stem, just beneath the bark. The demarcation between
rings is readily identifiable in most conifers (gymnosperms). In broad-leafed trees
(angiosperms), most ring-porous species have well defined rings with vessels or pores concen-
trated at the beginning of each ring. Ring boundaries in diffuse-porous angiosperms have less
clear definition and are more difficult to see. In many species there can be false and missing
rings due to unusual growth conditions or trauma. Therefore, the simple counting of rings can
be an unreliable method of determining the actual age of a ring. In dendrochronology, cross
dating ring-width patterns between samples can be used to identify false or missing rings and
assign the growth rings to the exact calendar year or correct year relative to other samples
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(Fritts, 1976; Baillie, 1982; Cook and Kairiukstis, 1989). The known datum is the outer ring
and the season of sampling. Crossdating synchronizes the ring-width patterns back in time to
establish exact calendar years of ring formation. A correctly dated time series of ring widths is
called a chronology, usually it includes information from several trees to tens of trees. In tropi-
cal regions where temperatures permit continuous growth, rings are often vague and may not be
annual in nature. An annual dormant period (caused by a pronounced dry season, or inundation
season) and/or genetic tendency can lead to annual ring formation in the tropics (Jacoby, 1989).

Trees and ring characteristics such as width respond to a greater or lesser degree to
climatic variations. At extreme growth locations where the growth is strongly limited by some
climatic factor such as temperature or moisture, ring widths will vary greatly and the tree or site
is termed "sensitive”. Because similar climatic variations pervade large regions, the tree-ring
variations may match and tree-ring samples can be crossdated within these homogeneous climat
ic regions. If the growth site is less extreme, with more benign temperatures or suitable mois-
ture, the climatically-induced ring-width variations are reduced, the trees and site are termed
"complacent”, and crossdating is more difficult. Site differences play an important role in tree
response. Within one climatic region there can be wet, intermediate and dry sites or low-eleva-
tion and high-elevation sites that will change the influence of climate on tree growth. There can
also be competition between trees, changes in stand dynamics, diseases, fire, insect or storm
damage, and human disturbance that interfere with the climatic signal and make crossdating
more difficult. Various growth factors and components that influence an annual ring are
described in Fritts (1976) and Cook (1987).

Crossdating can extend over distances of hundreds of kilometers, or it can be nonexis-
tent over very short distances due to site and species differences. Each situation must be evalu-
ated individually. Crossdating of samples from similar sites within homogeneous climatic
regions can establish that growth rings were formed in exactly the same years and assign those
years to specific calendar years. This absolute dating and crossdating of tree rings to the year of
growth is key to the application of tree-ring analysis in paleoseismology. Crossdating is what
makes it possible to relate times of disturbance or death between trees over distances along a
fault or within a seismically altered region.

If in a region there is no dated chronology old enough to crossdate samples with, the
samples can be crossdated relative to each other even if they are not absolutely placed in time.
The relative dating may provide information about simultaneous disturbance or death with
paleoseismic implication. Relative dating was crucial in a study in Seattle that established the
death of trees at locations about 23 km apart as being in the same season of the same year
although the trees are not absolutely dated (Atwater and Moore, 1992; Jacoby and others, 1992).
This finding greatly increased the probability that an earthquake was the best explanation for the
events causing the deaths.

The presence of long-lived tree species is important for determining the date of death.
In order to date the death of the trees, one needs living trees of the same species that extend
back to the time of the death and beyond. Depending on the sensitivity of the ring variations, an
overlap of 50 years or more may be needed for crossdating. High-precision 14C dating can limit
the range of possible tree-ring dating and thus help in dating where there is short overlap. The

NUREG/CR 5562 2-22



Dendrochronology

constraint of a 14C date is helpful with relatively complacent samples that may be difficult to
date if compared to unrestricted time intervals.

In dating disturbance in surviving trees, seismic or otherwise, one must determine the
normal undisturbed growth pattern caused by regional climatic variation. There are many fac-
tors influencing tree growth. The closing of the canopy in forests, loss of a nearby competitor,
storm, fire, or other factors can all cause changes in tree growth rings. In order to show that cer-
tain trees were affected by an unusual non-climatic disturbance, possibly seismic, their growth
rings must be compared to normal growth, preferably for the same species in the same region.
The comparison or control trees are sampled to develop a chronology of undisturbed growth.
The response signal in the rings of the disturbed trees must be distinguishable from the control
trees.

Appropriate geologic settings

Tree-ring analysis can be applied to paleoseismology in any location where surface rup-
ture, geomorphic disturbance, hydrologic changes, or accelerations can affect tree growth. Table
2.2.1-1 has evolved from previous publications (Alestalo, 1971; Shroder, 1980; Sheppard and
Jacoby, 1989) and describes many of the ways earthquakes can affect trees. There can be direct
physical breakage of tops, trunks and/or roots due to accelerations and displacement. If the
damage is severe enough, there can be changes in the growth rings that are outside normal
growth variations due to other causes. The most obvious example is where surface rupture tran-
sects a forested area physically damaging trees or roots. Indirect effects occur when an earth-
quake causes geomorphic or hydrologic change that in turn changes the trees' growth environ-
ment. Earthquakes can cause tilting of the site, burial, damming of rivers to flood forests, uplift
to create or improve growth environments, subsidence to cause drowning or deterioration of
growth environments, scarring of trees by rockfall or landslide debris, and other physical dam-
age by earthquake-activated geologic materials (Table 2.2.1-1).

Trees can be opportunistic and occupy unstable locations such as steep unconsolidated
deposits or areas of potential liquefaction. Earthquakes, even centered at considerable distance,
can disrupt the growing site and induce change in the normal growth-ring patterns. In most of
these cases detection of the earthquake signal calls for understanding the types of geomorphic or
hydrologic changes that occurred. Tree-ring analysis must then date and quantify changes in
growth-ring patterns or identify unusual changes in anatomy. Cases of deep seated earthquakes
or blind thrusts can be analyzed if there is enough surficial disturbance to alter the growth envi-
ronment. Liquefaction or changes in elevation or water table are two primary ways the growth
site can be changed by blind faults. Dating of landslides for paleoseismic studies is controver-
sial because most landslides are not seismic in origin. Nonetheless, cautious and careful use of
landslide dates and supportive geologic information can have paleoseismic value.

In dendroclimatology the scientist deliberately seeks out sites where interfering factors
are reduced and the trees are likely to be strongly influenced by the climatic factor under investi-
gation (e.g., temperature or precipitation) (Fritts, 1976). In applying the techniques to paleoseis-
mology, the scientist is forced to samples trees at sites of possible seismic disturbance regardless
of the sensitivity of the trees or growth sites. This sampling situation can be a serious disadvan-
tage. Fortunately the effects of climate on tree growth, even in favorable growth sites and in
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TABLE 2.2.1-1. INDICATORS OF SEISMIC DISTURBANCE IN TREES

Indicator*

Physical change

Possible cause

Physical damage to the tree:

Unusually narrow

and/or missing rings;

Abnormal cells

Growth-rate change:

Increase in ring
width

Decrease in ring
widths

Unusual ring-
width variation

Onset of reaction
wood

Tree growth ini-
tiated (date of
first ring)

Tree growth ter-
minated (date of
terminal ring)

Top, major limb,
trunk, or major roots
are broken off

Corrasion of outer
trunk and/or scarring

Improved growth envi-
ronment, nutrient sup-
ply, and/or site hydro-
logy

Impaired growth environ-

ment, nutrient supply,
and/or site hydrology

Growth rate different
from cohorts

Tree tilted

Barren surface stabi-
lized or newly avail-
able

Surface covered,
burying trees

Surface inundated,
drowning trees

Violent shaking,
accelerations and/or
local earth movement

Seismic-activated
material impacting tree
e. g. landslide, seiche

Change of site into
more favorable
conditions, loss

of competitors

Change of site into
less favorable
conditions

Disturbance overides
normal growth pattern

Fault surface rupture,
landslide or surface tilting

Uplift, change in base
level, landslide, or
other catastophic event

Rapid sedimentation,
landslide or other
catastrophic event

Subsidence, tsunami
drainage blocking

* Indicators can result from changes due to seismic, biological, climatic, or other factors that must be con-
sidered when making interpretations. Accurate dating and sampling from a number of appropriate loca-
tions are the means to confirm interpretations. Changes should be compared to undisturbed growth in the

same region.
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closed-canopy forests, is often strong enough to obtain crossdating and then exactly date past
seismic disturbance.

TIME RANGE OF APPLICABILITY

The longevity of trees is a major factor in establishing the useful time range for paleo-
seismology. There are several species throughout the world that live 800 to 1,000 years or more.
A partial list includes bristlecone pine, bald cypress, Douglas-fir, mountain hemlock, Alaska or
yellow-cedar, juniper, larch, lodgepole pine, limber pine, Sequoia, coast redwood, eastern white
cedar and red cedar in North America, alerce and pilgerodendron in South America, huon pine
in Tasmania; and several other species in Asia where tree-ring analysis has not yet been exten-
sively undertaken. There are other species alleged to achieve great age but their life spans are
not documented. Until the life spans are documented it is inappropriate to list them. Some of
the long-lived species are very restricted in distribution such as bristlecone pine and huon pine,
so their potential for use in paleoseismology is very low.

Species of trees in the 300 to 500 year longevity range have greater potential in paleo-
seismology because they are more widely distributed, and, therefore are more likely to be found
growing in seismically active settings. However, crossdating can also be used to extend
chronologies beyond the age of living trees. European oak (Pilcher and others, 1984), Irish oak
(Baillie and others, 1983) and American bristlecone pine (Ferguson, 1970) records extend back
more than 7,000 years by crossdating living trees with naturally-preserved logs and pieces of
older dead trees. Crossdating samples with living trees allows us to study decay-resistant coast
redwood stumps along the San Andreas fault in northern California even though the trees were
logged about a century ago.

The limit of tree age should not be used to imply trees will be fully responsive to dis-
turbance at their earliest stage of growth. From studies in southern California, it appears that
younger trees may be more resilient and less affected by earthquake-induced accelerations and
displacements. The larger trees with greater inertia and wider root distribution showed more
damage. Although size does not necessarily equate with age, it does take time to achieve signif-
icant size. If the evidence for an event is tree establishment on seismically created or new-
growth initiated site, the full age is obviously useful.

METHODOLOGY
Sample collection

Living trees can be sampled non destructively by taking increment cores from the trees.
The Swedish increment borer removes a thin, approximately 5 mm diameter core sample. The
core is a radius transecting all the annual growth rings from the bark to near the center of the
tree, depending on the skill of the sampler. The cores are fragile and should be placed in protec-
tive straws to protect against breaking. After sampling, the trees continue growing and are avail-
able for future sampling if necessary.

Dead trees, stumps and even roots can be sampled by cutting sections by hand or chain-
saw. Sections should be thick enough to remain intact for sanding and measurement of the
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rings. Dead material can also be cored if necessary but care must be taken to keep the more
fragile wood cores intact. A larger borer that extracts a 12 mm diameter core is sometimes help-
ful. Roots tend to have irregular growth and sections are usually better than cores.

Trees are often very individualistic in response to disturbance and a number of samples
must be taken to ensure that any disturbance signal is not just peculiar to one tree. A common
rule is to sample ten trees, two cores per tree. It is often worthwhile to have more than two
cores from a tree to document disturbance, which can be directionally dependent. The concept
is to have enough samples for definitive representation of growth variations at each tree and site.
Experience and judgment are more important than a strict numerical standard. Specific sample
numbers are assigned to cores in the field and standard processing software only allows six char-
acters for identification. Field log sheets should tie the sample labeling into specific field desig-
nations and microsite descriptions. Detailed information about each tree location is important
and the direction of cores relative to fault trace or other geomorphic, geologic, or hydrologic
feature should be recorded.

Laboratory analysis

Both cores and sections must be sanded and polished in transverse section until every
individual cell and ring is visible. Cores are glued into mounts for support while sanding. They
can also be cut with a razor blade. The cells must be in the vertical direction for best definition
of rings. Ring widths are measured on computerized measuring machines, and the data are
stored in appropriate media. Measuring is a tedious process but crucial in that analyses are
dependent on the precision of the ring-width data.

Actual dating of the rings can be done before measuring using skeleton plots and manu-
al pattern matching techniques. The skeleton plot is a graphical representation of the ring-width
variations (Stokes and Smiley, 1968). If there are few false or missing ring problems, the dating
can be expedited by statistical processing. Computer processing and statistical correlations can
greatly increase the efficiency of the analyst but final dating must be confirmed by actual sample
and/or plot analyses (Douglass, 1943; Baillie, 1982; Pilcher, 1989). The visual/graphical com-
parisons can be especially important when processing the type of material encountered in paleo-
seismic applications where ring-width variations are usually not as sensitive and consistent as in
trees selected for dendroclimatic purposes. Caution is advised when using correlation analyses
to assist tree-ring dating because there can be fortuitous and appealing correlation matches of
ring-width data that are revealed to be totally wrong when carefully examined by experienced
dendrochronologists.

Data analysis

Time series of ring-width data can be reviewed for dating and measurement accuracy by
programs such as COFECHA (Holmes, 1983). The raw data from one site or set of samples can
be reduced to a single time series of ring-width indices called a chronology for the data set. The
ring-width indices are a time series of dimensionless values formed by dividing each ring width
by the value for that year of a growth-trend curve developed for that particular core or radius.
Figure 2.2.1-1 shows a typical standardization. One main purpose of standardization is to
remove age or biological growth trends not relevant to the study objective, usually climatic
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Figure 2.2.1-1. Plot of ring widths for a core sample from a tree on the San Andreas fault in California
and the ring-width indices for the same core. Rings were dated and then measured to +/- .001 mm. The
raw ring widths (upper curve) show a typical age-related trend of wider rings becoming smaller as the tree
increases in diameter and age. The standardization procedure fits a least-squares growth-trend curve to
the raw data, the smooth curve. Each ring width is divided by the corresponding value of this curve in the
same year to produce dimensionless indices with a mean of 1.0. The resulting lower curve shows typical
year-to-year variations and an unusual decrease in growth related to the earthquake disturbance starting in
1857. The slow recovery over several years is different from the other narrow rings likely caused by
drought. Standardization can remove growth changes due to age, competition and other factors.
Comparisons between cores and trees are easier using the indices. (See Cook and Kairiukstis, 1989 for a
more complete discussion of standardization methods.)
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response. For paleoseismology the purpose is to try and isolate effects of disturbance.
Dimensionless ring-width indices allow for averaging and intercomparisons without distortions
from faster growing trees with generally wider rings. Various methods of standardization are
described in Cook (1985) and Cook and Kairiukstis (1989).

Chronologies can be developed to retain only the high-frequency or year-to-year varia-
tions. These series are generally used for crossdating with other series or specimens. In tree-
ring dating there are no error limits. Either a sample is dated to the year or it is not. The ulti-
mate assessment of confidence is the individual analyst and it is common to have a colleague
review the same material to verify the dating, especially in processing difficult material. In
addition to the numerical analysis and dating, the ring anatomy is important in the analysis.
Dated rings with reaction wood, traumatic resin canals and distorted cell growth can be indica-
tors of disturbance and provide evidence of seismic events. Reaction wood is used herein to
mean the anomalous cells formed as a geotrophic (gravity-growth controlled) response by an
inclined tree to regain its vertical stance and strengthen itself (Low, 1964; Scurfield, 1973;
Shroder, 1980). After dating it is essential to return to the actual raw measurements and/or sam-
ple to search for signs of tree disturbance in the rings.

APPLICATIONS

Introduction

Seismic events that can be revealed by tree rings include: (1) surface alteration that kills
trees or allows for new tree establishment, (2) surface disturbance that tilts trees or disrupts nor-
mal growth, (3) accelerations and displacement that damage trees, (4) surface rupture or dis-
placement of earth materials that damage trees, and (5) other geomorphic or hydrologic changes
that impact tree growth (Table 2.2.1-1).

Dating of seismically altered surfaces

Two major earthquake-related surficial changes that can affect tree growth are (1) uplift
to provide a new land surface for tree growth, and (2) subsidence or drainage blocking to cause
inundation of trees. In the first case the minimum age of the surface can be determined by the
age of the oldest trees established on the new surface. In the second case the actual year or pos-
sibly even season of the inundation can be established by tree-ring crossdating. If the dead trees
cannot be crossdated with other tree-ring chronologies of known age, an approximate date can
be estimated by 14C analyses. The dead trees can then be crossdated with each other to learn
whether the deaths were sudden and simultaneous or gradual over time. A rapid progression of
death can indicate abrupt coseismic killing of trees (e.g., Jacoby and others, 1995).

In dating a newly-available surface there are several factors to consider when determin-
ing the age estimates. The first is ecesis, the germination and survival of the trees. Time neces-
sary for this can range from a growing season to many years depending on the presence of a
nearby seed source, suitable bedding substrate, and climatic conditions favorable for seedling
survival. Next is the problem of finding the oldest trees at the location of uplift. Many trees
may have to be sampled to feel confident that the oldest trees have been found. All of these fac-
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tors tend to result in tree-ring estimates that are less than the true age of the surface. Thus the
tree-ring estimates only provide a minimum age for the surface under study.

Another extremely important factor in using trees to date a new surface is whether the
trees are truly the first generation of trees to follow the disturbance. Trees tend to have a certain
longevity according to species and environment. Beyond this age they will die and be replaced.
Eventually the maximum ages will be due to longevity and not to the time of original afforesta-
tion. Lack of soil development or relict debris from dead trees can indicate the likelihood of the
trees being the first generation and thus dating the surface.

The presence of driftwood can be either a help or a hindrance in uplifted coastal areas.
There is considerable driftwood in many coastal areas and if not recognized as driftwood it
could be mistakenly dated as the oldest tree on a surface, either by 14C or tree-ring dating.
Usually abrasion of fine roots and limbs or mode of emplacement can help distinguish driftwood
from in situ dead trees. On some raised coastlines if unforested for climatic, seed source or sub-
strate limitations, the age of the outer rings of the most recent driftwood can be used to estimate
the age of the uplift. One must be careful of emplacement of post-event driftwood by extreme
storms.

In the situation where trees were killed by inundation, the timing can usually be tightly
constrained with tree-ring dating. The best timing situation is if the immersion is deep enough
that the trees suffocate in a matter of weeks. The soil becomes anoxic and respiration is reduced
to the point that growth processes cease (Sanderson and Armstrong, 1978). The anatomy of the
last-formed cells may help reveal when during the annual growth cycle the tree died. In the
northern hemisphere cambial-cell division or radial growth may extend from spring through
early fall (Kramer and Kozlowski, 1979). In the far north and at high elevations in the middle
latitudes, the season of cambial-cell division may be only a few weeks in mid-summer.
Anatomy of the last cells formed can place an event within a month or less during the radial-
growth season. Anatomy will not show when the tree was disturbed or killed during the dor-
mant season. The dendrochronological dating of the last ring formed gives the year of the event.

In the northern hemisphere the dormant season extends over two calendar years, e.g., winter of
1812-1813.

If submersion is relatively shallow, the trees may take some time to expire and might
even survive if new higher roots can be developed to sustain the tree. In general terms trees may
survive if their roots are inundated for less than half of the growing season (Gill, 1970). In low
coastal areas, subsidence of about a meter could produce periodic submergence at high tides and
gradual salinization of the soil. This could result in a gradual death of low-lying trees over sev-
eral years. Numerous trees were killed around Cook Inlet, Alaska, in areas that subsided during
the 1964 earthquake. Some at slightly more favorable growth sites were severely damaged but
have recovered to near normal growth due to the rebound since the earthquake. This type of
event can be dated by the death of the most severely affected trees, or by the first year of dam-
age to slightly more inland or higher survivors.

Dating by year of death or damage must take into consideration the trees’ ability to store

photosynthates and growth hormones for subsequent growth. They have no central nervous sys-
tem and portions can cease growth while other parts of the tree continue to function. We have

2-29 NUREG/CR 5562



G. C. Jacoby

all seen dead branches or large portions of a tree devoid of life while other parts continue to
grow. This phenomenon must be considered in dating events such as shallow inundation or par-
tial burial. The rate of inundation must also be considered in the blocking of drainage by earth
movement. Study or estimates of local streamflow and area of inundation will help to determine
the rate of submersion. Higher sites in a valley could take several years to become submerged
and give a later date for the event (e.g., Adams, 1981). The exact position of the sample trees is
a fundamentally important consideration.

Decay is another possible source of error in year-of-death studies. Sapwood or the outer
sap-conducting rings in trees are generally much more susceptible to decay than the heartwood.
The metabolic processes of the tree emplace extractive substances, some with bactericidal prop-
erties, in the heartwood (Panshin and deZeeuw, 1970). The heartwood-sapwood boundary often
tends to follow ring boundaries. Where the sapwood has decayed away, a smooth outer heart-
wood ring can give the appearance of being the true bark ring of a tree. In a case studying
drowned trees in Lake Washington, Seattle it was found that about 45 sapwood rings were
decayed away on all specimens not protected by partial burial in the sediments where actual
bark was preserved (Jacoby and others, 1992). Misinterpretation and dating of the outer heart-
wood rings as final rings would have placed the event about 45 years too early.

The above sources of error must be taken into consideration in any study of trees on
seismically uplifted, subsided or inundated surfaces. A limit can be placed on the minimum age
of uplift by the proper sampling and adjustment of ages of the newly established trees. Close
estimates of subsidence and geomorphic analysis of blocked drainages should supplement the
tree-ring analysis to produce the best interpretation of timing for these types of events.

Dating of surface ruptures and disturbances

One of the most straightforward effects on trees is the direct physical damage to trees
growing on a surface rupture or in the zone of distributed shear. The displacement and accelera-
tions of the substrate can rip apart the root systems and/or snap off major limbs or crowns of
trees. This trauma can result in an abrupt decrease in ring widths (Fig. 2.2.1-2) or even missing
rings (Jacoby and others, 1988). The damaged tree reallocates resources to replace roots and
crown which are much more essential to tree survival than increased radial growth. Study of
Jeffrey pine and white fir trees near Wrightwood, California on the San Andreas fault showed
dramatic decrease in growth and missing rings in some of the trees (Jacoby and others, 1988).
The missing rings and barely-visible micro-rings after the event would have led to placing the
trauma decades later than it was if only ring counting had been used. The main method of dat-
ing was crossdating the rings prior to the event with a control chronology and the less-damaged
trees. This crossdating showed disturbance between the growing seasons of 1812 and 1813 for
the fault-zone trees (see Jacoby, Chapter 3, this volume).

Seismic accelerations and displacement can also cause tilting of trees, especially on
[actual] fault scarps. Trees have a built-in geotropism which causes them to seek upright
growth. The mechanism for re-achieving vertical growth is to form reaction wood to push or
draw the tree back to a vertical orientation. In conifers the reaction is to grow compression
wood of wider rings on the downward side of the tree to push back into the vertical. This wood
is usually darker in color with thicker-walled cells and can be readily identified. It can start to
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Figure 2.2.1-2. A white fir (Abies concolor) on the San Andreas fault near Wrightwood, California. This
section cut from the stump of a tree that died in the 1950's shows effects of the 1812 earthquake. The cen-
ter of the tree is to the left and the outer part to the right. The 1800 ring is marked with three dots and
each decade is marked by one dot. One can see the abrupt decrease in width starting in 1813 and taking
four to five years to recover normal growth. 1809 and 1823 were dry years. The elongate dark holes are
from wood-boring insects and the cracks are from weathering.

form within weeks of the tilting (Low, 1964; Scurfield, 1973; Timmel, 1986). In broadleaf trees,
however, the reaction wood forms on the upward side of the tree to straighten the trunk and is
more difficult to recognize. The year of initiation of reaction wood can be found by crossdating.
Once the first reaction-wood ring is located, the ring or possibly even time of year for formation
of the first reaction-wood cells can be determined. Tilting and reaction wood can also be caused
by windstorm or landslide of nonseismic origin. Again, a control chronology is helpful to see if
there was widespread tilting of trees outside of the zone of disturbance.

Other seismic effects

Trees will grow on many unstable substrates. On such sites they are vulnerable to dis-
turbance primarily due to storms but also due to accelerations from local or distant earthquakes.
Small landslides or slumping can be induced and dislocate the trees. At Cape Suckling, Alaska,
240 km east of the epicenter of the 1964 Alaska earthquake but along the plate boundary, Sitka
spruce growing on an unconsolidated-sand beach ridge were shaken and tilted toward the sea.
The roots were also disturbed in the loose sand. Narrow rings followed by reaction wood clear-
ly marked the event in the rings of the trees (Fig. 2.2.1-3) (Sheppard and Jacoby, 1989). The
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Figure 2.2.1-3. Sitka spruce (Picea sitchensis) cores from Cape Suckling, Alaska. The lower core is from
the south (ocean) side of the tree and the upper core is from the north (inland) side. The cores are 5 mm
wide and the large black dots mark the 1960 rings, small double dots mark the 1950 rings. The 1964
Alaska earthquake damaged and tilted this tree, and it then grew reaction wood on the south side (the
darker-colored, wider rings) to regain a vertical orientation. Note that the north side of the tree showed
little effect of the event. From Sheppard and Jacoby, 1989. Permission to use this copyrighted material is
granted by the publisher, the Geological Society of America, Boulder, Colorado.

signal was very directional in some trees. They showed response on the downward or seaward
side of the tree but almost no indication on the opposite or landward side of the tree. Trees a
few kilometers away growing on a more solid substrate gave no indication of the event although
exposed to similar accelerations and strong coastal winds.

Landslides may be triggered by earthquakes in unstable areas and disturb trees. One
must be extremely cautious before concluding that a tree-ring dated landslide was seismically
triggered because most landslides are due to other causes. If there are geologic, climatologic or
temporal reasons for concluding that the landslide was due to a seismic event, the dating of the
tree damage or death can add to the paleoseismic record.

Rapid burial by landslide or tsunami can preserve trees or parts of trees for dating the
events. Geologists working in the Pacific Northwest have interpreted several deposits as being
emplaced by tsunami (Atwater and Moore, 1992; Bucknam, 1994). At two locations trees are
incorporated in the deposits. The burial preserved the outer rings and bark for crossdating with
other trees killed at the same time. One of the trees has been successfully crossdated with other
disturbed trees and was an important addition to the paleoseismic evidence (Atwater and Moore,
1992; Jacoby and others, 1992).

Blind faults or earthquakes that do not cause surface rupture can still cause geomorphic

or hydrologic changes affecting tree growth. The New Madrid earthquakes of 1811 and 1812
caused uplift, subsidence and accompanying water-level changes that left a record in trees
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(Stahle and others, 1992). Careful interpretation of tree growth in vulnerable areas could pro-
duce dateable evidence of earthquake disturbance but must be complemented by geomorphic
and hydrologic evaluation.

LIMITATIONS AND MAXIMUM UTILITY

Dendrochronology or tree-ring analysis can be applied in any geographic region where
trees produce dateable annual rings. The obvious exclusions are treeless polar regions, deserts
and grasslands, and most tropical areas where temperature and moisture may not vary enough to
induce annual rings. The longevity of some species is in the 300 to 500 year range; but through
crossdating of dead tree samples with living trees, tree-ring chronologies can sometimes be
extended to several millennia. Radiocarbon dating or stratigraphy can approximately place a
tree sample in time, and analysis of the rings could identify a possible earthquake signal. Thus,
the combination of geochronological techniques can extend the temporal range of the applica-
tion.

The maximum paleoseismic value of tree-ring analysis will be realized if geologists and
seismologists studying earthquakes in the field keep in mind the possibility of tree disturbance.
No miracles will be performed with indecipherable material but as more investigators note and
recover suitable tree-ring samples in earthquake zones, the potential for adding these analyses to
other types of paleoseismic techniques should increase.
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APPENDIX
Radiocarbon Measurements and Tree-Ring Dating

Radiocarbon dating of wood should not be confused with tree-ring analysis and dating.
The Radiocarbon method, especially high-precision measurement, is an extremely useful dating
tool for paleoseismic studies (see Trumbore, this volume). High-precision measurements cou-
pled with the improved calibration curves (Stuiver and Reimer, 1993) can determine the ages of
organic material, including tree rings, within a range of decades. The two dating methods can
be complementary in an important way when the radiocarbon analyses restrict the temporal span
in which to look for a tree-ring crossdate. Also, tree-ring analysis can be used to determine
which portion or set of rings from a wood specimen will be likely to place the radiocarbon mea-
surements on a portion of the calibration curve that is likely to give a single intercept or a more
restricted calendar date, usually a steeper part of the curve. Also, two 14C dates from different
parts of the same specimen, a specific number of rings apart, can be used to cross-validate the
radiocarbon resuits (e.g., Jacoby and others, 1992). The phrase "tree-ring dating” or variations
thereof should be reserved for actual tree-ring analysis and crossdating, either absolutely or rela-
tively between samples.
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Dating and Earthquakes: Review of Quaternary Geochronology and its Application to Paleoseismology

2.2.2 Varve dating

Kenneth L. Verosub
Department of Geology, University of California, Davis, California 95616

INTRODUCTION

Varves are laminated sediments that record annual depositional cycles in lakes. Several
different types of processes can lead to the formation of varves (O’Sullivan, 1983). In principle,
the thickness variations in any well-dated sequence of varves can be used to provide age control
for the basin within which the varves were deposited. In practice, most types of varves are less
than a millimeter thick, and it is often impractical to determine the thickness of each individual
varve. Glacial varves are one exception to this rule.

Glacial varves are silt/clay couplets that form in lakes which are fed by runoff from one
or more glaciers. These varves are produced by the plume of sediment carried into the lake by
glacial meltwater in the spring and summer. The coarser material in this plume settles out rapid-
ly to form the first component of a glacial varve, the silt layer. This layer may also contain fine
sand. The finer material remains in suspension much longer, perhaps even until the lake freezes
again in winter. When the finer material does finally settle, it forms the second component of
the glacial varve, the clay layer. Thus each silt/clay couplet represents one year of deposition.
Like tree-rings, the total thickness of an individual glacial varve is some function of the climate
during that year, and as the climate varies from year to year, the thickness of the individual
glacial varves also varies. Typical glacial varves vary in thickness from several millimeters to
several centimeters, and anomalous glacial varves are tens of centimeters thick.

THEORY OF DATING METHOD

The first individual to recognize the potential of glacial varves for chronologic studies
was Gerard De Geer. Toward the end of the last century and into the beginning of this century,
De Geer carried out a systematic study of natural and human-made exposures of glacial varves
in Sweden. Many of these varves had formed in a glacial lake that occupied the Baltic region
during the deglaciation of Scandinavia about 12,000 years ago. At each site where he worked,
De Geer measured the thickness of the individual varves and compiled tables and graphs of the
thickness as a function of the position of the varve in the exposed sequence. He then used the
graphs from clusters of sites to create a composite varve chronology that was longer than the
record from any given site. By examining sites from one end of the glacial lake basin to the
other, De Geer was able to compile a composite glacial varve chronology incorporating several
thousand varves (De Geer, 1912, 1940).

Shortly afterward, De Geer’s student Ernst Antevs went to North America to study
sequences of glacial varves that had been deposited during the deglaciation of New England,
New York and the St. Lawrence River valley (Antevs, 1922, 1925, 1928). He compiled graphi-
cal varve chronologies for different basins, each containing several thousand glacial varves (Fig.
2.2.2-1). Subsequently, glacial varves have been identified at other sites where lakes were fed
by meltwater from a glacier (e.g., Leonard, 1986; Johnson, 1990).
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Figure 2.2.2-1. A portion of the glacial varve chronology for New England from Antevs (1922). Each
dark line represents the thicknesses of the first fifty varves of a 200-varve segment of the chronology. The
segments begin with the numbers shown on the left. The segments designated 4 MASS and 4 CONN (and
5 MASS and 5 CONN) are correlated sequences from sites in Massachusetts and Connecticut, respective-

ly.

The basic assumption of varve dating is that within a given basin the sequence of varves
deposited at any site during a given time interval will have the same pattern of thickness varia-
tion as any other site. Determining the age of an undated site is accomplished by matching the
pattern of thicknesses for the undated sequence with the established varve chronology. Varve
dating can only be done in a geologic setting that has resulted in the deposition of varves. The
method also requires the prior existence of a well-dated varve chronology.

As noted above, the only varve sequences that meet these requirements are glacial
varves. Although there is no reason why glacial varve dating can not be used with glacial
deposits of any age, most known glacial varve sequences were deposited since the last glacial
maximum, that is, during the last 18,000 years.

METHODOLOGY

The primary information that is needed for varve dating is a record of the pattern of
thicknesses in the undated varve sequence. The most common technique for obtaining this
information for glacial varves is to lay a strip of paper against a cleaned vertical face of the out-
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crop and to mark the position of each varve boundary on the paper. Enough material should be
removed from the face of the outcrop to expose fresh, somewhat moist material. If the exposed
material is too dry, it may be difficult to see the boundaries clearly. The same problem can
occur if the outcrop is too wet. In addition, excess moisture can make it difficult to mark the
boundaries on the strip of paper. In extreme cases, water may seep onto the face of an exposure
due to the higher permeability of the silt layers. This water can cause the silt layers to erode
preferentially, distorting the record of thickness variations.

If the glacial varves are very moist, they can be collected as slabs or blocks which can
be allowed to dry slightly until the boundaries become apparent. It is also possible to collect
cores of varved sediment.

In most cases, all of the necessary data are collected in the field so the only laboratory
work is the creation of a plot of thickness versus varve year. In the past this has been done by
hand, but there is no reason why it cannot be done with a digitizing table. If very thin varves are
present, as is often the case for non-glacial varves, it may be possible to use photography or
radiography on a core of sediment to estimate how many varves there are and to measure their
individual thicknesses (Anderson and others, 1993).

Data analysis consists of finding a good match between the undated varve sequence and
a portion of the known varve chronology. In the past, this has also been done manually.
However, it is not uncommon for a thick varve to be misinterpreted as two varves or for a thin
varve to be counted as part of an adjacent varve. If such an error occurs in the middle of a rela-
tively short undated record, it might be difficult to find a satisfactory match. To deal with this
problem, Shumway and Verosub (1992a,b) recently developed a computational approach that
looks at all possible correlations of shorter subsets of the undated record with the longer varve
chronology. The method then identifies the overall match that most consistently produces high
correlations with the known chronology.

PALEOSEISMOLOGIC APPLICATIONS

In theory, varve chronologies can be used to provide age control for an undated varved
sedimentary sequence that is identified in the course of a paleoseismic study. However, most
paleoseismic studies have not occurred in areas where varves are found, and it does not appear
that varve chronologies have ever been used for the actual dating of paleoseismic events. An
additional problem with glacial varves is that for many years there were questions about the
glacial varve chronology from New England. These questions arose because Antevs tried to
make a direct, trans-Atlantic, varve-for-varve correlation between the sequences from New
England and Sweden. His arguments, first put forth in the 1940’s (Antevs, 1962), were not very
convincing and only served to raise doubts about studies of glacial varve in general. Later, when
the first radiocarbon dates for the deglaciation of New England became available in the 1950’s
(Flint, 1956), there appeared to be too many varves for the time available, casting even more
doubt on Antevs’s methods and raising the question of whether the glacial varves actually repre-
sented annual depositional cycles.

In recent years, the situation has changed significantly. Work by Verosub (1979a,b) and
by Ridge and Larsen (1990) has shown that the glacial varve chronologies of Antevs were quite
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good. In addition, new radiocarbon dates from sites in New England (Ridge and Larsen, 1990)
have pushed back the date of the onset of deglaciation there, providing sufficient time for the
accumulation of the observed number of varves. Finally, work on the glacial varve chronologies
in Sweden (Bjorck and others, 1988) and on sediments from existing pro-glacial lakes in Alaska
(Glenn and Kelts, 1989) has confirmed that glacial varves are indeed annual features. These
developments support the validity of the original New England varve chronology although it has
been suggested that the varves were deposited in a succession of overlapping smaller lakes
rather than a single large lake (Stone and Ashley, 1992).

A different approach to the use of varved sediments for paleoseismic studies arose from
the report by Sims (1973) that certain layers of sediment in the Van Norman reservoir in
California contained structures that could be interpreted as earthquake-induced seismic deforma-
tion. Sims (1975) subsequently reported finding similar structures in varved sediments of the
Pacific Northwest, and this author has seen them in glacial varves in New England (unpublished
data). This raises the possibility of determining recurrence intervals directly from a varve
sequence. Preliminary results that give a recurrence interval of 1,400 years have recently been
reported from non-glacial varves of the Lisan Formation in the Dead Sea graben in Israel
(Marco and others, 1994). A comprehensive review of the available information concerning
Quaternary sediments of the St. Lawrence Seaway (Coates, 1975) concluded that deformation
features that might be indicators of seismic activity occurred quite frequently and that further
work on this topic might be fruitful. Apparently that work has not yet been done.

ADVANTAGES AND DISADVANTAGES

The main advantage of using varve chronologies is that they have the potential to pro-
vide dating with a resolution of one year. The main disadvantage of the method is that it can
only be used in geologic settings associated with the deposition of varves, and the individual
varves must be thick enough that varve-by-varve measurements can be made. Even in areas that
have glacial varves, fundamental research is still needed to develop and date the varve chronolo-
gies and, perhaps more importantly, to interpret the geomorphic context in which they were
deposited.

FUTURE DEVELOPMENTS

In the past, paleoseismic studies have not been done in areas where varve dating can be
used. If the focus of research ever shifts to such areas, varve chronologies will play a key role
in dating paleoseismic events and, perhaps more importantly, in determining recurrence inter-
vals. Indeed, it might even be worthwhile to consider developing a research program that is
specifically focused on sites where the very high resolution of varve chronologies can be used to
obtain new insights about paleoseismic events.
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INTRODUCTION
Methodological background

Sclerochronology is the measurement or estimation of ages or time intervals from the
growth patterns or inclusions contained in the mineralized biogenic deposits of animals or plants
(Buddemeier, 1978). The method has been applied to the exoskeletons of corals and molluscs,
to encrusting calcareous algae, and to fish otoliths (ear-bones). The intrinsic time scale is pro-
vided by the organism’s variable response to environmental variation on annual, lunar/tidal, or
daily time scales. The chronometer employed by the experimenter may be patterns in extension
rate, or any of several skeletal characteristics such as density, structure, chemical composition,
or isotopic content. Applications to paleoseismic studies rely on changes in skeletal characteris-
tics that can be reliably related to a seismic event. The seismic “event detector” may be cessation
or dramatic change in growth, or more subtle changes in skeletal characteristics in response to
regional environmental, hydrologic or geochemical changes resulting from a seismic event or
aseismic changes. In this chapter we directly address applications of sclerochronology involving
only massive reef corals, but we attempt to present general principles and methods so that appli-
cations to other organisms can be perceived and pursued. The focus is on methods to date
paleoseismic events, but there is no reason why non-seismic vertical deformation cannot also be
mapped and measured using the principles that we discuss.

Coral sclerochronology provides an effective means to date and map the geographic dis-
tribution and amount of relative sea level change caused by coseismic vertical tectonism. To
date, massive reef-building scleractinian corals have been the only organisms successfully used
to date and quantify paleoseismic events by sclerochronology (Buskirk and others, 1981; Taylor
and others, 1987; Taylor and others, 1981). The principal published applications of reef coral
sclerochronology in paleoseismology have been in the New Hebrides island arc, where the geo-
graphic extent and amounts of tectonic coral emergence were mapped and dated. The basis of
this work is the observation that coral colonies living at their upper limit of survival relative to
sea level will die, wholly or in part, if there is a fall in relative sea level (Scoffin and Stoddart,
1978). The upper part of coral colony that dies back because of emergence ceases to grow and
accrete skeletal material. However, the surviving lower part continues to accrete layers of
calcium carbonate. Within a few years a partially-emerged coral head produces a distinctive
“terraced” morphology roughly analogous to the formation of coral reef terraces on a much
larger physical scale. However, in the case of coral colonies, the fact that the living part of the
colony accretes skeletal material having annual variations in density and chemistry provides a
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means (sclerochronology) for determining how much time has elapsed since the upper part of
the colony stopped growing.

Coseismic vertical deformation is one mechanism that can cause a relative sea level
change affecting the growth or survival of shallow corals. Sclerochronologic dating of coseis-
mic vertical movement evolved from the use of emerged corals to map vertical deformation
associated with an earthquake that occurred in the New Hebrides in August, 1965 (Taylor and
others, 1980). Benoit and Dubois (1971) had previously documented the uplift associated with
this event, so that growth forms as well as the clear annual density banding of massive corals
could be used. However, still-living corals showed evidence of other emergence events that
were unlikely to be related to the 1965 earthquake. Sclerochronology was recognized and
applied as a method to determine whether the timing of coral emergence events was consistent
with the tectonic setting and dates of historical large shallow earthquakes.

Biological background

Reef-building corals are coelenterates (relatives of hydra, jellyfish, and sea anemones)
that typically contain symbiotic algae (zooxanthellae) within their tissues. Most are colonial
and are attached to the substrate; they form an aragonite (CaCO3) exoskeleton, and occur in
shallow marine waters. Reef-building is limited to tropical and subtropical waters, but some
hardy species are found in temperate waters. Veron (1986) provides a well-illustrated general
overview of the structure and biology of corals, and also of the distribution of corals and coral
reefs in the Indo-Pacific region.

Coral skeletons exhibit a variety of growth forms, all or most of which probably contain
some sort of growth record. However, the corals primarily used for sclerochronology are those
with massive colonial growth. These are often roughly hemispherical in shape, seem to exhibit
indeterminate growth (i.e., the extension rate of polyps is not a function of colony age), and may
live for decades to centuries (Buddemeier and Kinzie, 1976). An environmentally-determined
growth form that is particularly relevant to sea-level (and hence seismic) studies is the “micro-
atoll.” This is a massive colony of which the upper surface is killed by exposure at low tides so
that it grows laterally in a generally annular form (Scoffin and Stoddart, 1978; Stoddart and
Scoffin, 1979; Woodroffe and others, 1990).

Although preceded by a variety of observations of growth patterns in corals [see
(Buddemeier and Kinzie, 1976) for previous history], the inception of modern coral scle-
rochronology dates from the demonstration that x-radiographs of coral skeletons revealed sys-
tematic patterns of alternating high and low density, and that these patterns could be calibrated
with fallout radionuclides to demonstrate that one band pair (a high- and a low-density band)
represents approximately one year’s growth (Knutson and others, 1972). Figure 2.2.3-1 illus-
trates the growth pattern in a radiograph of a section of coral colony oriented along the axis of
growth; Figure 2.2.3-2 shows similar records from cores drilled from a coral head. These and
subsequent illustrations have been selected from paleoseismology studies discussed and refer-
enced below.
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Figure 2.2.3-1. X-radiograph positive of slab along growth axis of an intertidal coral colony (Goniastrea
retiformis). One pair of dark and light (high-density and low-density) bands represents approximately one
year’s growth. The growth record shows times at which successive portions of the colony were killed by

emergence, and subsequent skeletal growth response. HLS = Highest level of survival. From Taylor and
others (1987).

Relations to other methods

Sclerochronology shares many characteristics with dendrochronology (Jacoby, Chapter
2, this volume) — both depend on biogenic records deposited by large, sessile, long-lived organ-
isms that use photosynthesis as an energy source (the corals through their symbiotic algae), and
that structure the communities to which they belong. Many of the concepts and methods of den-
drochronology can be adapted to sclerochronology, but there are also some key differences. A
major difference is that tropical corals, like tropical trees, do not consistently undergo an annual
dormant period unless they are in an environment that imposes high seasonal stress. Many
corals calcify continuously, although at variable rates. Relative to tree rings, this gives such
corals the advantage of acting as a continuous rather than a discontinuous environmental
recorder, but with that comes the disadvantage of not being able unequivocally to identify dis-
crete growth episodes or assign skeletal growth a priori to a unique season or year.
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Figure 2.2.3-2. X-radiograph
positive of sections through
the centers of cores drilled
from a “micro-atoll” coral
colony that had been subject
to successive uplift events
resulting in death of parts of
the colony (Fig. 2.2.3-4
depicts the sampled colony).
From Taylor and others
(1987).

NUREG/CR 5562 2-46



Sclerochronology

An important point of similarity between coral and tree-ring studies is the problem of
“floating” chronologies (growth records without an absolute age or date calibration) and the
problem of comparing records from different organisms or different parts of the same organism.
As with tree rings, other dating methods may be applied to determine the approximate numerical
ages of samples. The aragonite skeleton is suitable for dating by 14C, U/Th, 219Pb, and various
fallout nuclides (see Sowers and Noller, Plate 1, this volume); mass-spectrometric U-Th analyses
have the greatest potential for use to date floating chronologies.

Crossdating and construction of master growth chronologies based on extension rates or
densities has not progressed as far in sclerochronology as in dendrochronology, although in prin-
ciple this approach is an effective way to deal with problems of missing or false growth bands
and the extraction of environmental signals. The mixed record of success and failure in this
regard [see discussion by Lough and Barnes (1992)] suggests that corals, like trees, inhabit “sen-
sitive” and “complacent” sites, with higher latitude or more stressful locations likely to result in
variations on growth patterns that can be correlated between samples. However, the chemical
and isotopic characteristics of coral skeletons (Fig. 2.2.3-3) provide an additional range of
chronometric and pattern correlation variables that are likely to be more reliable than the use of
growth or calcification patterns alone.
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Figure 2.2.3-3. Chemical and isotopic records retrieved by subannual sampling and microanalysis of a
coral core from the Galapagos. 880, 8!3C, Ba/Ca, and Cd/Ca values are plotted with concurrent sea sur-
face temperature values (SST) from Peru. Shaded bands indicate ENSO anomalies. The skeletal charac-
teristics show well-defined annual cycles and relationships to the temperature signal, and thus can provide
environmental as well as chronometric information. From Shen and others (1992).
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THEORY OF DATING METHOD
Principles and assumptions

The basic principle of the method depends on the fact that many organisms exhibit
rhythmic patterns of growth that are either endogenous and entrained by environmental factors,
or simply the direct result of cyclic (e.g., seasonal) changes in the environment. These rhythmic
patterns are expressed in the physical and chemical characteristics of exoskeletons, where the
resulting patterns of variation can be measured and interpreted as chronologies in ways similar
to the applications of tree rings (see Jacoby, Chapter 2, this volume) and varved sediments (see
Verosub, Chapter 2, Varve Chronology, this volume). For a more detailed discussion of the basis
of the method as applied to scleractinian corals, see Buddemeier (1978) and Dodge and Vaisnys
(1980).

Various assumptions are normally made for applications studies. They will depend in
detail on the setting, the exact methods employed, and the specific questions or applications
addressed. Some of the more basic classes of assumptions are listed and examined below:

Nature and constancy of growth pattern. It is assumed that the growth periodicity
(e.g., days, lunar months, years) is known or can be correctly identified, is invariant over the
period of record examined, and that absolute counts or pattern matching can be accomplished
with an accuracy adequate for the intended application. In the most common application, the
use of coral skeletal density bands, it is normally assumed — or preferably, determined — that
the observed patterns are caused by variations in calcification occurring within the layer of liv-
ing tissue, and are synchronous across the surface of the entire colony.

In the case of annual density bands in corals, it is commonly assumed that one high-den-
sity/low-density (HD/LD) band pair represents an annual growth cycle. This is usually the case,
but exceptions occur. Some corals exhibit sub-annual fine structure variations in density
(Buddemeier, 1974; Buddemeier and Kinzie, 1975). These are often components of groupings
that result in the larger-scale annual density pattern (Barnes and Lough, 1989), but in extreme
cases the fine structure variation is so dominant that no annual pattern is discernible (Le Tissier
and others, 1994). Druffel (1985) has reported finding two band pairs per year in corals from
the Line Islands; this phenomenon and the dominance of fine banding may be primarily associ-
ated with low-latitude locations, where environmental factors that control or entrain calcification
cycles may exhibit weak, inconsistent, or multiple cycles per calendar year. As in the case of
dendrochronology (see Jacoby, Chapter 2, this volume), the exceptions that occur can be dealt
with by examining multiple samples of individual corals and sampling multiple corals at the
same site — and/or by employing more sophisticated approaches than simple visual examination
and measurement of density bands. The chronometric reliability of the skeleton should be treat-
ed as a hypothesis to be tested, not a fundamental assumption.

Relationship of environmental conditions to growth. There is an extensive but incon-
clusive literature on relationships between environmental variables and skeletal density patterns
or growth rates (see Appropriate geologic settings below). Some broad generalizations are pos-
sible, especially when working with species and environments that have been well studied, but
there is substantial variability in responses within and between both coral species and sites. If it

NUREG/CR 5562 2-48



Sclerochronology

is necessary to know the seasonal timing of dense band formation, for example, it should be
determined empirically for the site and species in question, if possible.

The chemical and isotopic records contained in coral skeletons (e.g., Fig. 2.2.3-3) are a
primary source of information on marine paleoenvironments (Dunbar and Cole, 1993). These
may also serve as chronologic signals to supplement, verify, or replace density band analysis
(Cole and others, 1993), and may also provide more reliable records than growth rate or density
for pattern matching or construction of master chronologies (see Jacoby, Chapter 2, this volume;
and below). A practical disadvantage of this method may be the high cost of obtaining the quan-
tity and quality of analyses necessary to define the growth pattern over a significant time period.

For assessment of the chronology of coral death and/or regrowth in response to seismi-
cally-induced local sea level changes, density pattern analysis remains an essential technique.
Fortunately, there is a solid basis for the fundamental assumption that a coral too far out of water
will die and cease depositing skeleton; the details of the growth or mortality response must be
determined for the particular coral and site of interest. The mechanisms and significance of den-
sity band formation continue to be an active research area (Barnes and Lough, 1993; Taylor and
others, 1993).

Relationship of seismic events to environmental conditions. The seismic event of typi-
cal interest is a vertical displacement that changes local relative sea level, which in turn affects
the survival or growth of the coral. However, the coral response (e.g., death) may result from an
interaction of environmental variables, and may therefore not be coincident with the seismic
event (Buskirk and others, 1981).

In addition, sea level changes related to oceanographic phenomena such as El Nifio
Southern Oscillation (ENSO) events rather than tectonic vertical movements also occur on a
local or regional scale. For example, the 1982-83 ENSO event caused sustained lowering of sea
level such that all shallow corals with exposure-limited growth died down by ~ 30 cm over a
huge region of the Pacific. However, the geographic pattern of this event is such that it does not
make any tectonic sense (F. W. Taylor, unpubl. data). The greater the vertical displacement, the
easier it is to determine that it is tectonic in origin, but one should consider whether the emer-
gence or submergence event relates to historical earthquakes, whether the geographic pattern
makes tectonic sense, and whether there are other confounding environmental variables. There
is no unequivocal recipe for separating tectonic from other sea-level changes; it is the responsi-
bility of the investigator to examine all possibilities in arriving at a defensible interpretation.

In summary, it is reasonable to assume that seismic change in sea level will affect the
growth of a coral that is at or near the intertidal survival limit; it is not valid to assume that a
change in coral growth inevitably reflects a seismic event, or that the change accurately deter-
mines its exact magnitude or time of occurrence.

Appropriate geologic settings
Appropriate geologic settings for the application of sclerochronology to paleoseismolo-

gy are those in which the mineral remains of chronometric organisms are preserved, preferably
in growth position, and in which seismic events may leave an identifiable record.
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Depositional environments. Reef-building corals occur primarily in the tropics and sub-
tropics, from the sea surface to a maximum depth range on the order of 100 m. Applications to
date have involved measurement of sea-level changes in intertidal to shallow subtidal deposition-
al environments, but indirect applications can be envisioned for some deeper environments (see
Experimental applications below).

These comments on both geographic and depth ranges apply to the environment of
deposition, which may differ significantly from present conditions at the location in question as
a result of tectonic, climatic, or other environmental changes. Biogeographic controls are cli-
matic and oceanographic rather than strictly latitudinal — for example, in spite of their relatively
high latitudes, corals occur extensively in both Bermuda and Japan, whereas coral occurrence is
limited to minor assemblages and only occasional, depauperate reefs along the tropical Pacific
coasts of Colombia and Ecuador (Wells, 1988).

Geophysical environments. Sclerochronology may provide a useful record of earth-
quakes where coseismic faulting results in vertical motion. Pure strike-slip motion will produce
relatively small areas of vertical deformation with uplift at restraining bends and subsidence at
pull-aparts. Sclerochronologic applications in this situation would require a strike-slip fault
along which a restraining bend coincides with a coast. Normal or reverse faults obviously pro-
duce vertical deformation, but the main application of coral paleoseismology is likely to be at
interplate thrust zones where plate motion is accommodated by cycles of elastic strain accumu-
lation and release during large, shallow, thrusting earthquakes.

Large ruptures (Ms 2 7.0) on thrust faults are likely to produce very large areas of verti-
cal deformation. The general patterns of this deformation are known and can be used to model
the vertical deformation patterns associated with interplate thrust faults (Savage, 1983; Thatcher
and Rundle, 1979). However, interseismic elastic strain accumulation and its release during
earthquakes does not by itself require that there be any net long-term uplift or subsidence.
Permanent vertical deformation requires some additional process; if there is no net uplift, then
the record of new uplifts is written over the stratigraphic or biogenic record of previous events.
Net uplift potentially separates records of events from one another. Net subsidence is also a
possibility and also separates event records in vertical sequence, but the older records tend to get
buried and overgrown by subsequent coral growth.

Although the only published coral paleoseismology studies were done in the New
Hebrides arc (Buskirk and others, 1981; Taylor and others, 1987; Taylor and others, 1981), the
method is clearly applicable elsewhere. Many seismically active areas of the world are within
regions of present or potential coral growth. For example, there are multiple relative sea-level
changes recorded in the Solomon Islands arc. On the Huon Peninsula of Papua New Guinea,
emerged corals were used to map and measure coseismic vertical deformation associated with a
contemporary earthquake (Pandolfi and others, 1994). One of us (FWT) is currently involved in
an ongoing reef coral paleoseismology project in Sumatra, Indonesia, where coral sclerochronol-
ogy is combined with mass-spectrometric 230Th/234U dating. The general technique could be
applied to numerous coral-reef fringed coasts in island arcs and other tectonically active settings
in the western Pacific, Indian Ocean, and Caribbean where corals live in environments in which
growth is controlled by sea level. In such settings the corals may be used either to characterize
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recent sea-level changes, or to demonstrate the absence of vertical tectonic deformation over the
lifetime of the specimen — also a potentially valuable result.

Time range of applicability

The time range of applicability of sclerochonology is governed by both geologic and
biologic constraints.

1. Geologic upper limit: In principle, the geologic interval over which samples suitable
for some sort of sclerochronologic application can be retrieved spans the whole of the
Quaternary, although Holocene and Late Pleistocene deposits are most likely to yield well-pre-
served specimens with a reasonably definable relationship to their environment of growth (or
death). It should be noted that although methods using skeletal chemistry (including isotopes)
require unaltered samples, coral skeletons in which the aragonite has recrystallized to calcite
may preserve and even enhance physical growth patterns. However, as one goes back in time
the ambiguity of the tectonic setting increases rapidly, and it becomes very difficult to construct
a coherent picture of an event or series of events. Practical applications of older samples or set-
tings are seriously constrained by sample availability, analytical costs, and uncertainties much
greater than in the case of more recent samples.

2. Biologic upper limit: The length of reasonably continuous record from a single
organism or colony obviously depends on the organism and the nature of the population in the
locale of interest. In the case of corals, it should be possible to find growth records of decades
in massive or robust digitate colonies from most communities. Coring (see below) of very large
coral heads has produced records of several centuries, with the longest cores tabulated at the
time of writing ranging back approximately 800 years (Dunbar and Cole, 1993). Although rep-
resenting a relatively short interval of growth, Figure 2.2.3-2 illustrates the type of radiographic
record obtainable from samples cored from a coral head.

There is a second factor to consider with regard to biologic upper limits on time elapsed
since the complete or partial death of a colony. The part of a coral colony that emerges enough
to be killed may be subject to severe bioerosion. If the highest level of survival for corals is
approximately mean sea level, uplift by an amount small compared to the intertidal range keeps
the emerged part of the colonies within the intertidal zone where bioerosion may be intense.
The emerged part of such corals may be preserved only for a few decades, and once the emerged
parts are leveled off, it becomes difficult to recognize a paleo-emergence. Where the uplift is
enough to lift much of the colony above the intertidal zone, the chances of preservation are
greater, but so is the probability that the entire colony will be completely killed by that amount
of emergence (e.g., Colgan and Malmquist, 1987). Because tide ranges in coral reef areas may
be from as little as a few tens of centimeters to greater than two meters, and because the rate of
bioerosion will depend on both the coral in question and the local ecosystem, this effect must be
assessed on a local basis. Some uplifted microatolls in Sumatra and the Solomon Islands sug-
gest preservation of skeletal records over as much as a century (K. Sieh, pers. commun.; F. W.
Taylor, unpubl. data).

3. Lower limits and temporal resolution: Biologic factors control both the lower limits
and the resolution, or how short an interval can reliably be measured or deduced (e.g., to distin-
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guish a seismic event from some more gradual change, or to determine the time relationship of
two different records). Conventional coral chronometry using the annual growth patterns is lim-
ited in terms of sub-annual resolution, because coral skeletal extension does not proceed at a
uniform rate and because the exact timing of density transitions within the skeleton may vary
from year to year within a coral, from coral to coral at a given site, and across different loca-
tions. This has led to the concept of the coral density cycle as representing a “soft” annual cal-
endar that can reasonably achieve seasonal time resolution (determination to within a few
months of the sidereal year).

Examination of isotopic or chemical records in the skeleton may have the potential to
improve temporal resolution over that of the density bands, depending on how much indepen-
dent information is available concerning variation in the local environment. Limitations are
imposed on the resolution of the isotopic or chemical record by the fact that some calcification
is associated with all of the living tissue, which may extend below the upper surface of the
skeleton a distance that is equivalent to a substantial portion of a year’s growth (Barnes and
Lough, 1992). Although calcification is greatest at the outer surface of the colony, the aragonite
deposited there is gradually “contaminated” by slower subsequent calcification until the tissue
layer leaves it behind. Microsampling and measurement techniques make it possible to develop
records that appear to have a precision corresponding to a period of a week, but because of the
characteristics of the skeletal deposition process, they lack accuracy at that scale. Empirical
observations (see Dunbar and Cole, 1993) suggest that use of isotopic or chemical patterns can
reasonably achieve time resolution of about a month.

Other growth-pattern periodicities have been proposed or identified. Buddemeier and
Kinzie (1975) identified skeletal density fine structure, which they proposed as lunar monthly; a
further detailed examination (Barnes and Lough, 1989) failed to confirm or disprove the pro-
posed periodicity. Methods for identification of daily growth patterns in various modern corals
have been reported (Risk and Pearce, 1992), but have yet to be tested in chronometric applica-
tions. Developments in methods for microstructural characterization of coral skeletons (Le
Tissier and others, 1994; Le Tissier and Scrutton, 1993) hold promise for complementing or
clarifying the information obtained from density analysis.

METHODOLOGY

The discussion that follows focuses on applications involving colonial, reef-building
corals. The use of other organisms is possible but must be regarded as experimental at this time;
individuals contemplating such an extension of the method should carefully consider which of
the points contained in this chapter are relevant, and should seek out the appropriate primary lit-
erature concerning their particular organism(s) or environmental setting(s). We stress that the
sclerochnology samples and interpretations are one important part of an integrated larger study.
For example, Taylor and others (1987) retrospectively investigated the August, 1965,

New Hebrides earthquakes. They sampled numerous corals at many sites indicating varying
amounts of relative sea level change. Sclerochronology showed that the time of death of the
emerged surfaces was similar for all of the samples. However, the indicated geographic varia-
tion in emergence was also consistent with models of elastic strain release on a locked fault seg-
ment located on the interplate thrust fault, as defined by the large 1965 earthquakes and their
aftershocks. In addition, the pattern of uplift also matched the geographic distribution of total
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Holocene emergence determined by mapping, measuring heights, and dating of emerged coral
reefs. Thus, an interpretation that the emergence was tectonic in origin was defensible on the
basis of the larger context as well as the sclerochronologic data.

Sample collection

An essential first step in any sampling effort is the procedural one of ensuring that all
necessary permits and permissions have been obtained from government agencies and landown-
ers. A sampling program that spans the intertidal zone may have to deal with different regula-
tions, agencies, and attitudes governing terrestrial and marine environments or living and non-
living samples. Samples of “scleractinian coral skeleton” and of “biogenic carbonate sediment”
may be scientifically equivalent, but very, very different from a regulatory point of view.

In addition to physical collection of the actual sample material, characterization of the
sample’s relationship to the immediate site of collection, and of the relationship of that site to
the larger geomorphic and oceanographic setting are extremely important. Depending on the
information already available, this may include photography and careful measurement before
and after sampling, surveying at the sampling site, and visual assessment, surveying, or mapping
of the larger area of interest (see Field collection methods below). A difficult but important part
of the site characterization is relating the observations to local or regional sea level measurement
and variation. If tide gauge records are available for a site, they can help to calibrate coral
responses and relationships and may confirm or eliminate the significance of non-tectonic sea
level changes that might affect coral growth (Wyrtki, 1985).

Material type

The material collected is assumed to be the (calcium carbonate) exoskeleton of colonial
corals, with the sample representing a number of years of growth and spanning or terminating in
the event or time of interest. Possible samples will be dependent on the unique characteristics of
each site, but unaltered specimens are preferable to those showing substantial damage or diagen-
esis. When sampling colonies that have been uplifted above the intertidal zone, the cleanest
available specimens should be selected to minimize terrigenous contamination. Massive growth
forms are easiest to work with, although encrusting and digitate colonies can also provide usable
records. Except for special circumstances discussed below (see Experimental applications),
colonies should be in their original growth position (which normally means cemented to the sub-
strate). Coral taxa differ considerably in their skeletal architecture, and therefore in their proba-
bility of contamination. Porites and Diploastrea are examples of genera with perforate skele-
tons, which allows soil to penetrate deeply into an uplifted colony. By contrast, at least some
species of the genera Goniastrea, Cyphastrea, and Leptoria are relatively resistant to post-depo-
sitional contamination of the interior of the colony.

Field collection methods

It may be appropriate to sample corals from dry land as well as intertidal or subtidal
environments; the details of the techniques employed will vary with the environment sampled in
ways that are beyond the scope of this chapter. It is also important for the investigator to distin-
guish between a reconnaissance study to test for possible evidence or the applicability of the
method, and a rigorous investigation when it is known that the method will provide useful infor-
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mation. An additional caveat is that the investigator should consider in advance the possibility
that the sample may be used for some other dating or analytical purpose, which may impose
considerations beyond those appropriate for sclerochronology alone.

Sampling may involve collecting all or part of a coral colony, which may be on an
exposed surface or embedded in a reef formation. Collecting the entire colony (if it is not
extremely large) is often the simplest approach, and provides the most flexibility and opportuni-
ty for optimal laboratory processing. However, it greatly increases the risk of losing important
information on orientation or substrate relationship; for that reason subsampling is usually
preferable, especially in reconnaissance-level studies. See also comments under Laboratory
analysis. In any case, field description is important. This description should include detailed
drawings and photography from multiple angles, determination of whether and where the sur-
face of the sample was covered by living coral tissue at the time of collection, and the positions
and elevations relative to other samples and features or to any appropriate datum. Current stud-
ies in progress (FWT) use a total survey station (an electronic distance-measuring device plus a
theodolite) to relate the relative sea level information in every coral head with every other one
within sight; however, careful hand measurements and conventional survey techniques can also
be used.

Portions of a coral colony may be sampled with hand- or power-tools or by core drilling.
Current paleoseismology studies in Sumatra (FWT) use a hydraulic concrete chainsaw with dia-
mond impregnated blocks instead of teeth. This device can sample both emerged and shallow
submerged corals, making parallel cuts across a microatoll to permit extraction of a slab for
analysis. Use of rock hammers, chisels, or handsaws, especially underwater, may fragment or
dislodge the sample unexpectedly. If replicate sampling opportunities are not readily available,
use of great care or a coring device is recommended.

Where long cores are needed, a hydraulically-driven, underwater drilling system is com-
monly used; such equipment can be operated freehand by two or three robust individuals or
mounted on a frame for improved support and positioning. Macintyre (1978) describes such a
system, a descendant or variant of which is used by most of the research groups currently
engaged in coral or reef drilling (Dunbar and Cole, 1993). Where shorter or smaller cores
suffice (Figs. 2.2.3-2 and -4), portable drills of various types may be fitted with appropriate core
barrels. Pneumatic, electric, and gasoline-powered units have all been successfully adapted to
coral or reef coring in some environments.

Sampling strategy should include replicate sampling (both within colonies and betwcen
colonies at the same site). The optimum coring direction is along the axis of longitudinal
growth in a massive colony, but this direction can be surprisingly difficult to estimate from the
outside, and may not be constant over the life of the colony. A reasonable number of cores at
different locations and orientation provides insurance. Figure 2.2.3-4 shows a colony sampled in
the field, illustrating several of the points discussed above.

>
Figure 2.2.3-4. Reef flat microatolls that have been sampled to determine times and amounts of uplift or
subsidence. All are Goniastrea retiformis from various locations in New Hebrides. (a) This coral records
two emergence events of ca. 10 cm each. (b) Four emergence events are indicated by this coral. (¢) The
effects of submergence. Note replicate sampling and the importance of careful determination of elevation
and orientation of samples. From Taylor and others (1987).
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A section on field methods would be incomplete without consideration of environmental
impacts. Coral communities, as is the case with many natural ecosystems, are widely recog-
nized as being endangered by anthropogenic stresses; research or assessment activities should
not unnecessarily add to those stresses. Sampling and survey methods should be designed to
minimize incidental damage to organisms or substrate, to take only the samples reasonably
appropriate for a well-designed experiment, and to restore the site to the extent reasonably feasi-
ble. Depending on local regulations and reef conditions, appropriate restoration might include
plugging large-diameter core holes, especially in viable living colonies, with underwater cement
or some equivalent material.

Preservation/transportation

The preservation and transportation of samples destined for sclerochronologic analysis
presents no unusual scientific problems; they should be documented and labeled as appropriate
to retain the necessary location, elevation, and orientation information, transported and
processed without undue delay, and protected from gross damage or contamination. The more
important considerations are usually related to the possible use of the same sample for other dat-
ing or analytical techniques; if this is likely, samples should be handled in a manner appropriate
for the most demanding application.

CITES (Commission for International Trade in Endangered Species) permits are gener-
ally required in order to import specimens from live corals into the United States or other coun-
tries that are party to this United Nations agreement (Anonymous, 1992). The U.S. Fish and
Wildlife Service can provide the addresses of CITES officials in other countries who are autho-
rized to issue permits to scientists working within their territories. When coral specimens are
imported into the United States, the scientist or shipping agent should contact the Fish and
Wildlife Service to schedule examination of the specimens and permit.

Laboratory analysis

This discussion assumes the use of x-radiography to measure density-band patterns, and
either visual pattern-matching and band-counting, hand measurement of growth intervals, or film
densitometry to establish the sclerochronologic record. Alternative or extended techniques are
referenced where feasible.

Preparation

Density-band analysis imposes no specific requirements for cleaning coral specimens
collected from live colonies or reef environments, but for reasons of hygiene and esthetics it may
be considered desirable to remove organic matter, which occurs in the form of both coral tissue
and boring plants or animals that may live within the skeleton a considerable distance below the
live surface. Before this is done it is a good idea to document the depth of the live tissue layer
(Barnes and Lough, 1992). It is critical that any processing be consistent with further analyses
planned; for example, many laboratories do not want samples treated with bleach or peroxide
(the most expedient methods for field removal of organics) if chemical or isotopic measurements
are to be done. Water-blasting dead tissue from the skeleton with hose pressure is generally
acceptable, if such facilities are available.
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Samples collected from a terrestrial or high-sediment marine environment need to be
cleaned of detrital inclusions in the skeleton; unlike organic matter, these can affect the x-ray
characteristics as well as the apparent chemistry of the sample. This cleaning is applied to the
cut specimen, and typically involves agitation (ultrasonic bath), application of water jets, or
ultrasonic cell disrupters (which are reputed to be the most effective).

The objective in preparing samples for x-radiography is to produce a slab of the skeleton
that is of uniform thickness, is oriented as closely as possible with the axis of skeletal extension,
and is of appropriate dimensions. “Appropriate dimensions” depend on the characteristics of the
coring, cutting, or radiography equipment, but the following guidelines will be useful (see
Buddemeier (1978) for more detailed discussion).

a. A useful starting point is the “rule” that the thickness of the slab should be of the
same general magnitude as the dimensions of the coral polyp (e.g., 1-3 polyp diameters).
However, this rule results in excessively coarse samples and poor resolution if large-polyp, slow-
growing corals are used, and should be modified based on the results of experiments, or knowl-
edge of sample and equipment characteristics. If the x-ray film and equipment used are capable
of high contrast and resolution (Le Tissier and others, 1994), better results may be obtained with
thin slabs (e.g., 3 mm for Porites). However, if the coral has very large polyps or a very regular
growth form, and especially if high-energy x-rays (> 50 KVP) or coarse-grained film is used, a
thicker sample may be appropriate.

b. To the extent possible (which is obviously limited in the case of cores), the width of
the sample slab should include multiple corallite traces (i.e., should at a minimum be several
times the lateral dimension of a polyp).

c. If a growth record must be subdivided for processing, the skeletal piece should be
carefully fractured or cut so as to prevent complete loss of any interval in the growth record.

Laboratories that do substantial amounts of coral work normally have cutting equipment
dedicated to, and often specially designed for, that task. Two of the most commonly used
cutting systems are tile saws with dual diamond blades and a rock saw with a precisely-
adjustable locking sample feed. In the absence of such a facility or a well-equipped geological
laboratory, care and ingenuity can make a wide variety of rock saws, masonry saws, or other
equipment useful for the task (Buddemeier, 1978).

Analysis

Density-pattern images are typically obtained by x-radiography using industrial, geolog-
ical, or sometimes medical or dental x-ray equipment and film. Quantitative data on density
variation may be obtained by microdensitometry of appropriately calibrated film radiographs
(Buddemeier, 1974; Chalker and others, 1985; Dodge and Brass, 1984; Dodge and Thomson,
1974), or by direct measurement (Chalker and Barnes, 1990) of gamma- or x-ray attenuation.
Quantitative density profiles may have some utility in pattern comparison and matching, but they
are inferior to visual inspection of the x-ray image for qualitative pattern identification, and may
not be as useful as chemical or isotopic records (Shen and others, 1992) for establishing unique
patterns of skeletal history.
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If possible, the x-ray equipment and film used should be selected for maximum sensitiv-
ity and resolution. Ideally the equipment used should permit low energy operation (20-40
KVP), should have a small beam spot, and should be able to operate at a range of source-to-
sample distances to minimize beam dispersion. Geological and some industrial x-ray equipment
is suitable; among medical units, those designed for mammography are preferable. Film should
be fine-grained and uniform in sensitivity and emulsion thickness; again, mammography is the
most appropriate medical source. For discussion of radiography techniques, see: Buddemeier
(1978); Chalker and others (1985); Dodge and Vaisnys (1980); Le Tissier and others (1994).

Archival

Sponsoring agencies or contract requirements may address the issue of archival tech-
niques and responsibilities. Fortunately, coral skeletal specimens require little in the way of spe-
cial care in storage, and there are generally well-established protocols for associated film, paper,
and electronic records. The following comments provide advice for cases where procedures
have not already been determined.

Samples should be archived if feasible, both for possible further use or review for the
purposes of the original study, and because documented coral samples from known environ-
ments represent a significant scientific resource in the larger sense. It will be most effective if
samples can be incorporated into a larger repository for ease of access and consolidated record-
keeping. Standard data should accompany the samples; to the extent appropriate the information
and data guidelines laid out for coral paleoclimate studies should be adopted (Dunbar and Cole,
1993).

Photographs, radiographs, and field notes should be archived by the responsible princi-
pal investigator or by the institution with the major role in sclerochronologic assessment, using
appropriate storage and retrieval techniques. An archive for coral skeletal data, including x-radi-
ographs, has been established at the World Data Center (A) in the National Geophysical Data
Center, Boulder, Colorado.

Data analysis

Data reduction

Data reduction may range from simple counting of band pairs and/or qualitative visual
pattern matching to sophisticated quantitative measurements of density or skeletal chemistry and
within- or between-colony statistical analysis.

The simple approach is often the most robust, and has been used successfully in the
paleoseismic studies published to date (Taylor and others, 1987). A number of attempts have
been made to develop master chronologies as is done in dendrochronology (see Jacoby, Chapter
2, this volume); see Lough and Barnes (1992) for a review. Both variations in annual growth
rate (band pair dimensions) and densitometry have been used. As with many other aspects of
coral growth and environmental response studies, results are inconclusive, and appear to be loca-
tion- or species-dependent.
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Assessment of confidence

For well-sampled specimens with clear, well-behaved density band patterns, the preci-
sion of determination of long-term growth intervals may be as good as 1-2 years/century
(Dunbar and Cole, 1993); accuracy will depend on the accuracy with which the band chronology
can be indexed to sidereal years. This level of confidence is by no means automatic — the angle
of cutting and radiographic exposure may distort or conceal growth patterns (see examples in Le
Tissier and others, 1994), and corals may exhibit fine-structured growth patterns that do not
reveal annual groupings, or may have multiple bands per year. Assessment of confidence in a
single band chronology is somewhat subjective, and requires familiarity with the range of nor-
mal growth rates and the appearance of skeletal forms or growth patterns likely to result in unre-
liable age determinations.

Confidence in subannual time determinations is necessarily limited by variations in both
extension rate and calcification rate, by the fact that calcification proceeds beneath the entire
extent of the living tissue and not just at the upper surface of the skeleton (Barnes and Lough,
1992), and by difficuity in establishing a precisely known reference time within the chronology.
Unless special techniques, such as the daily growth band analysis reported by Risk and Pearce
(1992), can be applied, + one month is a conservative but reasonable estimate of precision and
accuracy. This assessment is further complicated if the coral’s response may lag behind the
stimulus of interest (see below).

Confidence in statistical analysis of time series or pattern matching, or in the results of
quantitative measurement of density or skeletal chemistry, must be evaluated by methods appro-
priate to the technique employed, and will not be discussed here. It should be noted that overall
confidence is greatly improved if different methods lead to the same conclusion.

Standards for data reporting and presentation

No specific standards for data reporting and presentation have been universally adopted
or imposed other than the data base requirements presented by Dunbar and Cole (1993). In gen-
eral, the relevant conventions observed for dendrochronology or the reporting of other environ-
mental time series are appropriate.

PALEOSEISMIC APPLICATIONS
Conventional

The major example of sclerochronologic techniques applied to seismic event reconstruc-
tion is the work of Taylor and others (1981, 1987). This study used the growth patterns of inter-
tidal coral microatolls in combination with reef geomorphology to calibrate the geographic
extent and amplitudes of historically known seismic events along the Central New Hebrides Arc,
Western Pacific.

The basic principle upon which these sclerochronologic studies were based is illustrated
in Figure 2.2.3-5; corals that are actually or potentially limited to the microatoll growth form by
exposure will experience dieback on further emergence (uplift) or upward growth extension on
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Figure 2.2.3-5. (a) Schematic
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inundation (subsidence). Figures 2.2.3-1 and -2, shown above as an example of the x-radio-
graphic band patterns in slabs and cores, and Figure 2.2.3-3 demonstrating field sampling tech-
niques, depict corals from this study that show a history of incremental growth pattern changes
as a result of successive seismic events.

Figure 2.2.3-6 is adapted from a report of a study (Buskirk and others, 1981) derived
from the same investigation. It demonstrates that valid interpretations depend on understanding
the environmental setting and the characteristics of the biorecorder in addition to chronometric
and elevation measurements. In this case, the time of dieback in colonies of Goniastria reti-
formis was controlled by exposure to sunlight rather than by water level alone as is more com-
monly the case for partially-emerged corals. Buskirk and others (1981) observed that the
boundary between the living and dead parts of each colony formed a plane normal to the mean
winter noontime sun angle. During the winter, lower-low-water (LLW) spring tides occur near

>
Figure 2.2.3-6. (a) Photograph of uplifted coral head showing a non-horizontal orientation in the pattern
of tissue survival. (b) Schematic illustration of the proposed mechanism: pattern reflects exposure to the
sun at the time of the minimum daytime lowest low water (LLW) following the uplift. See discussion in
Experimental applications. From Buskirk and others (1981).
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noon and higher-low-water (HLW) springs are at night, while during summer the reverse is the
case. Because LLW spring tide water levels are about 0.5 m lower than HLW, the corals are
most directly and extensively exposed to strong solar radiation only during the winter months,
even though midday sun angles and radiation intensities may be higher during the summer.
This explains why the G. retiformis heads that apparently uplifted by 10-15 cm during an
October 1971 earthquake (during the southern hemisphere summer) did not die down by a simi-
lar amount until the next winter. Porites heads do not live in water as shallow, and it appears
that exposure to air rather than sunlight may limit their highest level of survival because the
boundary between living and dead emerged surfaces typically defines a nearly horizontal plane.

These results emphasize the importance of understanding the environment and especial-
ly the tidal regime. When the amount of emergence is less than or equal to the difference
between LLW and HLW, the corals may not die back until LLW occurs during daytime tides of
maximum amplitude. If uplift is greater than this difference in tides, then the upper parts of the
corals will be exposed during times of HLW occurring during daytime spring tides. Thus, the
relationship of the amount of uplift to the tide range will determine whether the coral dies
promptly, thereby providing an accurate date for the seismic event.

Experimental applications/future advances

Applications of the sclerochronologic method to settings or seismic questions other than
those involved in direct vertical displacement of living corals can be readily envisioned, but they
may be labor-intensive and may not be cost-effective if other sources of data are available.
Three possibilities are discussed briefly.

(a) Not only can coral colonies provide information on the timing of relative sea level
changes caused by coseismic vertical deformation, they can also be used as natural tide gauges
to recover a record of interseismic vertical deformation that may represent the vertical compo-
nent of elastic strain accumulation leading to future earthquakes (Woodroffe and others, 1990).
The vertical expression of elastic strain accumulation at a given site is typically in a direction
opposite to that of coseismic vertical movements. Gradual emergence of corals is thus more
likely in a zone of previous coseismic subsidence. If the interseismic interval is long enough for
corals to become established on a coseismically-inundated substrate, then colony tops should
begin to emerge and die back as interseismic uplift proceeds. However, under conditions of
slow gradual emergence, diedown of the boundary between living and dead emerged coral is
likely to occur as a series of small, discrete, episodic events. This is because dieback may be
controlled by the timing of annual tide cycles or interannual oceanographic or climatic sea level
variations such as El Nifio (see discussions above). In the case of gradual interseismic subsi-
dence, the dead surface of a microatoll might become recolonized and exhibit steady or intermit-
tent upgrowth (Fig. 2.2.3-4c). By mapping the amount and timing of both submergence and
emergence it is quite possible that constraints may be placed on the extent and magnitude of a
future earthquake by comparison with elastic models and past coseismic deformation patterns.

(b) Earthquakes may result in significant reef damage and subsurface coral mortality
whether or not there is net vertical displacement (Stoddart, 1972). It is possible to envision a
population-based study of dead and/or displaced coral colonies on present or fossil reefs to
attempt to determine whether there was a single rapid mortality event coincident with physical
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damage or displacement. Such an approach would be likely to be useful only in settings with
extensive sampling opportunities, environmental controls on coral growth, or skeletal character-
istics that would permit reliable cross-dating of chronologies in different colonies (see discus-
sion above). In many situations it would be necessary to use an additional (absolute) chrono-
metric method to ensure that the samples are sufficiently close in age to justify the pattern-
matching attempts.

(c¢) Seismic events may indirectly affect the hydrography or environmental conditions
controlling coral growth in ways that leave a skeletal record. Examples would include changes
in the drainage patterns of coastal watersheds (affecting nearshore salinity and turbidity distribu-
tions), and changes in the ventilation of lagoons resulting from changes in barrier reef elevation
or other changes affecting local water circulation. Such changes would affect skeletal isotopic
and chemical characteristics, perhaps in a more reliable and recognizable fashion than they
would affect growth or density patterns. Use of such records could be applied to hypothesis
testing where there is reason to believe such changes have taken place, or to reconnaissance sur-
veys in environments that would be expected to show sensitivity to seismic events in the form of
alterations in environmental quality that would leave skeletal records.

LIMITATIONS AND MAXIMUM UTILITY

The major limitation of the method as it has been applied to date is the requirement for
intertidal (or possibly shallow subtidal) coral colonies, which restricts use to marine environ-
ments that are in relatively low latitudes and have specific types of coastal morphology and
communities. Some of the possible experimental applications or future advances described
above would be less dependent on intertidal coral communities, but would still require marine,
low-latitude environments.

Time limitations depend on the setting and application; sclerochronology can provide
numerical dates only by reference to a known time horizon (e.g., alive when collected, or date of
death independently known). Use in conjunction with other dating methods or environmental
records can reduce the importance of this limitation. Current research (FWT) combining sclero-
chronology of uplifted corals along the coast of Indonesia with mass-spectometric U-Th deter-
minations to date the coral sequences has given encouraging preliminary results, with density
band counts agreeing with U-Th dates to within two standard deviations of the analytical result.

Interpretational limitations stem from the fact that change in local relative sea level (or
other growth-controlling environmental characteristics) can not be unequivocally attributed to
seismic events as a sole source, and the organism’s response to such events may be modified by
other environmental conditions (see Conventional and Experimental applications, above). The
smaller the event, the smaller and more local the vertical deformation. If smaller events are very
shallow, they may be clearly manifested by vertical surface deformation, but there are practical
limits somewhere around magnitude 6.5 to 7.0, and perhaps 5 cm or so for vertical motion.
When the amount of emergence is this small, it becomes difficult to determine unequivocally
whether it is due to sea level anomalies or tectonic uplift.

Correspondingly, the maximum utility of the method is likely to be realized when it is
used in combination with other data and observations, including historical records, either to
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determine the precise date or magnitude of known or suspected seismic uplift or subsidence, or
to provide preliminary indications of abrupt sea-level or other environmental changes which can
be followed up with detailed investigations of cause.
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2.3 Isotopic Methods

Isotopic methods are those that measure changes in isotopic composition due to radioac-
tive decay (Colman and Pierce, this volume). Radioactive decay is the spontaneous emission of
alpha particles, beta particles, or gamma rays and the production of a daughter nuclide by the
disintegration of a parent nuclide. This decay occurs at a constant rate without regard to envi-
ronmental factors. Isotopic methods use the basic decay equation:

rate of decay = dN,/dt = -y,N,,
where N, is the number of parent isotope atoms, Yo is the decay constant of the parent nuclide.

The half life of the parent nuclide (#/,) is the period of time during which one half of
the existing parent atoms decay to daughter atoms. The half-life is equal to the natural log of
two divided by the decay constant:

1/, = Inyly,

The geologic material can be dated given the initial and current ratios of parent to
daughter atoms, and the half-life of the parent nuclide:

t=1h, x ln[(Nd/Np)+l]

where ¢ is the time elapsed since the system was closed. This is the simplest case, and each
method may require modifications and assumptions to deal with multiple decay constants or
more complex systems.

We subdivide the isotopic methods into either: (1) standard isotopic methods, those that
are based on the steady decay of a fixed amount of radioactive material incorporated into the
sample at the time of formation; or (2) cosmogenic nuclide methods, which are based on the
constant formation and decay of radioactive isotopes in the sample, with additional radiogenic
nuclides continually formed from cosmic ray bombardment near the surface.

Standard isotopic methods assume a completely closed system after formation, and no
loss or gain of isotopes except through decay. Radioactive isotopes are incorporated into the
sample at the time of formation, and ages are calculated based on the relative numbers of parent
and daughter isotopes. Standard methods presented in this volume include radiocarbon, potassi-
um-argon, argon-argon, U-series, 210Pb, U-Pb, and Th-Pb. Of these, radiocarbon is by far the
most widely used for Quaternary studies. The radiocarbon method is applied to carbon (plant or
animal tissue, carbonate, shell, bone), materials common to Quaternary deposits, and is applica-
ble over the Holocene and latest Pleistocene.

Cosmogenic nuclide methods also assume a closed system in that nuclides cannot be
gained or lost within the geologic material. The system must be open with respect to cosmic
rays, however, and nuclides in the material convert to other nuclides in situ from cosmic-ray
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bombardment. These cosmogenic nuclides then may undergo radioactive decay to daughter
nuclides. Cosmogenic methods presented include 26Al, 36Cl, 3He, and 14C.

All cosmogenic isotope methods provide surface exposure ages; they measure the length
of time that the near-surface geologic materials have been exposed to cosmic rays. For example,
cosmogenic methods have been used to estimate the age of the surface of a lava flow, the age of
the surface of a fluvial terrace, or the time a boulder outcrop has been exposed. The occurrence
of erosion or deposition during exposure is a complicating factor that introduces error into the
result.

Both standard and cosmogenic isotopic methods produce a numerical-age result,
expressed in years or thousands of years in the past. Some isotopic methods benefit from cali-
bration to other methods to provide the most accurate ages, and then will provide a calibrated-
age result.
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2.3.1 Radiocarbon geochronology

Susan E. Trumbore
Earth System Science, University of California, Irvine, California 92717-3100

INTRODUCTION

Radiocarbon dating is an isotopic method based on the radioactive decay of 14C (half-
life 5,730 years) to 14N. Radiocarbon is produced by the interaction of cosmic rays with nitro-
gen and oxygen, with the majority formed by the 14N(n,p)!4C reaction in the atmosphere
(Kamen, 1963). Measurements of 14C in nature were first pursued by Libby and co-workers at
the University of Chicago during the late 1940’s, and Arnold and Libby (1949) demonstrated the
feasibility of using radiocarbon as a dating tool. Libby was awarded the Nobel prize for chem-
istry in 1960 for the development of the radiocarbon dating method. Over the past forty years,
radiocarbon has become the most commonly applied dating tool for archaeology, paleoclimatol-
ogy and seismology (Taylor and others, 1992).

In addition to its use as a dating method, radiocarbon is an important tool for under-
standing the earth’s carbon cycle. The rates of exchange of carbon between the atmosphere,
ocean, and biosphere are largely deduced from the distribution of radiocarbon among these
reservoirs (Broecker and Peng, 1982). In the last 15 years, improvements in the sensitivity of
the radiocarbon measurement achieved through the development of accelerator mass spectrome-
try (AMS), have considerably enhanced the usefulness of this isotope in both dating and geo-
chemical studies (Elmore and Phillips, 1987; Finkel and Suter, 1993). Several books and
reviews have been published which discuss the use and methodology of radiocarbon dating
(Faure, 1986; Goh, 1991; Libby, 1955; Mook, 1980; Taylor, 1987; Taylor and others, 1992).

The applications of radiocarbon dating to seismology have largely concentrated on dat-
ing geologic features thought to be caused by seismic activity. These dates are combined with
historical information to determine the recurrence intervals for large earthquakes.

THEORY OF DATING METHOD

Principles and assumptions

Carbon has three naturally occurring isotopes. The two most abundant are the stable iso-
topes, 12C (98.89 percent) and 13C (1.11 percent). Radiocarbon, with an abundance of less than
10-10 percent, is unstable and undergoes -decay to 14N with a half-life of 5,730 years. It is pre-
sent on earth only because it is constantly produced by the interaction of cosmic rays with nitro-
gen, oxygen atoms in the upper atmosphere (and to a much smaller extent, in rocks at the earth’s
surface), most commonly by the 14N(n,p)14C reaction (Lal and Peters, 1967; Lingenfelter,
1963). The global production rate of 14C is about 2 atoms cm-2 per second (Lingenfelter, 1963).
Roughly 75 percent of this production occurs in the stratosphere, the remaining 25 percent in the
upper troposphere. The 14C atom is oxidized within hours to 14CO, which has an atmospheric
lifetime of several months before it is in turn oxidized to 14CO,. The long (~100 years) atmos-
pheric lifetime of CO, enables 14CO, to become well mixed throughout the troposphere. The
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steady state 14C content of the atmosphere is determined by the exchange of carbon in CO, with
that in ocean and biospheric reservoirs. Figure 2.3.1-1 shows the present distribution of carbon
and radiocarbon among major reservoirs of the carbon cycle (after Taylor, 1987). A more recent
compilation of the amount of 14C in global carbon reservoirs by Damon and others (1989) sug-
gests that recently deposited coastal and estuarine sediments make up a greater proportion (up to
16 percent) of the total 14C inventory than was previously thought.

The relatively rapid cycling of carbon between the atmosphere and living biosphere
allows plants to maintain a 14C activity which is approximately equal to that of the atmosphere
(once the 14C/12C ratio has been corrected for mass-dependent isotope fractionation effects).
Longer-lived, terrestrial, plant material, such as the woody components of trees, may have lower
14C activity than short-lived plant constituents, such as leaves, seeds, pollen and fine roots.

Atmosphere

6 1.0 1.7 -2.0%
ol A *

N

Surface Ocean Terrestrial Biota
6 0.97 1.6-2 %

30 095 8-1 0%* I

I

Deep Ocean Soil Organic Matter
280 0.84 65-78%

s -

13 0.90 3-4%

Coastal and Marine Sediment
7-70 0.95 2-18%

Figure 2.3.1-1. Distribution of carbon (x10!6 moles, number at left), typical ratio of 14C/12C to atmos-
pheric 14C/12C ratio (in italics at center) and percent of total 14C (at right) in the major 14C-containing
reservoirs of the global C cycle (adapted from Taylor, 1987 and Donahue and others, 1989).
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Tissues of animals which consume plants and have life spans which are short relative to the half-
life of 14C will similarly reflect the 14C activity of the plants (or animals) they consume. Upon
the death of an organism, the 14C in its tissues is no longer replenished through direct or indirect
exchange with atmospheric CO,, and undergoes radioactive decay back to 14N. If the tissue
remains intact and isolated from exchange, the decrease in its 14C content (expressed as the ratio
of 14C to 12C) from that in living organisms, may be used to indicate the time since the death of
the organism. This is the basis for radiocarbon dating, and is illustrated in

Figure 2.3.1-2.

Calculation of a radiocarbon age requires the assumption that the !4C content of the car-
bon originally fixed in plant or animal tissues equaled that of the atmospheric CO, during prein-
dustrial times (defined as 0.95 times the activity of an NBS oxalic acid standard with 13C of -19
parts per mil, measured in 1950, 13.56 disintegrations per gram of carbon (Karlen and others,
1966), or a 14C/12C ratio of 1 x 10-12), There are two major problems with this assumption,
both of which will be discussed in more detail in the section dealing with data reduction. First,
because chemical and biological reactions fractionate isotopes according to their mass, the
14C/12C ratio in atmospheric CO, will differ from organic carbon fixed from the atmosphere by
photosynthesis. This is easily corrected by measuring the degree to which mass-dependent frac-
tionation affects the stable 13C isotopic content of a sample, and assuming that fractionation of
14C will be approximately double that of 13C (Craig, 1954; see also discussion below).

The second problem is that the 14C content of the atmosphere has varied with time, both
because of changes in the production rate of 14C (cosmic ray flux and magnetic field variations)
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Figure 2.3.1-2. Decrease in radiocarbon with time according to radioactive decay.
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and because of changes in the distribution of carbon among ocean, biosphere and atmospheric
reservoirs (Stuiver and others, 1991; and references therein). These variations, deduced from the
14C content of cellulose of known age taken from the annual growth rings of trees, are generally
less than 10 percent over the past 7,000 years, but may approach 30 percent for samples greater
than about 13,000 years old (Bard and others, 1990). Correction factors to determine calendar
ages (calibrated 14C dates) from conventional 14C ages are based on the observed 14C content of
independently dated tree ring cellulose (Stuiver and Kra, 1986; Stuiver and others, 1993),
macrofossils from varved lake sediments (Hajdas and others, 1993) and independently dated
coral terraces (Bard and others, 1990). More recent changes in the 14C content of atmospheric
CO, have resulted from dilution by 14C-free fossil-fuel-derived carbon (Stuiver and Quay, 1981;
Suess, 1955) and by the production of 4C during atmospheric testing of thermonuclear weapons
(bomb 14C). The latter effect dominates other natural and fossil fuel effects, as the atmospheric
burden of 14C was approximately doubled in the few years preceding the implementation of the
Nuclear Test Ban Treaty in 1964. This global isotopic spike for the carbon system increases
problems of contamination of older samples by contemporary carbon, but provides a means for
radiocarbon to be a useful tracer of carbon cycle processes on timescales of decades. Some of
the effects of changes in the 14C content of the atmosphere over time on !4C dating are summa-
rized in Figures 2.3.1-3 through -5 (Bard and others, 1990; Taylor, 1992; Hajdas and others,
1993).

A final complication of radiocarbon dating arises from the reevaluation of the half-life
of 14C after a considerable body of literature had already been published (Stuiver and Polach,
1977). The convention which has been established is to use the older, “Libby” half-life of radio-
carbon, of 5,568 years (mean life is 8,033 years) for calculation and reporting of conventional
radiocarbon ages. “Calibrated ages” are those which have used the existing tree-ring records to
determine the calendar year associated with the radiocarbon age (Stuiver and Kra, 1986; Stuiver
and others, 1993). Calculations involving geochemical mass balances of the 14C isotope (such
as in studies using 14C to determine the turnover time of carbon in ocean dissolved inorganic
carbon or soil organic matter) should use the newer half-life of 5,730 years (mean life 8,267
years) (Stuiver and Polach, 1977).

Range of applicability

14C dating is applicable to organic matter formed from photosynthetically fixed carbon
within the last 50,000 to 60,000 years. The usefulness of the 14C dating method is limited by
several factors: (1) the variations of 14C in atmospheric COj in the past (Figs. 2.3.1-3 through
5), (2) the overall accuracy of the radiocarbon analysis, including background contamination,
and (3) the proper selection of samples in the field for dating. If the measurement accuracy
(generally 0.5-1 percent of Modern Carbon, where Modern is 95 percent of the NBS-1 oxalic
acid standard, but as good as 0.2 percent in high precision laboratories) were the only control on
the dating of carbon, radiocarbon measurements would be useful for samples dating from rough-
ly 20 to 40 years B.P. to about 70,000 years B.P. However, the applicable range is generally
> 300 years and < 55,000 years. The younger time range limit stems from a decrease in the 14C
content of the atmosphere recorded by known-age tree rings (Lerman and others, 1970; Stuiver
and Quay, 1981; Suess, 1955). The exception to this trend occurs between 1955 and the present,
when well-documented changes in 14C due to bombs allows dating of preserved organic materi-
al to within 2 to 5 years. The older time range limit of 55,000 years is primarily due to prob-
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Figure 2.3.1-3. Comparison of U/Th and 14C derived ages for coral terraces on Bermuda (from Bard and
others, 1990). Note the age offset between dating methods, beginning about 7,000 years B.P. Ages
derived from 14C for this age range are “too young”, and are attributed to an estimated 30-40 percent
increase in 14C production rate during the last glacial period. Permission to use this copyrighted material
is granted by Nature, Macmillan Magazines Limited.

lems associated with contamination of samples with tiny amounts of modern carbon, either dur-
ing sample processing before measurement, or due to contamination of the sample with modern
carbon in the soil or sediment storage matrix, or due to 14C produced in situ in the sample by
cosmic ray bombardment.

Accuracy of the radiocarbon method varies with the calibration scale used to convert
14C years to calendar years. For samples in the age range for which tree-ring calibrations exist
(Fig. 2.3.1-4), the accuracy of the calibrated age depends on the behavior of atmospheric 14C
during the time interval of interest. Plateaus observed in the calibration curves (Figs. 2.3.1-4
and -6) often serve to increase the age range over that of the stated one sigma analytical error.
For samples dating older than 8,000 calendar years B.C., the conversion of radiocarbon age to
calendar age is uncertain, as data available from macrofossils in varved lake sediments (Hajdas

and others, 1993) and from comparison of U-Th and 14C dates on corals (Bard and others, 1990)
do not agree.
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Figure 2.3.1-4. Comparison of 14C ages with calendar ages using tree rings (from Kromer and Becker,
1993), and macrofossils from a varved Swiss Lake (Hajdas and others, 1993) for 6,000 to 12,000 years
B.P. Note that there are several plateaus discernible (arrows; notably at 9,600 B.P. and 10,000 B.P. in l4c
age). Such plateaus ultimately provide one of the limitations of the l4c dating method. (From Hajdas and
others, 1993).

The overall accuracy of calibrated ages from radiocarbon dating depends on the time
interval in which the sample was formed. Since 1963, the year of maximum production of 14C
by weapons testing, the 14C content of the sample may be compared with the atmospheric 14C
curve (recall that these are different in northern and southern hemispheres). For short-lived
plant macrofossils (seeds, deciduous leaves), the age can be determined to within several years
(<10 percent). As discussed above, samples formed between 1950 and 1650 A.D. (30-300 cal-
endar years before present), generally have conventional radiocarbon ages of 100-150 years B.P.
(actual range is 80-220 years B.P.), and are indistinguishable without ‘wiggle-matching’. Other
such ‘plateaus’, time periods when conventional radiocarbon ages remain relatively constant
over a wide calendar age range, are identifiable from the tree-ring calibration records. For sam-
ples formed between 300 and 10,000 calendar years ago, several plateaus reduce the overall
accuracy of radiocarbon dating from <10 percent to 10-50 percent of the calendar age. The time
periods of these plateaus are: 350-450 calendar B.P. (310-360 radiocarbon years B.P.), 550-650
cal. B.P. (§90-640 radiocarbon B.P.), 790-920 cal B.P. (910-980 radiocarbon B.P.), 2,400-2,700
cal. B.P. (roughly 2,470 radiocarbon B.P.)
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Figure 2.3.1-5. Variations in the 14C content of the atmosphere during the calendar period 1900 to 1980
A.D, (after Taylor, 1987; data from Stuiver and Quay, 1981; Burcholadze and others, 1992 for the northern
hemisphere, and Manning and others, 1990 for the southern hemisphere), expressed Al4C. Two effects
are illustrated here. Between 1900 and 1955, the 14C content of the atmosphere drops by about 25 parts
per mil due to dilution with 14C -free CO, from fossil fuel burning (the Suess effect). The subsequent
sharp increase in 14C is due to l4c production during the atmospheric testing of thermonuclear weapons,
which peaked before ending in 1964. Data for both northern hemisphere (where bomb tests were con-
ducted) and southern hemisphere are shown.

The total error reported for a calibrated age depends on both the uncertainty of the
radiocarbon measurements (the one-sigma laboratory error, which should include not only the
analytical precision, but an estimate of overall error in sample preparation, knowledge of back-
ground corrections, etc.) and the one sigma error reported for the calibration curve determination
(Stuiver and Pearson, 1993). The total standard error is then calculated as:

o = [(sample 0)2 + (curve 0)2]1/2

The range of calendar ages for the sample is then determined from the calibration curve
for the 14C age + o and 14C age - 0. See Stuiver and Pearson (1993) for a complete discussion.

Finally, and most importantly, the radiocarbon-derived age of a sample is only as reli-
able as the sample itself. Many samples collected in the field have not remained closed systems
since the time when they were added to the sediment or soil, or do not truly represent the age of
the event which the investigator wishes to reconstruct. Proper pretreatment of samples to
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Figure 2.3.1-6. Radiocarbon age vs. calendar age obtained from tree ring 14C measurements over the past
400 years (from Stuiver, 1982; Taylor, 1987). Also shown is the range of possible calibrated dates for a
conventional radiocarbon age of 150440 years. It is nearly impossible to use 14C in this time range
(1650-1950 A.D.), even with very high precision radiocarbon measurements. This is a major limitation as
it covers most of the historical records kept for earthquakes in the United States, and thus makes it diffi-
cult to verify the correlation of geologic structures used to infer earthquake activity with known events.

remove added contaminants may help in cases where a specific macrofossil is to be dated. In
other cases, such as when bulk organic matter in a paleosol or sediment is dated, the age
obtained may not reflect the true age of an event, but rather the accumulated carbon in the soil
over a period of several thousands of years (Trumbore, 1993; Trumbore and others, 1989).

METHODOLOGY

Two different methods are presently in use for measuring the radiocarbon content of
organic matter. The first measures the 14C activity of the sample by decay-counting using gas-
proportional counting of CO,, CHy, C,H,, and rarely C,Hg, or by liquid scintillation counting
of benzene. The second method, in use only since 1977, is accelerator mass spectrometry
(AMS). AMS uses a particle accelerator to achieve energies high enough (= 8 MeV) to measure
individual ions of 14C. AMS allows routine measurement of between 200 pg and 2 mg of car-
bon, while decay counting methods usually require a minimum of several grams of carbon.
Accuracy and precision of both decay counting and AMS measurements are similar, though
AMS is only now beginning to achieve the high precision obtained in the best decay-counting
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laboratories (E. R. M. Druffel, personal communication, 1994). The increased sensitivity of
AMS also leads to much higher rates of throughput for samples, with up to 100 samples ana-
lyzed in 24 hours vs. several hundred per year using a single counter. (Commercial decay-
counting laboratories use many 14C counters to achieve high throughput). Obviously the collec-
tion of samples (and even the type of samples measured) will differ depending on the method
used for the 14C measurement. I have emphasized AMS throughout the sections to follow, as
considerable literature is available summarizing decay counting methods.

Sample Collection
Suitable Materials

To be suitable for radiocarbon dating, a sample must contain carbon originally fixed
from atmospheric CO,, and must have a clear relationship in its geologic context to the event to
be dated. It must be well-preserved (i.e., not obviously contaminated with carbon not original to
itself). Examples of materials commonly measured are: wood (cellulose), seeds, pollen, char-
coal, bone, peat, and chitin or carbonate shells. Also measured, but of more questionable use in
terms of dating are bulk organic sediments from lakes or paleosols. It cannot be over-empha-
sized that the quality of the dating relies more on the field relations and geologic setting of the
sample than on the method of radiocarbon dating itself.

For more general discussion of the different types of materials for radiocarbon dating,
the reader is referred to Taylor (1987) or Goh (1991) and references therein. As most of the
samples to be dated for paleoseismic interpretations will be from either lake sediments, fluvial
sediments, or soils, I will focus here on samples found in these contexts.

Wood Wood is generally considered an ideal material for radiocarbon dating, as wood
directly represents the time CO, was fixed from the atmosphere. Trees can live more than one
hundred years, thus identification of where in the tree a wood sample is from (e.g., heartwood
vs. sapwood or bark) can help determine whether it is from early or late in the growth of the
tree. For high-precision dating, extracted cellulose (Stuiver and Quay, 1981) is preferred over
bulk wood (which may contain sap or other compounds that post-date cellulose). Wood pieces
found in alluvial deposits may in addition be several hundred years old, yet relatively undecom-
posed, especially in arid environments (‘driftwood’).

Macrofossils Leaves, seeds, twigs, roots, pollen, and phytoliths are short-lived, formed
within one to several years. Phytoliths are microscopic opaline particles formed within cell
walls of plants (mostly grasses). Like pollen and seeds, they are well-preserved in many geolog-
ic environments and may be used to identify past vegetation (Kelly and others, 1991). The per-
sistence of these macrofossils can prove a problem for dating. They may survive repeated cycles
of erosion and redeposition, or be vertically translocated by soil eluviation, thus giving an anom-
alously old (or young) date for the sediments in which they are found. Leaves, roots and twigs
are more easily decomposed. Extreme care must be taken to distinguish between twigs and
roots in the outcrop - living roots may penetrate from the surface into an outcrop and be mistak-
en for preserved roots or twigs.
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Short-lived (less than one year) organic materials may present a dating problem in that
they do not average radiocarbon over an entire year or several years. These samples record
short-term, seasonal or annual variations in !4C activity, which would be averaged out in longer-
lived samples (or in tree-ring calibration records). This problem is potentially large in samples
less than 30 years old, when large differences in atmospheric 14C are recorded between different
seasons, years and locations.

Some living plants incorporate 14C-depleted CO, while growing, leading to an overesti-
mate of the age of the plant from 14C dating. Sources of 14C depletion in CO, could be (1) vol-
canic gases (Sveinbjornsdottir and others, 1992), (2) incorporation of CO, derived from decom-
position of old organic matter, or (3) local fossil fuel combustion (Levin and others, 1985). On
the other hand, 14C enrichment has been observed in plants growing near nuclear power generat-
ing stations and reprocessing plants (McCartney and others, 1986).

Charcoal Identifiable charred wood, seeds or bones are often considered ideal dating
materials (once cleaned), because of their high carbon content and good preservation. Finely
disseminated charcoal fragments, however, may be inherited detrital material. Charcoal may be
several hundred years older than the year of burning, reflecting the age of the wood from which
it is derived.

Bone Bone is porous and easily contaminated with carbon from soil or groundwaters.
Generally, dating of intact collagen from well-preserved bones yields reliable results. Using
AMS, dating of specific organic fractions, such as high molecular weight proteins, or individual
amino acids (Nelson, 1991; Stafford and others, 1991) may facilitate dating of less well pre-
served bone material.

Peat Highly organic, accumulating soils normally contain identifiable macrofossils suit-
able for dating. Seeds, leaves, pollen and fruiting bodies must be separated from penetrating
roots. Comparisons of bulk peats versus macrofossil dates often show good agreement
(Tornqvist and others, 1992), but it is always better to date something identifiable, if possible.
Peats form in-situ, thus problems of redeposition of eroded material are minimized compared to
stream or lake deposits. Migration of fluids rich in organic matter through peat deposits may
cause contamination if bulk, uncleaned material is dated (Aravena and others, 1993).

Peats or organic-rich lake sediments composed mostly of the remains of aquatic plants
may be influenced by a ‘hard water effect” (Broecker and Walton, 1959). Where possible, sam-
ples of living aquatic plants and the uppermost sediment should be dated to assess the potential
influence of 14C-depleted inorganic carbon in lake water.

Shells Whether chitinous or calcareous, exoskeletons or shells are commonly well-pre-
served in many geologic environments. For carbonate shells, the inorganic carbon is commonly
dated. If shells are marine, or if limestone is present in the drainage basin of freshwater lakes,
the activity of 14C in dissolved inorganic carbon (from which the CaCOj precipitated) may be
less than atmospheric 14CO,. For example, a ‘reservoir age’ correction of up to 400 years is
commonly applied to radiocarbon ages obtained from marine planktonic foraminifera shells
because of the 14C-depletion of inorganic carbon in marine surface waters compared to atmos-
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pheric CO, (Stuiver and others, 1991; Stuiver and others, 1993). Hard water effects of up to
several thousand years have been observed in freshwaters affected by limestone dissolution.

Soils and Paleosols Often, identifiable macrofossils containing suitable amounts of car-
bon for dating using decay-counting methods are not found, and an attempt is made to ‘date’ the
bulk organic matter found in a soil or paleosol instead. The uncertainty associated with bulk
organic matter radiocarbon ages is much larger than reported analytical uncertainty for the
resulting 14C age. It has been well-demonstrated that the organic matter in soils is a mixture of
materials of different ages, ranging from modern to several thousands of years old (see refer-
ences in Stout and others, 1981 or Trumbore, 1993). Some components with fast turnover times,
like relatively fresh vascular plant material, reflect contemporary carbon. Other fractions, such
as the carbon residue after exhaustive extraction with acids and bases, are depleted in 14C.
Radiocarbon ‘ages’ are often interpreted in these fractions in terms of the mean residence time
of soil carbon, but they may just as well reflect long-term accumulation of carbon in the soil, or
even inherited detrital carbon. Thus, if soil organics must be used to estimate the timing of an
event, choices may be made to isolate younger or older components, and large errors in interpre-
tation will be difficult to avoid.

Pedogenic carbonates Interpretations of the 14C content of pedogenic carbonates are
complicated by several factors. First, the soil carbonates may not have remained closed systems
since their original formation. Soil carbonates form in complicated ways, and may be partially
dissolved and re-equilibrated with soil 14CO, every time soils get wet (Pendall and others,
1994). Amundson and others (1994) note that the 14C content of soil CO, with which soil car-
bonates equilibrate may be depleted in 14C compared to atmospheric CO, because of the contri-
bution of CO, from decomposition of old organic matter. Thus, the soil carbonate’s 14C content
may not reflect the time of its original precipitation.

Field collection methods

For the most part, paleoseismic studies have used radiocarbon measurements to deter-
mine recurrence intervals for earth movements in a given region. The assumptions underlying
the use of radiocarbon dating in this context are:

* The seismic event is accompanied by identifiable geologic markers (offsets in out-
crops, landslides or slumps, strand lines or terraces at land-water interfaces, sand
boils). These markers must be demonstrated as being related to seismic activity in the
region through correlation of structures with known earthquakes.

* The timing of the event may be bracketed by radiocarbon measurements of organic
material pre-dating and post-dating seismicity.

* In any given geologic outcrop relation, confidence is gained in the reliability of the
dating of the event when multiple samples give the same result.

When collecting in the field, great care should be taken in describing and labeling the
material according to its location in an outcrop (or depth in a core). A marked photograph or
sketch of the outcrop is extremely helpful, as pits or trenches often must be filled in before
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radiocarbon data become available. Samples should be stored in containers which will prevent
contamination - aluminum foil, glass bottles, polyethylene bottles or bags (care should be taken
to make sure the plastic containers do not shred and add carbon to the sample). Samples sealed
in glass containers, if moist and exposed to light, may be contaminated by algal or fungal
growth. Samples should be accurately labeled with location, date, type of material, and other
incidental information.

Preservation/transportation

Once in the laboratory, samples should be dried to constant weight to limit decomposi-
tion. Refrigeration or freezing may also limit deterioration of macrofossils and micro-organism
growth if they are to be stored for long periods.

Laboratory analysis

Procedures for sample pretreatment and measurement vary greatly depending on the
amount and type of material to be measured, and on the method for measuring !4C. The mini-
mum amount of sample required for radiocarbon dating by both decay counting and AMS meth-
ods is given in Table 2.3.1-1, which also summarizes information on sample pretreatment proce-
dures discussed below (after Goh, 1991; Faure, 1986). Cleaning and chemical preparation pro-
cedures are similar for both AMS and decay counting, and will be summarized below. I will
concentrate below on describing AMS techniques, as many publications already exist describing
decay counting methods.

Preparation

The goal of sample pretreatment is to ensure that the material to be dated is free from
contaminating carbon of different age. Some procedures, such as those for extracting cellulose
from wood, or collagen from bones, focus on isolation of an original organic constituent which
has not degraded, and which is unlikely to have been added to the fossil after deposition. Other
procedures, usually involving washing of samples in acids and bases, merely aim at removing
surficial carbonates and sorbed organics. Dating of both extracted and residual material can be
used as a measure of confidence in the resulting data: if there is little difference between the 14C
content of extracted and residual carbon, the age obtained is probably robust; large differences in
age lead to diminished confidence that the date on the residual portion is totally free from conta-
minant carbon.

The pretreatment procedures discussed here are summarized from Goh (1991) and origi-
nal references cited therein. For AMS graphite target preparation, these pretreatment procedures
are often the most time-consuming step in the analysis. New sample pretreatment procedures
are presently being developed to take advantage of the small sample size measurement capabili-
ties of AMS. Thus, it should be remembered that several options for pretreatment exist for most
samples, and that some of the techniques mentioned here are relatively new procedures.

Wood and macrofossils (leaves, seeds, etc.) Wood and macrofossil specimens that
appear well-preserved are often subjected only to acid-base-acid washes. It is presumed that
exhaustive extraction with acids and bases removes mobile carbon components that may be
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TABLE 2.3.1-1. SAMPLE SIZES FOR AMS AND DECAY COUNTING ANALYSIS OF
DIFFERENT TYPES OF SAMPLES FOR RADIOCARBON DATING

Material Sample size for Sample size for
AMS (milligrams)  counting (grams)  Notes on pretreatment

Wood 2-5 10-25 High precision: extract cellulose;
also extract with acid-base-acid

Seeds, leaves, 2-5 10-25 High precision: extract cellulose;
twigs, etc. also extract with acid-base-acid
Pollen 2-5 - Extract by dissolving sediment

and destroying other organics

Charcoal 1-5 10 - 100 Amount required depends on charcoal
quality and preservation. Mostly
treated by extracting with acid-base-
acid.

Bone 2-10 20 - 100 Amount depends on preservation.
Many treatments, mostly relying on
extraction of intact proteins.

Peat 2-20 20 - 200 Acid-base-acid washes, or
selection of macrofossils (AMS).

Shells (carbonate) 8- 20 90 - 200 Bake to destroy organics, acidify.

Soils, paleosols 10 - 200 100 - 2,000 Pretreatment varies. Low-density

fraction is youngest material; organic
matter residue after acid and base
extraction oldest component.

derived from the soil or sediment matrix in which the sample is preserved. For high-precision
14C dating, however, extraction and dating of cellulose is preferable.

Pollen and phytoliths Brown and others (1989, 1992) and Long and others (1992)
report direct dating of pollen by AMS. The procedures used to isolate pollen from sediments
were modified from established procedures used by palynologists, and include dissolution of
mineral components of the soils in strong acids like HF and HNO3, removal of cellulose by ace-
tolysis and rinsing in KOH to remove humic materials. These procedures also leave residual
charcoal, which must be microscopically identified and separated from pollen. Extraction of
pollen from sediments of lakes in which there is a hard-water effect provides a method of dating
independent of ‘reservoir age’ corrections (Brown and others, 1992; Long and others, 1992).
Phytoliths have been analyzed by combustion once other organics have been removed from the
soil sample by boiling in HyO, (Kelly and others, 1991).

Charcoal Treatments of charcoal vary with sample, laboratory and the intent of the
study. Large, identifiable charred plant fragments often may be cleaned using the acid-base-acid
procedure as for wood samples. Comparison of the 14C content of the residual and base-extract-
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ed organic matter (humic acids may be precipitated with acidification of the colored base solu-
tion) is recommended to test the degree to which contamination may affect the sample (Goh and
Molloy, 1978).

Hammond and others (1991) and Gillespie and others (1992a,b) use exhaustive dissolu-
tion of minerals and associated organic matter to isolate the finely disseminated charcoal found
in alluvial soils and in a paleosol buried by tephra. A simpler method may involve separation of
charcoal and vascular plant material using a density separation (see soils, below), followed by
treatment with HNO;, as recommended by Gillespie and others (1992a,b.)

Bones The dated material is usually collagen or intact proteins. The bone is physically
cleaned by scraping its surface and then crushed into small (1 mm diameter) pieces. The miner-
al portions of the bone are dissolved using 0.6N HCI while stirring or gently shaking the sample.
The liquid is decanted and replaced several times until all mineral matter is dissolved. The
organics that remain undissolved are washed and may then be purified in a number of ways:

* hydrolysis of the whole sample in 6N HCI at 105°C overnight, followed by desalting,
and drying on an ion exchange resin.

* gel chromatography separation of proteins into different molecular weight fractions.
* HPLC separation of amino acids (Stafford and others, 1991).

* Nelson (1990) reports a novel method using the ninhydrin reaction to release the o
amino carbon (as CO,) from intact proteins.

» isolation of peptides by collagenase digestion and reversed-phase chromatography
(VanKlinken and others, 1994) .

Carbonates Cleaning of carbonate shells involves selectively dissolving away outer
layers which may be affected by contamination through dissolution and reprecipitation. The
same cleaning may be accomplished by sandblasting outer layers. CO, is liberated by acidify-
ing the shell in vacuo with phosphoric acid.

The organic matter occluded in carbonate shells may also be dated. The cleaned shell is
dissolved in 6 N HCI, and the residue hydrolyzed in the acid at 105°C overnight. The solution
is desalted with ion exchange resins, dried and combusted. (Gillespie and others, 1986).

In desert environments pedogenic carbonates are often precipitated as pendant rinds
which coat the undersides of gravel. To estimate the time when carbonate rinds began to form,
the outer rind material is scraped away (or selectively dissolved using HCI). Dating of pedo-
genic carbonate must be undertaken with extreme caution, as often !4C results for soil carbon-
ates do not agree with other methods (see, for example, Gile and others (1981) or other refer-
ences cited in Amundson and others (1994). As pointed out by Pendall and others (1994), and
Amundson and others (1994) carbonates may be affected by dissolution, and reprecipitation
(resetting the 14C as the inorganic carbonate in soil solutions equilibrates with soil atmosphere
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CO,). The 14C content of occluded organic material often does not match that of carbonates
(Pendall and others, 1994).

Extractions of soils and sediments

1) Density separation to isolate charcoal and vascular plant material

Density separation using a heavy inorganic liquid (Sollins and others, 1983; Spycher
and others, 1983; Trumbore, 1993; Trumbore and others, 1989) provides a useful method to sep-
arate vascular plant material and charcoal from mineral associated carbon in soils. The vascular
plant material (including fine roots, seeds, pieces of vegetation, insects) usually represents the
most recent organic matter in most soils. Thus these are the most desirable things to date in a
paleosol which has been covered by a slump, landslide, or material from a sand boil. Great care
must be taken that roots found in paleosols are not derived from modern plants. The most desir-
able macrofossils in the low-density fraction for dating are pieces of above-ground flora or
fauna. Charcoal found in this fraction may be old and finely disseminated (Gillespie and others,
1992a,b; Hammond and others, 1991) or of more recent origin (e.g., from recent fires). If the
sample is to be measured by AMS, objects to be dated may be carefully selected during micro-
scopic inspection of the low density fraction.

2) Extractions of high density material.

If it is desirable to obtain a maximum age for organic matter in the soil, for example in
the case of a soil that blankets an offset structure, removal of the younger organic matter may be
accomplished through hydrolysis of the residue after density separation in a series of acids and
bases (Campbell and others, 1967; Goh and Molloy, 1978; Martel and Paul, 1974; Scharpenseel
and others; 19681; Trumbore, 1993; Trumbore and others, 1989). Techniques and results will
vary depending on the mineralogy of the soil, and no tried-and-true methods exist as yet.
Trumbore (1993) used 0.5N HCI followed by 0 1 N NaOH-0.1N NasP,0; extractions (at room
temperature), and hydrolysis at 105°C in 6N HCI, and measured 14C in the residue. Gillespie
and others (1992a,b) and Hammond and others (1991) add a 70 percent HNO5 hydrolysis step.
It should be remembered that the age obtained on the residual organic material may merely
reflect the 14C content of organics inherited from the parent material (if sedimentary), and
results should be viewed with caution,

Conversion to measured material

Once the sample has been pretreated to minimize contamination, it must be converted
into a form suitable for the 14C measurement. The first step in this process is conversion of the
sample to CO,. This is accomplished by combustion of organic matter, and by acidification of
carbonates. Following purification, the CO, may be counted directly, converted to methane or
acetylene for gas proportional counting or to benzene for liquid scintillation counting, or
reduced to graphite for measurement by AMS.

For large organic samples combustion may be accomplished using chemical oxidants
(KMnOQy) or high temperature combustion in oxygen at 800-900°C in the presence of hot CuO
(cupric oxide at 800 °C ensures complete combustion to CO,). The CO, evolved is purified

1Scharpe:nseel, H. W,, Ronzani, C. and Pietig, F., 1968, Comparative age determinations on different
humic-matter fractions.
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cryogenically (i.e., water vapor is frozen out at dry-ice temperatures, followed by freezing of the
CO, in a trap cooled by liquid nitrogen, and removal of noncondensible gases through a vacuum
port). The purified CO, is either counted directly, or converted to acetylene.

To make acetylene, the CO, is reacted with lithium at 500-600°C to make lithium car-
bide. Hydrolysis of the lithium carbide (at room temperature, 40°C) releases acetylene, which
may also be used for gas proportional counting. The acetylene may also be converted to ben-
zene using a vanadium-activated silica-alumina catalyst (Noakes and others, 1965), and the ben-
zene isolated for liquid scintillation counting. Again, these procedures have been described in
great detail elsewhere (for example, see Mook, 1980; Taylor, 1987; Goh, 1991). I will concen-
trate here on the preparation of samples for AMS.

Graphite targets for 19C AMS

AMS requires a pure, solid target that will yield a negative ion when bombarded with Cs
ions. The material used in most AMS laboratories is filamentous graphite precipitated at the
surface of a cobalt or iron powder catalysts (Lowe and Judd, 1987; Vogel and others, 1987a,b;
Vogel and others, 1984). Other laboratories use graphite produced by cracking acetylene
(Toronto, Kieser, 1990), or by direct sputtering of CO, in the ion source (Oxford, Hedges and
others, 1992).

Small organic matter samples for AMS are combusted at 900°C in evacuated, sealed
quartz tubes, in the presence of cupric oxide (CuO) wire and silver powder (Fig. 2.3.1-7a;
Buchanan and Corcoran, 1959). The evolved CO, is purified cryogenically in a vacuum line.
The catalytic reduction of CO, to graphite coating on a Co or Fe catalyst in the presence of H,
was initially described by Vogel and others (1984) and Lowe and Judd (1987). The catalyst tem-
perature required for reduction is between 550 and 650°C. Water produced during the reaction
(CO, + 2H, = C4 + Hy0O) can poison the catalysis; it is removed using a dry ice-isopropanol
temperature trap or a hygroscopic material such as MgClO,4. Vogel and others (1987a,b) discuss
the importance of catalyst choice and the sources of background in this procedure. The resulting
graphite-coated cobalt or iron powder provides an ideal AMS target material. The metal pro-
vides both a binder to facilitate packing into sample holders and efficient conduction of heat
away from the sputtered surface in the ion source (Vogel and others, 1987a).

Figure 2.3.1-7b shows a typical reactor set-up for the catalyzed hydrogen reduction of
graphite (after Vogel and others, 1984). First, the purified CO, is introduced into a reactor
chamber, and its pressure measured. The CO, is then refrozen, and an excess of H is added.
An oven is placed over the finger with Co or Fe catalyst (oven temperature will depend on
whether a quartz or Pyrex finger is used; see Loyd and others, 1990), and a cold trap (usually a
copper rod immersed in dry ice-isopropanol slurry) is placed on the second finger. MgClO,4
may also be used to remove the water produced in the hydrogen reduction of CO,. Reactor
pressure decreases as the reaction proceeds (Fig. 2.3.1-7c). Normally 2 to 5 hours (depending
on reaction temperature and sample size) is required for complete conversion of CO, to
graphite. McNichol and others (1991) discuss the chemistry of this reaction in more detail.
Other methods to produce 14C AMS targets, in less common use, involve cracking of acetylene
to make graphite (Kieser, 1990), the production of iron carbide (Verkouteran and others, 1987),
or introduction of purified gaseous CO, directly into the ion source (Hedges and others, 1992).
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Figure 2.3.1-7. Elements used in the production of graphite targets for 14C AMS. Patterned after figures
and using the methods described in Vogel and others (1984) and Vogel (1992).

7a. Evacuated and sealed combustion tube; 7b. reactor and 7c pressure vs. time trace for H, reduction of
CO,. 7d. Reactor for sealed-tube zinc reduction.

Because the accelerator measurement requires only a few minutes time, sample produc-
tion is often the rate-limiting step for AMS analyses. For rapid production of samples, many
reactors of the type shown in Figure 2.3.1-7b operate simultaneously. Alternatively, a sealed-
tube method developed by Vogel (1992) to prevent cross-contamination of 14C-labeled biologi-
cal samples, may be used to produce natural-level 14C samples as well (Fig. 2.3.1-7d). In this
modification, zinc is used as the reductant instead of hydrogen. Because the zinc reacts with
CO, to form zinc oxide, no cold trap or hygroscopic powder is needed to remove water vapor.
Instead, the whole sealed-tube system is placed in an oven at the reaction temperature (550°C
using Pyrex tubes). The zinc reduction reaction proceeds much faster in the presence of a small
amount of hydrogen (Vogel, 1992). Backgrounds are higher than those with H, reduction,
unless the zinc is pre-distilled (T. Stafford, personal communication).

Data analysis

Both decay counting and AMS methods of 14C measurement are inefficient, in that only
a small portion of the 14C atoms in the sample are actually detected. In the case of decay count-
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ing, samples of about 3 g of Modern Carbon (13.56 dpm/g) will yield 10,000 counts (1 percent
precision) in roughly 4 hours. One milligram of the same sample will yield 10,000 detection
events of 14C ions in a minute or two in AMS systems.

Like other mass spectrometric techniques, AMS relies on the precise measurement of
the ratio of rare to abundant isotope in the sample compared to that of a standard. Primary and
secondary standards must be prepared using the same methods as samples to guard against iso-
tope fractionation or contamination effects. Similarly, the introduction of contemporary carbon
during sample pretreatment and target preparation must be assessed by treating samples known
to be radiocarbon-free. Graphite targets have been prepared and measured successfully for sam-
ples as small as 10-20 pg of carbon (Verkouteran and others, 1987; Vogel and others, 1987a).
For samples this small, the background correction becomes extremely important (as contaminant
carbon may comprise up half the carbon in the measured sample). Very small (<500 pg of car-
bon) sample sizes thus require extensive investigation of the background associated with sample
pretreatment and target preparation, and the uncertainty in the background measurement will
dominate the error in the AMS determination.

Accuracy in radiocarbon laboratories is determined by running secondary standards as
unknowns. A large, continuing, effort to intercalibrate different laboratories has been undertak-
en by the radiocarbon community. Initial results are reported in a special issue of the journal
Radiocarbon (Stuiver and others, 1993).

Decay counting

Decay counting methods measure the activity of 14C by detection of B~decays using
either gas proportional counting of CO, or acetylene, or liquid scintillation counting of benzene.
Methods vary with individual laboratories and counting equipment; the reader may refer to
detailed discussions in Taylor (1987). The overall precision and accuracy of counting laborato-
ries varies widely (see the results of an intercalibration study reported in Rozanski and others
(1992). The highest-precision laboratories are capable of + 1 sigma errors equivalent to 0.2 per-
cent of Modern carbon activity.

Accelerator mass spectrometry

The theory and operation of AMS systems is reviewed in Finkel and Suter (1993). The
following discussion is based largely on that work. Figure 2.3.1-8 is a schematic of a typical
AMS system , using the 14C measurement as an example. The six basic components to an AMS
system, identified in Figure 2.3.1-8, are: the ion source, the injector, the tandem accelerator, the
terminal stripper, magnetic mass separators and the nuclear detector.

AMS ion sources generally require a solid target capable of producing a negative ion
(graphite in the case of 14C). In most dedicated AMS systems, an automated sample changer is
employed to move samples rapidly into and out of the ion source while under high vacuum.
Bombardment of the purified target material with positive Cs ions in the source produces a nega-
tive ion beam (C-). As the major contaminating isobar of 14C, 14N, does not form a stable nega-
tive ion, the ion source acts as the first important filter for the 14C measurement. Negatively
charged molecular ions with mass 14, such as 13CH-, are also produced in the Cs sputter source,
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Figure 2.3.1-8. Schematic of the AMS system at Lawrence Livermore National Laboratory, showing only
essential elements discussed in text. The tank of the Van de Graaf accelerator is 15 meters in length.

as are a number of other ions sputtered from the target holder or from residual air in the source
itself. Tons exiting the ion source are accelerated to energies of 40keV (using the Livermore
accelerator as an example; Davis and others, 1990; Southon and others, 1992) and focused using
a series of electrostatic lenses.

The injector is the second mass filter in the carbon AMS system. In Figure 2.3.1-8 it is
a 90° magnet which serves to select a specific mass range to enter the accelerator. Two injector
designs are presently in use in AMS labs (Southon and others, 1990). Simultaneous injection
first uses magnets to separate the ions by mass, then recombines only the masses of interest
(here masses 12, 13 and 14), which are then sent through the accelerator together. Fast switch-
ing injection sequentially selects one mass at a time (either 12, 13 or 14) to enter the accelerator.
Both injector designs require modifications which take account of the intensity of the abundant
stable isotope (12C-) beam, which can load the accelerator beyond its capacity to maintain volt-
age. Simultaneous injection systems attenuate the 12C- beam before it is recombined with the
13C- and 14C- beams. Fast switching injectors select the 12C- for a very short time interval.
Note that in the system illustrated in Figure 2.3.1-8, the 12C- beam is excluded entirely and only
13C and 14C are measured.

The negatively charged ions accelerate toward a positive voltage located at the terminal
in the center of the tandem accelerator. At the terminal, they pass through either a thin foil or a
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low density gas (the stripper), which strips away electrons so that most ions end up in a multi-
ply-charged positive state. Another important role of the stripper is to break up molecular ions,
removing molecular isobars (like 13CH). For 14C measurements, the terminal voltage (usually 4
to 6 MV) is adjusted to maximize the yield of carbon in either the +3 or +4 charge state. The
total energy of the accelerated ions at this point is Aq*Voltage, where Aq is the change in
charge state. For carbon stripped to the +4 charge state, Aq is -1 to +4 (5), and assuming a ter-
minal voltage of 6 MeV, carbon atoms exiting the tandem will have energies of 30 MeV.

Mass separation at the high energy end of the accelerator is achieved using a magnetic
field, which will deflect 12C4+ and 13C4+ more than 14C4+. The more abundant, stable isotope
currents (13C4+ and 12C4+) are measured as charge deposited in a collector at ground potential
(Faraday cups). The rare isotope is detected using a nuclear detection system, generally a gas-
filled chamber. High energy 14C4+ ions entering the detector collide with and ionize the gas in
the chamber. By applying an electric field perpendicular to the ion path, the number of ion-elec-
tron pairs generated as a function of linear distance from the detector entrance is determined.
The energy loss rate in the detector and the total energy of the ion are specific for a given iso-
tope, thus allowing final separation of 14C from scattered 13C. Not pictured in Figure 2.3.1-8
are the multiple components used to focus and filter the ions traveling through the beam line.

As with other mass spectrometric measurements of ions with small variations in
absolute abundance, AMS data are determined as the ratio of rare to abundant isotope (in this
case, counts generated by the rare isotope in the detector per nanocoulomb of charge deposited
by the abundant isotope in a Faraday cup) relative to that of a standard of known isotopic com-
position. Standards are prepared in a manner similar to those of targets and are interspersed
with samples, so that normalization includes any potential drift in the isotope ratios of the stan-
dards over time (Southon and others, 1992). Background measurements are made to determine
contamination in the tandem instrument, as well as contamination introduced during sample tar-
get preparation (usually dominant). Overall precision of the AMS system (0.5 - 2 percent of
Modern, depending on the laboratory) is tested by running secondary standards as unknowns.

High sample throughput (up to 100 14C samples in 24 hours) has been achieved by
increasing the output of the ion sources, automation of accelerator operation, and use of a multi-
sample holder (Southon and others, 1992). For specifications and performance of individual
accelerator facilities, the reader is referred to conference proceedings volumes for Radiocarbon
(Radiocarbon Conference, especially volumes 31 and 34) and Nuclear Instruments and Methods
(Accelerator Mass Spectrometry Conferences, volumes B29 and B52).

Archival

Samples not consumed in analysis may be stored for future reference. The method of
storage should be chosen so as to minimize the possibility of sample decomposition or contami-
nation with modern carbon. Radiocarbon results for many laboratories are often tabulated in
date lists in the journal Radiocarbon. With the tremendous increase in the number of samples
run per year with the added use of AMS, however, only a subset of the 14C analyses run every
year are still published as date lists. Each laboratory maintains a record of every analysis run,
together with as much information as possible about the sample (much of this information is up
to the sample submitter to supply to the radiocarbon laboratory).
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REPORTING AND PRESENTATION OF RADIOCARBON DATA

Conventions for the reporting of radiocarbon data follow the same format for both AMS
and decay counting measurements, and are defined in Stuiver and Polache (1977). The ratio of
14C/12C of the sample is divided by that of the measurement standard (oxalic acid, see below)
and is most commonly reported as a fraction Modern (where Modern is by definition 1950):

[ 14 Cj
12
_ C sample,[—25]

14C
0.95[1—2~ (23.1-1)
ox1[-19]

C

where the sample has been normalized to a 813C of -25 parts per mil (see discussion in the next
paragraph). This is also commonly expressed as a percent Modern, where

%Modern =100 e F (2.3.1-2)

The conventional radiocarbon age is then:

ldCage=-1In F (2.3.1-3)

where 7 is the (Libby) mean life of radiocarbon or 8,033 years (see Stuiver and Polache, 1977).
Although the Libby half-life of 5,568 years is incorrect (the accepted value is 5,730 years), con-
ventional radiocarbon ages use the old half-life. Calendar ages are calculated by using tree ring
based calibration curves from conventional radiocarbon ages (again using the Libby half-life).

The standard for reporting of 14C data is oxalic acid prepared from a 1955 crop of
French sugar beets (OX1; Cavallo and Mann, 1980). Ninty-five percent of the activity of this
material, corrected to a 13C content of -19 parts per mil, is used to define the 14C content of
plant and animal materials at time zero (where time zero, or Modern, is defined as 1950).

Geochemists commonly report 14C data using A notation, which represents isotopic dif-
ferences as the deviation in parts per thousand (per mil) from the absolute standard:

(y—1950)
Altc= IOOOO[Foexp(—yW]—l]- (2.3.1-4)

The exponential term is used to correct the oxalic acid standard measured in year y to its
absolute value in 1950 (note the correct half-life of 5,730 years is used to decay-correct 14C).

The raw data derived from either decay counting or AMS must be corrected for isotopic
fractionation effects. For example, the 8!13C difference between atmospheric CO, and carbon
fixed during photosynthesis by C3 (C5 refers to one of two photosynthetic pathways in plants.
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C, is the other recognized pathway) plants is approximately 20 parts per mil. Assuming the
fractionation of 14C will be roughly twice that of 13C (since the mass difference between 12 and
14 is twice that between 12 and 13), the 14C contents of a tree and the CO, it fixes through pho-
tosynthesis will differ by approximately 40 parts per mil, even though both CO, and the tree are
the same ‘age’ (Craig, 1954). To account for fractionation effects, the sample (with 813C of

dsample and standard are corrected to a constant 13C content (-25 parts per mil):
L)
14 14 BTN
12 |12 )
C sample,[-25] C sample,[8] | 1——— (2.3.1-5)
1000

Equation 2.3.1-5 is based on isotope ratio measurements made by AMS, which yield
raw data in the form of detector events per nanocoulomb of stable isotope current in the sample.
Decay counting laboratories report these relations in terms of the activity of the sample and
oxalic acid, which is actually 14C/(12C + 13C). To one part in ten thousand, this is equivalent to
14C/12C. Some AMS laboratories (including Livermore and Arizona) measure only the 14C/13C
ratio, and rely on a separate stable isotope measurement to make the 13C/12C correction
(Donahue and others, 1990). Graphite targets prepared using the method of Vogel and others
(1984) show only about a 0-2 parts per mil fractionation in 8!3C during target preparation from
CO, (although large fractionation is observed if the graphite reaction does not reach completion
(Bonani and others, 1987; Vogel and others, 1984). The error due to imprecision in the S13C
measurement is thus 0-2 parts per mil, which translates into an uncertainty of +0-4 parts per mil
in the A4C calculation (up to 32 radiocarbon years in age), slightly less than the usual precision
reported for 14C measurements at AMS laboratories (5-10 parts per mil).

Assessment of confidence and interpretation

The reported 1-sigma error on the 14C determination derives from the number of 14C
ions detected (in AMS, it is usually calculated as the greater of the square root of the total num-
ber of 14C atoms counted or the standard deviation of the 14C/12C ratio determined in three or
four separate measurements). The error reported also reflects uncertainties in the background
measurement, estimated from the history of background prepared in a given laboratory and sam-
ple preparation method (these may dominate the uncertainty for very old samples). Errors
reported by the best high precision counting laboratories are generally 0.2 to 0.3 percent of
Modern; some AMS labs are capable of high-precision results, but most report results with
errors of 0.5 to 2 percent of Modern (equivalent to 40 to 160 radiocarbon years).

The age calculated by Equation (2.3.1-3) is referred to as the conventional radiocarbon
age, and must be converted to a calibrated age using the tree-ring based calibration curves
which correct for known variations in atmospheric 14C over time (Stuiver and Polach, 1977).
Both ages are usually rounded to the nearest decade or pentade. Figure 2.3.1-6 illustrates graph-
ically how the correction is made. Several computer programs are now available to calculate
calibrated ages from radiocarbon ages (Niklaus and others, 1992; Stuiver and Reimer, 1993;
Vanderplicht, 1993). Calibrated ages may only be calculated where a calibration curve has been
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produced, however, back to roughly 10,000 years. For determination of seismic recurrence inter-
vals, it is better to calibrate 14C ages if possible.

Error in the calibrated age is derived from conventional radiocarbon ages using a proce-
dure described in Stuiver and Pearson (1986). The standard error in the 14C age (the laboratory
eI1or, Ogymple), 18 increased to reflect the error in the calibration curve, (Ogyrye):

o =.o 2y0 2
total sample curve (2.3.1-6)

The upper and lower limits for calibrated ages compatible with the reported sample stan-
dard deviation are derived from computing the calibrated ages for 14C age + 0y, and 14C age -
Oiotal- FOr cases where multiple calendar age ranges are found for a given calendar age, it is
possible to calculate the probability that a certain calibrated age range represents the actural
sample age. Programs are now available that will calculate these probabilities (Niklaus and oth-
ers, 1992; Stuiver and Reimer, 1993; Vanderplicht, 1993).

Figure 2.3.1-6 illustrates one of the common problems encountered in radiocarbon age
calibration. Changes in the 14C content of the atmosphere with time, combined with the uncer-
tainty of the radiocarbon determination, sometimes leads to multiple age ranges, all of which
correspond to calendar dates when the sample carbon may have been fixed from the atmosphere
by photosynthesis. To determine in which of the possible age ranges the sample actually falls
requires one of several approaches:

* comparison of the possible age ranges with known historical observations of events
(Sieh and Williams, 1990);

3

* “wiggle-matching” by determining the change in 14C in samples known to have
formed earlier and later than the sample in question (Pearson, 1986), and comparing
the ordered ages and the calibration curve;

« use of tree rings (if present in the sample) to compare the 14C ages in two samples sep-
arated by a known number of dendro-years, so as to find a sample that falls off the
calibration curve plateau (Atwater and others, 1991).

« appliation of rules of superposition to samples from multiple layers to limit the proba-
bility that a sample falls in a particular range of calendar ages allowed by the 14C date
(Biasi and Weldon, 1994).

Recent work by Bard and others (1990) comparing U-Th ages to conventional radiocar-
bon ages on corals shows that differences between 14C conventional ages and true ages may be
as large as several thousand years during the last glacial period (Fig. 2.3.1-3). These differences
are attributed to increased 14C production at that time. These data are not yet numerous or well-
established enough for calibration curves to have been agreed upon by the radiocarbon commu-
nity. 14C data beyond the range of the published calibration curves should for the present be
reported as conventional radiocarbon ages for the purposes of calibration with other records.
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APPLICATION TO SEISMIC HAZARD ASSESSMENTS

In studies of paleoseismicity, the timing of the seismic event may be only indirectly
inferred by dating geologic manifestations of earth motion. These may include slumps, land-
slides, sand boils, sudden changes in lake levels, or observable offsets of geologic structures
such as stream channels. Dating requires measurement of carbon-containing material that
appears to be contemporaneous (or nearly so) with the earth movement. In this type of applica-
tion the most important considerations are to combine proper integration of field observations
and sampling of materials most likely to reflect or bracket the timing of the event of interest, and
proper pre-treatment of the samples to remove possible contaminant 14C. By making it possible
to date individual small pieces of charcoal, seeds, leaves, etc., AMS measurement of 14C has
greatly increased the potential use of 14C in this regard.

The determination of timing of the event depends on several factors:
» association of the event recorded in the sediment with seismicity;
» the preservation of carbon-containing material suitable for dating;

* presence of multiple events that may be dated, and thus inferred to have the same seis-
mic trigger.

Work to date has focused on using radiocarbon where possible to date both individual
events (testing the timing of displacements thought to be associated with historically recorded
events) and to determine the timing of multiple events recorded in one area. Many such studies
have been published, as radiocarbon dating is the most commonly employed dating method for
the recent past (last glacial to present). Several recent examples will illustrate the interpretation
of radiocarbon data in the context of paleoseismology:

« dating of submerged trees that were felled during a prehistoric landslide in Lake
Washington (Jacoby and others, 1992). Trees with the same ages found in debris
associated with different slides were assumed to infer a common cause for the slides.
The coincidence in time (within the limits of the radiocarbon measurement, with finer
timing obtained by crossdating affected trees) of different events (e.g., tsunamis, and
rock avalanches) in the same region were used to infer a common trigger for these
events. This study illustrates how tree ring dating may be used in conjunction with
radiocarbon to provide more accurate timing of a seismic event.

» dating of apparent prehisotric sea-level changes in Alaska, with sea level change
inferred to reflect sudden coastline uplift or subsidence (Plafker and others, 1992).
Peats and organic soils developed on seismically created marine terraces were used to
date the timing of uplift.

» dating of offset, tilting and liquefaction features in trenches dug across faults
(Williams, reported in Davis and others, 1990; and Sieh and Williams, 1990).
Multiple measurements of charcoal in offset alluvial sediments are used to bracket the
timing of the offset.
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Recent advances

Recent developments in AMS have immensely expanded the usefulness of radiocarbon
dating in determining the timing of paleoseismic events. The smaller sample size and greater
throughput achievable with AMS means that more representative samples from soils may be
dated instead of bulk soil organic matter. Small pieces of twigs, seeds, or leaves may be individ-
ually dated to determine if they were coeval. The same may be done for charcoal, which could
be derived from either coseismic events or inherited as detrital material. By making it easier to
find datable material, the use of AMS has greatly increased the application of carbon dating to
paleoseismic studies.

The high throughput capacity of AMS, and the increasing number of laboratories (and
lowering of costs for sample analysis) mean that AMS dating should be the method of choice for
radiocarbon measurements in the future. While AMS does not improve either the background or
precision of the radiocarbon measurement, the ability to measure 10,000-times less carbon has
started a revolution in the use of 14C. Improvements in sample pretreatment procedures should
be explored to take advantage of this sample-size reduction, so that dates obtained from 14C rep-
resent as closely as possible the event preserved in the geologic record. Already a better under-
standing of what should be used to determine the timing of the start versus the end of paleosol
development has come from work with fractionating bulk soil organic matter and dating specific
components, such as charcoal or vascular plant debris.

Limitations/maximum utility

The advantages of radiocarbon dating are that it is a dating technique applicable over a
useful time range and uses an element which is ubiquitous at the earth’s surface. Radiocarbon
dating has provided much of the existing information on the timing of events in the Holocene
and last glacial. The limitation of radiocarbon to timescales of <55,000 is an unavoidable fea-
ture of the half-life of radiocarbon.

Probably the biggest disadvantage of using radiocarbon in studies of paleoseismicity lies
in its limited usefulness for distinguishing events over the past 300 years. Many of these studies
are concerned with determining timing of earthquake events over this period. As shown in
Figure 2.3.1-6, this period corresponds to a plateau (de Vries and Suess effects). Thus the same
conventional 14C age will be obtained for most years between 1650 and 1950 AD. For example,
using an example of a date for drowned vegetation in the area of the southern San Andreas fault,
Sieh and Williams (1990) report a conventional 14C age of 214+33 years B.P. The calibrated
ages correspond to three separate possible age ranges, A.D. 1641-1684, 1725-1807, and 1933-
1955. They use the lack of historical evidence for large earthquakes in the later two periods to
narrow this range to the earliest period. However, great care must be taken when using this kind
of approach, and great confidence must be placed in the one sigma error reported by the radio-
carbon laboratory. It should be remembered that, while the convention for calculating calendar
ages is to use the one sigma error (Stuiver and Polach, 1977), the two sigma error is required for
a 95 percent confidence interval. Since so many paleoseismic studies aim to unravel earthquake
activity over the past 200 years, augmenting the radiocarbon data with a more absolute time
measurement, such as historical records, or dendrochronology, is recommended when possible.
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High costs have always been a disadvantage of the 14C measurements. While AMS mea-
surement techniques have tremendously improved the former disadvantages of large sample size
requirements, the cost of the AMS measurement is as high or higher than a counting laboratory
analysis.

The improved sample throughput and reduced sample size tremendously increases the
usefulness of 14C in dating, as the item of interest can usually be dated. Major disadvantages
which have always been associated with radiocarbon dating, such as the assumption that the
event of interest is related to the object to be dated, are not necessarily improved, however.
Smaller sample size requirements allow for better pretreatment of samples, since organic com-
pounds original to the dated object may in theory be separated from those which could be inher-
ited from soil or sedimentary organics.
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APPENDIX

Specific Procedures for sample pretreatment
Acid-base-acid wash procedures:

The sample is washed first in dilute acid (generally 0.1 N HCI), then in base (0.1 N
NaOH and/or 0.IN NaOH- 0.1N NasP,0; (sodium hydroxide-sodium pyrophosphate solution).
The base washes are repeated until the solution is no longer colored. The washes are accom-
plished by either allowing the sample to sit in the solution for several hours, or by agitating in an
ultrasonic bath for ten minutes to half and hour. Once the base washes remain clear, a final acid
wash is performed (to prevent addition of CO, to the sample through dissolution in base).
Contamination with atmospheric CO, during base washes may also be avoided by performing
base extractions under a nitrogen atmosphere. Between steps, solutions are decanted and the
sample is rinsed by repeated addition of distilled water, followed by agitation and decanting.
The sample is then dried and combusted.

Cellulose extraction (Hesse, 1971), reported in (Goh, 1991).

The ground and dried wood sample is extracted with either a benzene-methanol
azeotrope followed by acetone (in a Soxhlet extractor) or boiled for 30 minutes in 1 percent
NaOH solution. If boiled in base, the solution is acidified and decanted, then rinsed. The sam-
ple is then bleached in dilute sodium hypochlorite solution, then peroxide, and rinsed and dried
again. The bleached and extracted wood is then shaken in Schweitzer's solution ( a solution of
copper (II) sulfate mixed with KOH ) for several hours, and centrifuged. The solution is decant-
ed and 80 percent ethanol is added; after sitting for several hours or overnight the precipitate
(crude cellulose) is separated, washed with water, IN HCI and again in water, then dried for
combustion. As the cellulose content of wood varies with its degree of preservation, the amount
of sample extracted should be several times larger than the amount of material needed for 14C
analysis.

Density Separation

The density separation involves use of heavy liquids such as CsCl, ZnBr, or sodium
polytungstate (Sollins and Spycher, 1983; Spycher and others, 1983; Trumbore, 1993). Sodium
polytungstate is preferable because it is non-toxic (CsCl and ZnBr are both toxic and corrosive
to skin), and it can be dissolved in water to yield liquids with densities as great as 2.6 g/cc. A
liquid of density between 1.6 and 2.0 g/cc (depending on the mineralogy of the sample) is usual-
ly used to separate mineral-associated (heavy) from non-mineral associated (light) organic mat-
ter. The heavy liquid is added to a centrifuge tube (polyethylene) containing 5-10 g of soil (this
is for AMS); the sample is shaken vigorously, then centrifuged. The liquid (with floating materi-
al) is decanted through a precombusted filter (which retains the low density material). To save
on costs, the same liquid then may be used to resuspend the heavy material and repeat the proce-
dure. The density separation should be repeated until no more floating material is observed after
centrifuging, the both filter and remaining dense sample washed in distilled water and dried.
Some organic matter will dissolve in the inorganic liquid.
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INTRODUCTION

Cosmogenic nuclide geochronology is a group of isotopic methods of age determination
based on accumulation of certain nuclides in materials exposed to cosmic radiation. Because
these nuclides are produced only in the top few meters of the crust, they are applicable to studies
of landform ages and geomorphic evolution. Tectonic, plutonic and volcanic processes create
topographic highs and lows, while weathering and erosion work to counterbalance these oro-
genic forces. While we understand factors governing these processes, we have long lacked
chronologic control to help quantify their rates on geological time scales. For example, fanlt
scarps are the surficial manifestation of active tectonics. Rates of paleoseismic activity can be
determined by dating individual surface rupturing events, but conventional dating methods
would yield a crystallization or sedimentation age of the offset geological unit. Thus, these
methods would fail to produce direct ages of the seismic event. This problem is common for all
geomorphic surfaces constructed from existing and redistributed geological material, such as
fault-scarp colluvium, moraines, shorelines, fluvial terraces and rims of impact craters. In the
past decade, several new geochronologic methods, called surface exposure dating techniques,
have been developed. They allow determination of the exposure time of an object at the Earth’s
surface. Among them are methods based on in situ accumulation of cosmogenic nuclides (e.g.,
Lal, 1987). In this report, we describe cosmogenic nuclide methods and their potential applica-
tions to the chronology of Quaternary surfaces.

Cosmogenic nuclides form by interaction of cosmic rays with matter exposed at the
Earth’s surface. Their accumulation rates are proportional to the cosmic-ray intensity and to the
concentrations of target nuclides in the material. The amount of cosmogenic isotopes found in
surficial materials can thus be related to the length of time these materials have been exposed to
cosmic radiation (Davis and Schaeffer, 1955; Phillips and others, 1986; Kurz, 1986; Nishiizumi
and others, 1986). Very low concentrations of several rare radionuclides can now be routinely
measured using accelerator mass spectrometry (Elmore and others, 1979; Elmore and Phillips,
1987; Jull and others, 1992; Klein and others, 1982; Middleton and others, 1983) and those of
stable nuclides by noble gas mass spectrometry (Kurz and others, 1987; Craig and Poreda,
1986). Half-lives of these cosmogenic nuclides, between 5,730 years and 1.5 millions of years
for the radionuclides and infinity for the stable noble gases, make them suitable for dating
exposed materials in a range of ages from less than 1,000 years to several millions of years. The
choice of nuclides depends on the material dated, its anticipated age and availability of facilities
for processing and analysis of samples.
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In this review, we discuss the use of cosmogenic nuclides for surface exposure dating.
We characterize the spatial distribution of the cosmic ray intensity in the atmosphere and in the
top few meters of the crust. Next, we describe mechanisms and production rates of cosmogenic
nuclides and formulate equations of their accumulation in rocks exposed at the Earth’s surface
and in the shallow subsurface. We then review case studies to demonstrate applicability of the
methods to dating geomorphic surfaces. Finally, we examine possible effects of postdeposition-
al processes on dating by cosmogenic nuclide buildup and discuss practical aspects of the cos-
mogenic nuclide accumulation methods. While we discuss all cosmogenic nuclides commonly
used for surface exposure dating, we use 36Cl, with which we are most familiar, as an example
when discussing specific applications and detailed procedures.

THEORY OF DATING METHOD

The conceptual model of cosmogenic nuclide buildup is straightforward, although many
of the underlying physical principles are complex. Rocks buried deeply below the surface are
shielded from cosmic radiation and have near zero concentrations of rare, cosmogenic isotopes.
Once they are exposed at or near the Earth’s surface, they are bombarded by cosmic ray parti-
cles, which cause nuclear reactions and formation of new, cosmogenic nuclides. The amount of
these new nuclides that accumulate in the surficial material depends on the time this material has
been exposed to cosmic radiation. Thus, measured concentrations of these nuclides can be used
to determine the exposure time of the surface. In geological applications, however, this scenario
is usually unrealistic, for example due to erosion of the surface, and several assumptions are
made to calculate surface exposure ages.

Cosmic rays on Earth

There are two sources of primary cosmic rays that reach the Earth’s surface: the sun and
the galaxy. Solar cosmic rays have typically low energies (on the order of few hundred MeV)
while galactic cosmic rays are highly energetic (on the order of MeV to TeV). Near the Earth,
cosmic ray particles change their trajectories and energies. Because most of the cosmic ray par-
ticles are charged, they are deflected by the Earth’s magnetic field. Those particles that reach
the Earth collide with matter and lose energy to become secondary cosmic ray particles. The
flux of secondary particles near the Earth’s surface depends on the geographic latitude and ele-
vation, depth below the surface, and time.

Spatial distribution

The distribution of cosmic rays on the Earth depends on three spatial coordinates: geo-
magnetic latitude, elevation above sea level and depth below the surface. The highest low-ener-
gy cosmic ray intensity is at high geomagnetic latitudes and at high elevations. Measurements
of fluxes of slow (thermal) neutrons at different latitudes and elevations were used by Lal (1991)
to formulate a cubic polynomial equation that allows calculation of present-day cosmic-ray
intensity at any location relative to any other location (Table 2.3.2-1 and Fig. 2.3.2-1).

Despite strong atmospheric attenuation, a fraction of the secondary cosmic ray particles
reaches the Earth’s surface, interacts with matter in the shallow subsurface, and produces cosmo-
genic nuclides. Three types of particles are most important for production of cosmogenic
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TABLE 2.3.2-1. SCALING POLYNOMIALS y = a + bx + cx? + dx3 FOR ELEVATION AND

GEOMAGNETIC LATITUDE

x is the elevation above sea level in km and y is the scaling factor (modified after Lal, 1991).

Geomagnetic

Jatitude a b c d
0 0.5790 0.4482 0.1723 0.0359
10 0.5917 0.4415 0.1944 0.0363
20 0.6691 0.4764 0.2320 0.0435
30 0.8217 0.6910 0.1712 0.0822
40 0.9204 0.8849 0.2487 0.1031
50 0.9865 1.0298 0.2992 0.1333
60-90 1.0000 1.0889 0.3105 0.1382
20 T
16
5 12
8
g) 60-90°
S 8
4 0°
0 1

Elevation, km

Figure 2.3.2-1. Dependence of cosmogenic nuclide production rates on elevation above sea level and
geographic latitude. The curves are plotted using the data in Table 2.3.2-1.

nuclides: secondary fast neutrons (Yokoyama and others, 1977), thermal neutrons (Davis and
Schaeffer, 1955; Fabryka-Martin, 1988; Phillips and others, 1986), and negative slow muons
(Kubik and others, 1984; Nishiizumi and others, 1989; Fabryka-Martin, 1988; Zreda and others,

1990, 1991).

Neutrons form the major part of the reactive cosmic-ray flux reaching the Earth. Fast
secondary neutrons have high energies (40 to 300 MeV) and are responsible for spallation reac-
tions. They are attenuated in both the atmosphere (Lal, 1987; Zreda and others, 1991) and solid
materials (Kurz, 1986; Lal, 1987) according to exp (-x/A,,) where the attenuation length, A, for
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the fast component is from 150 to 160 g cm2 (Kurz, 1986; Lal, 1987; Zreda and others, 1991)
and x is the atmospheric depth in g cm2.

Thermal neutrons (energies from 0.1 to 0.4 eV) are formed from the fast neutrons that
collide with atoms in the atmosphere or within a rock mass and lose energy. In contrast to the
fast neutron component, the distribution of these neutrons in the subsurface (Fig. 2.3.2-2) cannot
be described by a simple exponential term because of the air-ground boundary effect (O’Brien
and others, 1978; Yamashita and others, 1966). The macroscopic thermal neutron absorption
cross section of atmospheric gases is much higher than that of common crustal rocks.

Therefore, neutrons that are produced in the top several centimeters of the rock mass have a
propensity to escape out of the rock and into the air above it, where they are absorbed by nitro-
gen atoms. This leads to relative depletion of thermal neutrons in the uppermost part of the rock
mass. The distribution of thermal neutrons exhibits a maximum at the depth of about 50 g cm2
(Fabryka-Martin and others, 1991; Liu and others, 1994); this dimension is for the product of
depth and rock density. The exact position and magnitude of the maximum are functions of the
chemical composition of the material (Dep and others, 1994a). Below this depth, the intensity
of thermal neutrons decreases exponentially at a rate similar to that for the fast component.

At sea level, the flux of slow negative muons is comparable to that of neutrons and in
some materials slow muon capture becomes a significant cosmogenic reaction (Jha and Lal,
1982; Lal and Peters, 1967; Rama and Honda, 1961). Slow negative muons can penetrate

el

e
thermal neutrons
e-1 -

e-2

e-3 -

Scaling factor

e-4

e-5

e-6 N

T N T T T T T T

0 200 400 600 800 1000
Depth, g cm™?

Figure 2.3.2-2. Distribution of thermal and fast neutrons below the surface. The scaling factors for indi-
vidual components are set arbitrarily to 1 at the surface. Real surface values for fast neutrons and thermal
neutrons are different. The intensity of fast neutrons decreases exponentially with depth at a rate deter-
mined by the attenuation length (156 g cm™2). The distribution of thermal neutrons may also vary with
chemical composition (Dep and others, 1994a).
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deeper due to their lower reactivity (Conversi, 1950; Rossi, 1952), and may dominate cosmo-
genic production at depths below about three meters (Fabryka-Martin, 1988).

Temporal distribution

The temporal variability of the incident cosmic ray flux is due to (1) long-term varia-
tions in the galactic cosmic ray (GCR) flux, (2) changes of the Earth’s magnetic dipole strength,
(3) short-term variations in the pole positions and (4) short term variations in solar activity.
Long-term variability of the geomagnetic field strength, on the order of 103-10% years, is the
most important factor for cosmogenic nuclide applications. Short-term variations of the pole
positions, on the order of 102 years, and solar activity (11 years and a few hundred years) are
averaged out after about 100 to 1,000 years and become negligible for surface exposure dating.
The galactic cosmic ray flux varies within narrow limits (Lal and Peters, 1967) on the time scale
of >1006 years; this long-term trend may be neglected in studies of late Quaternary surfaces.

The evidence of the long-term variability of the cosmic ray intensity comes from studies
of 14C in tree rings (Stuiver and others, 1986), 19Be in ice cores (Yiou and others, 1985) and
deep-sea sediments (Raisbeck and Yiou, 1984), 3He in lava flows (Kurz and others, 1990;
Cerling and Craig, 1994) and from paleomagnetic studies in volcanic rocks (Mazaud and others,
1991). This variability is quasi cyclic around a mean value slightly lower than the modern inten-
sity (Fig. 2.3.2-3a). Because of cyclicity, the long-term variations of the geomagnetic field
strength are also averaged out over time (Fig. 2.3.2-3b), but the time necessary for this integra-
tion is long, on the order of 104 years. This integration can be expressed as:

G(n)=2- (2.3.2-1)

where ¢ is the time, g(?) is the geomagnetic field strength, a function of time, and G(t) is the
average intensity over the last ¢ years.

The variability of the integrated geomagnetic field intensity is most notable in the last
20 ky, when the average intensity changes from ~6 at 20 ka to ~8 now (Fig. 2.3.2-3b). Beyond
20 ka, the average intensity is approximately constant with time around a mean value of ~6.
Cosmogenic nuclide production rates are inversely correlated with the geomagnetic field
changes, i.e., stronger field leads to lower production rates and vice versa. The result from
Figure 2.3.2-3b means that only young surfaces may potentially be affected by these changes in
the magnetic field, provided that production rates are interpreted over long (>20 ky) time inter-
val. The magnitude of the associated production rate changes is smaller than that of the mag-
netic field changes and is also non-uniformly distributed in space. The largest temporal variabil-
ity is expected at low latitudes, whereas at polar latitudes, the production rates are constant with
time (Lal, 1991).
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Figure 2.3.2-3. (a) Reconstructed geomagnetic field intensity in the last 85 ky (from Mazaud and others,
1991). (b) Integrated geomagnetic field intensity for the same time interval. The graph shows the value
of average intensity between a given point in time and the present.

Cosmogenic nuclides on Earth

Production of cosmogenic nuclides depends on the intensity of incident cosmic rays,
availability of target nuclei in the exposed material, and probability with which a nuclear reac-
tion produces the nuclide of interest (also termed the reaction cross section). Each nuclide is
produced by a different set of nuclear reactions and the relative production of each nuclide
depends on the elemental composition of the target material (Table 2.3.2-2). Figure 2.3.2-4
shows schematically the main cosmogenic reactions leading to the formation of 36Cl.

The accumulation rates of cosmogenic nuclides in terrestrial materials depend on the
rate of in situ production and, in the case of radioactive nuclides, the removal rate due to
radioactive decay. With the production rate P (atoms kg-! y-!), the number of atoms N increases
by dN=Pdt in the time interval dz. The number of atoms of radioactive isotopes decreases in
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TABLE 2.3.2-2. RELATIVE CONTRIBUTION OF MAJOR COSMOGENIC REACTIONS

leading to production of 36Cl (Zreda and others, 1991, modified after Fabryka-Martin, 1988),

10Be and 26A1 (after Nishiizumi and others, 1989) and 3He (Kurz and others, 1986; Lal, 1987;
Trull and others, 1991) at the earth’s surface, sea level and high geomagnetic latitudes.

Nuclide Reaction type Notation E?t%iglt
_ 3 0 39K(n,2n2p)36Cl
36C] Spallation of °”K and 4UCa 40Ca(n,2n3p)36CI 16-80
Thermal neutron activation of 33Cl 35ClI(n,y)36Cl1 11-80
Negative muon capture by 40Ca 40Ca(p-,0)36C1 0-10
0 Spallation of 160 160(n,4p3n)!0Be 84
Be Negative muon capture by 160 160(u-,3p3n)10Be 16
- Spallation of 28Si 28Si(n,p2n)20Al 83
Al Negative muon capture by 28Si 288i(u-,2n)26A1 17
5 Spallation of 40Ca, 7Lj, 58Ni, 64Zn, 40K various >90
He n-o reaction 6Li(n,a)3H—3He <10

proportion to its abundance and the decay constant A (y-/) as dN=-ANdt. Because the cosmic
ray intensity varies with time and depth, the production rate is a function of these two variables,
i.e., P=P(t)D(x), where D(x) is a function describing the distribution of production rates below
the surface (Fig. 2.3.2-2). All these processes occur simultaneously, and their combined effect is
described by

%IIX = P(t)D(x) - AN (2.3.2-2)
which simplifies to AN
= - P—-AN (2.3.2-2a)

if the production rate is constant in time.

The lack of independent variables in the production term P of Equation 2.3.2-2a empha-
sizes important assumptions underlying its applications to geological problems. Our major
assumption is that the production rates are constant with time. We know, from the discussion
above, that due to the temporal variability of the Earth’s magnetic field, the cosmic ray intensity
is variable and thus the production rates of cosmogenic nuclides also vary in time. However,
this variability is progressively less important at longer time scales because of averaging proper-
ties of continuous cosmic irradiation (Fig. 2.3.2-3b). While the largest temporal effects are
expected for young, latest Pleistocene and Holocene surfaces (e.g., Kurz and others, 1990), these
effects should become less dramatic for surfaces older than ~20 ka (Cerling and Craig, 1994;
Zreda, 1994).
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Figure 2.3.2-4. Cosmogenic reactions for 36CI. Fast and thermal neutrons and slow muons interact with
three main target elements, 35¢1, 39K and 40Ca, to produce 36C1 with probabilities P. Formation of 36¢]
is accompanied by the emission of various elementary particles.

Our other assumption, one inherent in Equation 2.3.2-2a, is that the surface has been in
its original position since first exposure to cosmic radiation. This includes assumptions of negli-
gible erosion, absence of cover of any kind, no chemical weathering and no precipitation of sec-
ondary minerals. We can quantify effects of these processes with considerable effort, for exam-
ple by using multiple isotopes (Lal, 1991) or multiple samples from the same surface (Zreda and
others, 1994). However, ultimately the most cost-effective strategy is to minimize these effects
through careful sampling.

Equation 2.3.2-2 is solved for N to yield accumulation of cosmogenic nuclides with time
(Zreda and others, 1994).

N =72 [ p(e)D(x)]e! M dt + Ce 1A (2.3.2-3)

Assuming constant production rate P and initial condition N(¢ = 0) = 0, Equation 2.3.2-3 simpli-
fies to p
N= I(1 —e™) (2.3.2-4)

For stable nuclides, such as 3He, A is equal to 0 and by taking the limit with A approaching 0,
we obtain a simple relationship
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P _
N = lim —(1—e M)=Pt

2.3.2-4a
A-0A ( )

Accumulation of radioactive and stable cosmogenic nuclides on geomorphically stable
surfaces is shown in Figure 2.3.2-5. Stable nuclides accumulate indefinitely with time. Their

buildup function is a straight line, whose slope is equal to the production rate P (cf. Equ. 2.3.2-
4a),

Accumulation of radioactive nuclides depends on the rates of production and radioactive
decay (cf. Equ. 2.3.2-4). Buildup is fastest at the beginning of exposure to cosmic rays, when
cosmogenic production dominates over radioactive decay. With time, more cosmogenic atoms
are present and decay becomes progressively more important. This change is reflected in the
shape of the accumulation function, which becomes flatter and ultimately reaches secular equi-

librium equal to P/A. In equilibrium, the production and decay rates are equal and the concen-
tration of the nuclide remains constant with time.

Surface exposure dating
Surfaces can be dated using the above equations if the production rates are known and

concentrations of cosmogenic nuclides are measured. To use cosmogenic dating techniques effi-
ciently, we assume that prior to exposure at the surface rocks have low background concentra-

4 T T T
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Figure 2.3.2-5. Accumulation of radioactive and stable cosmogenic nuclides in rocks exposed continuous-

ly at the surface. Radioactive nuclides reach a limit determined by the production and decay rates. The
production rates are assumed constant with time.
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tions of nuclides of interest. Once rocks are exposed to cosmic radiation, for example due to
excavation and redeposition, their nuclei interact with cosmic ray particles and undergo nuclear
transformations. These nuclear reactions lead to formation of new nuclides and each such reac-
tion has certain probability of occurring. The reaction probabilities are assessed theoretically,
using principles of nuclear physics (e.g., Lal and Peters, 1967), or empirically, using measured
concentrations of cosmogenic nuclides in rocks of known ages. The latter approach has been
used to determine average production rates of several nuclides (Table 2.3.2-3).

Surface exposure ages are calculated using the accumulation Equation 2.3.2-2. Because
the exact functional form of P(f) is unknown, Equation 2.3.2-2 must be solved numerically. The
simplified Equation 2.3.2-2a has the analytical solution for the time #:

-1 N2
t:—ln(l——] (2.3.2-5)
A P
By taking the limit with A approaching 0, the following simple solution for stable nuclides is
obtained
. -1 NA N
t=lim|—In|1-—||=— (2.3.2-5a)
A-0L A P P
Example

We end this section by giving a hypothetical example of surface exposure age calcula-
tion using the 19Be method. A quartzite boulder from the Fresh moraine in the Exposed
Mountains was sampled. The geographic latitude of the sampling site is 40°N and elevation is
3.2 km above sea level. Our AMS laboratory reported a blank-corrected ratio 10Be/°Be, which
corresponds to (8.1 £ 0.61) x 10° atoms of 10Be per gram of SiO,.

From Table 2.3.2-3, the production rate at sea level and polar latitudes is six atoms of
10Be per one gram of SiO, per year. The scaling factor, calculated using the polynomial formu-
lation of Lal (1991) with coefficients from Table 2.3.2-1, is 9.68. This means that the produc-
tion rate at the sampling site is 9.68 x 6 = 58 atoms per gram of SiO, per year. Using Equation
2.3.2-5 and the decay constant for 10Be of 4.62 x 10-7 y-1, we calculate the exposure time ¢:

1 (8.1x10°)(4.62x1077)

t=————In|1- (2.3.2-5b)
4.62x10 58

t=14.0+ 1.1 ky

The error represents only the analytical uncertainty of the 10Be measurement.

Factors affecting surface exposure ages

In a physically and chemically stable environment, accumulation of cosmogenic
nuclides is a function of time alone and by measuring their concentration one can directly obtain
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TABLE 2.3.2-3. EXPERIMENTAL PRODUCTION RATES OF COSMOGENIC NUCLIDES
IN TERRESTRIAL ENVIRONMENT,
at sea level and high (>50°) latitudes, integrated over long, geological time scales, and calculated
using Lal’s (1991) formulation for elevation and latitude.

Production

Nuclide Mechanism Rate Averaging time References

2INe Spallation 45 atoms (g olivine)-! y-t 17,800 calendar y Poreda and Cerling, 1992
3He Spallation 115 atoms (g olivine)! y-! 2,200-14,500 14C y Cerling & Craig, 1994

10Be Spallation 5 atoms (g SiOy)! y!  ca. 11,000 calendar y o
Muon capture I atom (g SiOy)1 y-! (estimated) Nishiizumi and others, 1989
14C Spallation 20 atoms (g basalty! y-! 17,800 calendar y Jull and others, 1994
Spallation 30 atoms (g SiOp) ! y'! ca 11,000 calendar y
26 e )
Al Muoncapture g toms (& 510y 1 y- (estimated) Nishiizumi and others, 1989
Spallation of 3K 7,520 atoms (mol K)-! y-! Phillips and others, 1993
36C1 Spallation of 9Ca 2,900 atoms (mol Ca)-! y-! 2,200-55,000 an
Activation of 35C1 313,500 n (kg rock)"! y-! calendar y Zreda, 1994

The values reported herein are based on the newest and/or most comprehensive studies. We think that they are the
best estimates obtained to date Other empirical production rates have been reported for 36Cl (Swanson and others,
1993; Phillips and others, 1996), 3He (Brook and Kurz, 1993) and 2!Ne (Staudacher and Allegre, 1993)

the surface exposure age from Equations 2.3.2-5 or 2 3.2-5a. An implicit assumption in the
above simple model is that the production rate (P) is constant. However, postdepositional
modifications of landforms and other environmental changes may invalidate this assumption and
corrections to the above model may be necessary. In this section, we explore the issue of
environmental factors that may influence the buildup of cosmogenic nuclides in surficial
materials, examine their possible impact on exposure dating, and discuss ways of accounting for
their effects.

Temporal variability of geomagnetic field strength

Geomagnetic field strength changes are quasi-cyclic and result in changes in the cosmic-
ray flux (see Theory of dating method, above) and thus the cosmogenic nuclide production rates.
The two are inversely correlated, i e., higher magnetic field strength leads to lower production
rates and vice versa. These changes may have significant effects on young surfaces. However,
for older landforms the variability is integrated over time and the production rates converge to
the average value. The effects of variable geomagnetic field strength can be assessed using the
function of magnetic strength versus time (Mazaud and others, 1991), and corrections for any
desired time interval can then be calculated.

Erosion

Erosion is an important process that affects cosmogenic surface exposure ages. The pro-
duction rates of cosmogenic nuclides vary with depth below the surface. Consequently, on erod-
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ing landforms, they also vary in time. As a result, the calculated cosmogenic ages differ from
the true landform age. Erosional processes important for surface exposure dating include soil
erosion, stream dissection, erosion of rock surface and spalling.

Soil erosion and gradual exposure of surfaces are common postdepositional processes
that affect cosmogenic ages. Erosion of soft moraine matrix and gradual exposure of morainal
boulders at the surface is an example of this process. As a result, apparent cosmogenic ages of
boulders are usually younger than the true landform age. One can account for these effects in
the following ways: (1) collecting multiple samples from each landform and determining the
variance of apparent ages (Zreda and others, 1994); (2) sampling from horizontal surfaces that
are less likely to have been modified by erosion; (3) using geological characteristics, such as
glacial polish or slickensides, to assess landform stability.

Stream dissection is similar in its nature to the above, but varies in the extent of the
modification. The calculated exposure ages are for the erosion episode rather than the landform
construction and can be useful in studies of regional geomorphic evolution. Analysis of land-
form morphology and its position with respect to the streams should help one sample appropri-
ately for cosmogenic nuclide dating.

Erosion of a rock surface has an effect similar to that of erosion of soil, but the rate is
much slower because solid rocks are much more resistant to erosion than are soils. The effects
of erosion of a rock surface can be minimized by selecting surfaces that show indications of
minimal erosion (e.g., glacial polish or heavy varnish development) or on which erosion can be
quantified (e.g., differential erosion of rocks with variable lithology). They can also be account-
ed for by using two radionuclides with different decay constants (e.g., Lal, 1991) and by using
depth profiles of 36Cl1 (Dep and others, 1994b).

Spalling of rock surfaces, for example due to fire (Bierman and Gillespie, 1991) is simi-
lar to erosion of rock surfaces, but it occurs at an episodic rate. Spalled surfaces should be
avoided, if possible. Where potentially spalled surfaces cannot be avoided, e.g., boulders in a
forest, multiple samples are necessary to obtain a good estimate of the minimum surface expo-
sure age.

Shielding

Shielding reduces the intensity of cosmic radiation reaching the surface and thus results
in apparent ages that are different from the true surface age. Important shielding materials
include snow, volcanic ash, dust, sand, and vegetation.

Snow cover will temporarily reduce the cosmic-ray flux reaching the surface and usually
results in an underestimation of the true age. This factor is especially important in polar and
mountain areas where snow cover is thick and persists for a long time. Sampling from topo-
graphic highs from which snow is quickly removed by wind should minimize the effect of snow
cover on accumulation of cosmogenic nuclides.

Volcanic ash, dust, or sand cover temporarily reduces the cosmic-ray flux reaching the
rock surface and usually results in an underestimation of the true age. Sampling from the high-
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est points should again give the best results. In addition, examination of the study area for rem-
nants of ash or sand, which should be preserved in topographic pockets, where the action of
wind is not strong enough to remove them, should provide clues about the presence or absence
of such cover in the past.

Vegetation cover blocks cosmic rays and may lead to an underestimation of the true
ages. It is considered a minor factor in arid environments, such as that of the Great Basin; how-
ever, atmospheric conditions could have been less arid in the past and vegetation may have been
different. This effect is therefore very difficult to quantify.

Chemical weathering

Chemical weathering may affect dating through loss (or gain) of the nuclide of interest,
change of the rock’s bulk chemical properties and composition, and precipitation of secondary
minerals. Precipitation of secondary minerals will affect the dating because of inclusion of non-
cosmogenic 36Cl. Sampling of only less weathered rocks should minimize these problems. In
the laboratory, one can attempt separation of secondary minerals from primary ones. Whereas
this will work for separating out clay minerals and carbonates, it may fail for some non-
separable minerals, such as iddingsite, which replaces olivine.

Geometry change

Geometry change by clast rolling will cause exposure of new surfaces to cosmic radia-
tion and result in an underestimation of true surface age. Sampling from more than one surface
of the boulder in question, for example, would yield the necessary information to address this
problem. It is, however, expensive and therefore not routinely done in surface exposure dating;
instead, multiple boulders from the same landform are sampled.

Geometry change by breaking up along vertical fractures leads to the so called “edge
effect” which changes the thermal neutron absorption rate. This process may also lead to an
underestimation of the true ages because of diffusion of thermal neutrons out of the rock and
into the atmosphere. To minimize this effect, samples should be collected from centers of tops
of large, >1 m in diameter, boulders (larger than the attenuation length for thermal neutrons) and
from horizontal, flat surfaces.

Elevation changes

The cosmic ray flux varies as a function of elevation. Thus, in areas of significant
changes in surface or landform elevation, the production rates of cosmogenic nuclides will
change with time. Processes resulting in elevation change include tectonic activity, isostatic
movement and eustatic changes in sea level.

Tectonic subsidence or uplift will lead to change of the cosmic-ray flux reaching the
surface. Tectonism may also cause deformation of the landform and destruction of the original
surface. Possible effects of tectonic processes are negligible for young, late Quaternary surfaces
because of the typically low average rates of tectonic movement. The surface morphology
should bear information about any destructive processes caused by tectonics and aid in correct
sampling.
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Isostatic movement will change the elevation and thus the cosmic-ray flux reaching the
studied surface. This factor may be important in areas of glacial or pluvial rebound.
Assessment of these effects can be made by using reconstructed (e.g., using independent dating
or modeling) isostatic movement rates for the last glaciation-deglaciation cycle. For older sur-
faces, the cyclicity in the signal due to isostasy is averaged out, due to crustal loading and
unloading by glaciers or water, and the effects on cosmogenic nuclide buildup should be negligi-
ble.

Eustatic sea-level changes affect the production rates by changing the reference level
(i.e., sea level) against which altitudes of sampling sites are determined. To account for sea-
level changes, one can use reconstructed sea levels and average these changes over time. For
surfaces older than late Quaternary, the cosmogenic signal is averaged out because of “cyclicity”
of changes caused by buildup and melting of big polar ice sheets.

We note here that isostatic and eustatic changes have only a minor effect on production
rates of cosmogenic nuclides. A sea level raise by 100 m, typical of Pleistocene fluctuations,
will change a high-latitude, near-sea-level production rate from 1.09 to 0.99, a difference of ~10
percent, and a high-altitude production rate from 11.0 to 10.4, a difference of ~6 percent.

Time range of applicability

The cosmogenic methods have different theoretical time ranges that depend on their
half-lives, from 0 to 15 ky for 14C, to 0 to infinity for stable 3He. Two or three half-lives are
considered the theoretical limit of cosmogenic buildup methods based on radioactive nuclides.
Beyond this, the buildup curves asymptotically reach secular equilibria between production and
decay, i.e., the concentrations do not change with time any more (Fig. 2.3.2-5).

Realistic time ranges depend on geological factors, such as erosion, weathering, and tec-
tonics. Except in environments like Antarctica, most surfaces erode fast enough to affect accu-
mulation of cosmogenic nuclides on time scales shorter than the theoretical limits. To extend
the range, erosion must be assessed independently, for instance, by using a second cosmogenic
nuclide or by multiple sampling for a single nuclide. A realistic upper limit for 36CI is 200-500
ka, although ages older than 500 ka have also been obtained. The lower (younger) limit is dic-
tated by the production rates, the analytical technique used, prior exposure to cosmic rays and
radiogenic (non-cosmogenic) production. At high altitudes, where the production rates are
high, cosmogenic nuclides build up to detectable amounts after only a few hundred years. The
utility of the pair 10Be-26Al for simultaneous determination of the erosion rate and exposure age
is limited to samples older than ca. 200 ka because of analytical uncertainties (cf. Nishiizumi
and others, 1991a), although these nuclides reach measurable quantities after much shorter
times, on the order of 104 years (Nishiizumi and others, 1989).

METHODOLOGY
Sample collection

Before sample collection, three questions must be answered: what rock/mineral type to
sample, what surface to sample, and how many samples to collect. The sampling strategy
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depends on the nuclide used, landform studied, its age and geomorphic history and availability
of appropriate material.

All types of solid surficial materials can be sampled for one or more of the cosmogenic
nuclides discussed herein. The exact petrographical and mineralogical requirements depend on
the nuclide used. While 36Cl can be measured in whole rock samples, mineral separation is
required for 3He and 26Al, and is desired for 10Be and 14C. Because 30Cl is produced from sev-
eral target elements, virtually all rock types are suitable for this nuclide. Most of the 36Cl in
carbonates is produced from Ca, while in silicate rocks the production is divided between Cl, Ca
and K. Quartz is the most desirable mineral phase for 26Al because of low total Al concentra-
tion. Olivine is considered best for 3He because of its tight crystal structure, which prevents
helium loss by diffusion. Quartz is best for !0Be because of its simple chemistry and tight crys-
tal structure, which minimize the effects of contamination by atmospheric 10Be.

Selection of sampling sites is based largely on the assessed geomorphic stability of the
surface and its geometry. We prefer to sample from flat, horizontal surfaces that are likely to
have been continuously exposed since the landform formation. In the field, it means that we
look for topographic highs with extensive, flat tops. For example, large and tall morainal boul-
ders are preferred to small and short ones and massive parts of lava flows are better than those
with pressure ridges. For 36Cl, an additional condition, that samples be far from any edges,
should be met. This condition is dictated by possible leakage of thermal neutrons from the
sides. This leakage may be difficult to quantify, although Zreda and others (1993) attempted to
do so for samples from a lava flow with pressure ridges at the surface.

Samples are collected from the top few centimeters of rock using a hammer and a chis-
el. This minimizes possible effects of variable production rates with depth. Least weathered
parts of the surface are preferred to minimize any inclusion of weathering products and their
effect on calculated ages. The samples are put in plastic or cloth sample bags and stored until
preparation.

The number of samples is related to geological characteristics of the surface dated,
specifically, its history of burial and erosion. Geomorphically stable and young surfaces usually
yield consistent ages and three to five samples may suffice. Old landforms, on the other hand,
might have had complex geological histories of burial and erosion and require either more sam-
ples or multiple nuclides for dating. A depth profile of 36Cl may also be useful in determining
effects of surface erosion on calculated exposure ages.

Laboratory analysis

Two analytical methods for cosmogenic nuclides are commonly employed: (1) accelera-
tor mass spectrometry (AMS), for radioactive nuclides 14C, 36Cl, 26Al and 10Be; and (2) noble
gas mass spectrometry, for stable nuclides 3He and 2INe. In this section, we describe sample
preparation and analysis for 36Cl. Analytical methods for 19Be and 26Al have been described by
Kohl and Nishiizumi (1992), Brown and others (1991), Klein and others (1982) and Middleton
and others (1983), for 3He by Kurz and others (1987) and Craig and Poreda (1986), for 2!Ne by
Poreda and Cerling (1992) and for 14C by Jull and others (1992).
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Samples for 36CI are cleaned of any organic overgrowths, ground to a size fraction
smaller than the mean phenocryst size of the rock and leached for 24 hours in 3 percent nitric
acid (silicate rocks) or deionized water (carbonate rocks) to remove any meteoric chlorine from
micropores or grain boundaries. Silicate rocks are dissolved in a hot mixture of concentrated
nitric and hydrofluoric acids, and carbonate rocks in 10 percent nitric acid. Chlorine is liberated
from minerals and precipitated as AgCl by addition of AgNO; to the reaction bottle. The time
required for a complete dissolution depends on mineral composition; it is 1-2 days for silicates
and a few hours for carbonates. The precipitate is dissolved in NH4OH and mixed with BaNO;
to remove sulfur; 36S is an interfering isobar and should be removed prior to AMS measurement.
After at least 8 hours any BaSO, precipitated is removed from the solution by centrifugation or
filtration. Near sulfur-free AgCl is precipitated by acidifying the remaining base solution, rinsed
using deionized water, and placed in an oven at 60°C to dry. Dry samples are loaded into
holders made of copper on the outside and lined with AgBr.

The samples are analyzed for 36Cl by accelerator mass spectrometry (AMS) using a tan-
dem Van de Graaff accelerator (Elmore and others, 1979). Analytical error is typically 2-5
percent at the recently upgraded Purdue Rare Isotope Measurement Laboratory (Elmore, person-
al communication, 1995).

Data analysis

The analytical data are reduced to ages using Equations 2.3.2-5 or -5a. Usually, surface
exposure ages are treated as minimum ages. If the variance of cosmogenic ages for multiple
samples from a single surface is large, the oldest sample age is considered closest to the land-
form age. On the other hand, if the individual ages are consistent, the average age is reported.
There are no other requirements for data analysis if only one nuclide is used. In a two-nuclide
approach (Lal, 1991), the two data sets can be analyzed together to simultaneously constrain the
age and erosion rate. However, individual measurements of nuclide concentrations are not suffi-
ciently precise to use the multiple nuclide approach with confidence.

Because cosmogenic methods are still under development, there are no standards for
reporting uncertainties or assessment of confidence. Typically, the only error reported is the
analytical uncertainty associated with the determination of the cosmogenic nuclide concentra-
tion. The assessment of confidence is, therefore, based on the spread in individual sample ages
from the same surface. Data are reported and presented in different ways by different individual
investigators, usually depending on the context of their work. This may render difficult the com-
parison of dating results obtained using different nuclides and from different locations.

Reporting and presentation

The data may be presented in tabular form or/and graphically. The following necessary
information for calculation of surface exposure ages should be reported:

(1) The assumed production rates of the nuclide from all target elements.

(2) The production scaling factor and geographic latitude and elevation.
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(3) Concentrations of all target elements for the nuclide, if needed for age calculations.

(4) For 36C] only, concentrations of all major elements, Cl, B and Gd, which are neces-
sary for calculation of the macroscopic thermal neutron absorption cross section
(Zreda and others, 1991).

(5) Initial or background concentration of the nuclide.
(6) Measured nuclide concentration in the sample.

Figure 2.3.2-6 and Table 2.3.2-4 are examples of data presentation taken from Zreda and
others (1993). Here, the mean of 11 samples was considered the best estimate for the eruption
time because of close agreement among the individual sample ages.

APPLICATIONS

Surface exposure dating by cosmogenic nuclide accumulation has only recently been
developed to the point at which geological applications are possible. The approach is still con-

TABLE 2.3.2-4. TARGET ELEMENT CONCENTRATIONS,
MACROSCOPIC CROSS SECTIONS (X0oN),

36C1/Cl ratios, and 36Cl surface-exposure ages for samples from Lathrop Wells, Nevada
(after Zreda and others, 1993).

SampleID K,0 CaO ClI YoN* 36Cl/CIt Age. ky
(%) (%) ppm cm?kg! 1013 Sample  Surface  Eruption

LWC88-3 1.67 748 268 754 344 +15 79 £34
LWC88-4  1.44 741 255 749 417 =19 96 +4.5 84 £8
LWC88-5 1.64 757 272 744 371 £20 85 +4.6
LWC88-6  1.67 740 105 17.39 600 £35 78 £4.6

LWC88-1 1.75 733 270 753 335 £26 938 +7.2

YM88-5 1.72 7.14 268 743 270 %25 73% +6.8 81 8
YMS88-6L  1.84 706 308  7.07 281 +19 818 +5.4 81 +7
YMS88-6M  1.88 7.19 292 7.67 270 21 773 6.0

YMS88-8 1.98 748 217 696 352 27 798 +6.1

LWC89-S  1.59 751 1164 845 263 £29 83# 9.2 76 £10
LWC89-W  1.61 732 233 727 326 +27 68 +5.7

Note: The sample ages are for single rock samples, the surface ages are arithmetic averages of the sample
ages, and the eruption age is the overall arithmetic mean. All samples are from the surface, at ele-
vation 914 m above sea level, lat 36.4°N, long 243.4°E; the elevation-latitude-depth (ELD) scaling
factor (Equ. 3.4.2-1 in Zreda and others, 1991) for all samples is 1.89.

* Macroscopic absorption cross section of the rock (Zreda and others, 1991).

T After subtraction of the radiogenic 36CI/Cl of 11 x 10-15.

§ Corrected for surface geometry (see text for details). Uncorrected surface age is 67 + 6 ky.

# Corrected for meteoric 36CI/CI (see text for details).

Reproduced with the permission of the publisher, The Geological Society of America, Boulder, Colorado.
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Figure 2.3.2-6. 36ClI ages of samples from Lathrop Wells. Error bars represent 36Cl measurement errors.
Long dashes are means of three groups of samples; short dashes represent intervals within one standard
deviation calculated for each group, solid line is mean of all 11 samples. From Zreda and others, 1993

sidered experimental because of uncertainties in the production rates and in isotope systematics
of these systems. Several applications of cosmogenic nuclides in the area of Quaternary
geochronology have been reported in the last few years. They include (1) development of
chronologies of Quaternary glaciations, (2) dating of late Quaternary volcanic eruptions, (3)
dating paleolake shorelines, and (4) dating a terrestrial impact crater. Quantitative estimates of
rates of erosion and other processes modifying landforms also have been reported. Below, we
discuss appropriate geologic settings for surface exposure dating using cosmogenic nuclide
accumulation and present examples of geochronological applications. In addition, we discuss
two applications of cosmogenic nuclides to paleoseismology.

Alpine moraines

Mountain glaciers erode bedrock and previously accumulated deposits, transport the
debris down the valley, and deposit some of the material as moraines. The essential assumption
made here is that glacial erosion is deep enough to excavate material previously completely
shielded from cosmic rays and thus having near zero initial concentration of cosmogenic
nuclides. As soon as the moraine is deposited, its surface is bombarded by energetic cosmic
rays that interact with certain nuclei within the rock matrix to produce cosmogenic isotopes.
Since the production rates of these nuclides are known (Table 2.3.2-3), their accumulation in
moraine material can be used to calculate surface exposure ages (Phillips and others, 1991).
Phillips and colleagues used this idea to date late Pleistocene moraines in the Sierra Nevada,
California (Phillips and others, 1991; Zreda, 1994) and the White Mountains, California and
Nevada (Zreda and others, 1995a). They measured cosmogenic 36Cl in boulders exposed on
moraine crests, calculated surface exposure ages (assuming negligible erosion) and thus devel-
oped numerical chronologies of glaciations in these areas. It was possible to correlate moraines
deposited at different locations during the same time intervals and distinguish moraines with
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ages differing by as little as a few ky. The early work of Phillips and others (1991) was fol-
lowed by similar studies using 36Cl (Zreda and others, 1995a; Zreda, 1994; Phillips and others,
1993), 10Be and/or 26Al (Brown and others, 1991; Brook and others, 1993; Nishiizumi and oth-
ers, 1993) and 3He (Brook and others, 1993). These studies helped develop Pleistocene glacial
chronologies at other locations and revealed complex histories of landforms.

Volcanic surfaces

Cosmogenic methods may be very useful for dating young, alkaline volcanics, whose
low potassium content renders them unsuitable for K-Ar and 39Ar/40Ar dating. An attempt to
date young volcanics was made at Lathrop Wells, Nevada by Zreda and others (1993). They
measured 36Cl in samples collected from three types of volcanic deposits: a lava flow, volcanic
bombs, and the cinder cone (Table 2.3.2-4; Fig. 2.3.2-6).

Lava flows are almost ideal for surface exposure dating because they (1) originate deep
in the subsurface, which assures no prior exposure to cosmic rays, (2) form virtually instantan-
eously, and (3) have surface structures that help assess their geomorphic stability. Because of
these characteristics, and also because they can be dated by other means, lava flows have been
used to calibrate cosmogenic methods based on 3He (Kurz and others, 1990; Cerling and Craig,
1994) and 36Cl (Zreda and others, 1991; Phillips and others, 1993; Zreda, 1994).

Volcanic bombs share some characteristics of lava flows, but because they are loose
deposits, their geomorphic stability cannot be assessed with great certainty. Zreda and others
(1993) reported cosmogenic 36Cl ages of volcanic bombs at Lathrop Wells, Nevada; the ages are
indistinguishable from the 36CI age of the associated lava flows.

Cinder cones are less well suited for exposure dating because they are composed partly
of easily erodible, soft material. Their suitability for dating should be assessed in the field,
based on local topographic and petrographic characteristics. Zreda and others (1993) found that
samples from the rim at Lathrop Wells are only slightly younger than lava flow and bomb sam-
ples and attributed the difference to either analytical uncertainties or erosion of the cinder cone
rim.

Paleoshorelines

Two types of materials from ancient lake shorelines are suitable for surface exposure
dating: (1) clasts transported by streams and redeposited at the shore; and (2) tufa deposits pre-
cipitated directly from the lake water. Fluvial deposits may have previously accumulated cos-
mogenic nuclides due to exposure in outcrops or during stream transport. This inherited compo-
nent must be independently assessed before the measured concentrations can be used to calcu-
late the true shoreline age (Zreda, 1994). At the time of deposition, carbonate tufas have initial
36CI concentrations equal to the lake composition, and this component should be subtracted
from the measured 36Cl1 concentration to arrive at the accumulated value.

Fluvial and alluvial deposits are examples of geological materials comparable to ancient

shoreline deposits. Because they all have similar geomorphic characteristics and the same prob-
lems, similar precautions should be observed. A limited study of glaciofluvial sediments from
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the eastern flanks of the Wind River Range was conducted by Zreda (1994). The terrace
deposits were numerically correlated with glacial deposits in the nearby mountains, which estab-
lished a temporal connection between these two types of deposits.

Impact craters

Impact craters are an appropriate geomorphic setting for surface exposure dating by cos-
mogenic nuclide buildup. These features are formed instantly and are deep enough to assure
that the rocks at the bottom had been shielded from cosmic radiation prior to the impact. In
addition, they have simple stratigraphy, often reversed due to redeposition of ejected material on
the rim. Meteor Crater, on the southwest margin of the Colorado Plateau, Arizona, is an exam-
ple of a well-preserved meteor impact crater. The impact exposed previously shielded siliceous
dolomites to cosmic radiation. The crater thus provides a nearly perfect scenario for applying
surface exposure dating methods. Multiple boulders from the crater rim were sampled and the
samples analyzed for 36Cl (Phillips and others, 1991) and 19Be and 26Al (Nishiizumi and others,
1991b). The inferred ages, 50 + 1 and 49 =+ 2 ky, respectively, are in excellent agreement with
thermoluminescence age of 49 + 3 ky (Sutton and others, 1985). This study is important in that
it provides support for the accuracy and reliability of the cosmogenic dating methods.

Fault faces

Fault scarps are a manifestation of past seismic activity. Whereas those developed in
soils or other loose materials can be dated by !4C on organic matter clearly associated with the
faulting event, many scarps that formed in bedrock cannot be dated by that technique.
Fortunately, bedrock fault faces are potentially a suitable geological setting for cosmogenic
nuclide dating.

During a faulting event, previously buried rocks are exposed to cosmic rays at the fault
face (Fig. 2.3.2-7). Because such faces usually form at a steep angle with the Earth’s surface,
they receive less cosmic radiation than horizontal surfaces do. A suitable correction can be cal-
culated using the radial distribution of the cosmic ray intensity, approximated as (Nishiizumi and
others, 1989):

fo)=sin”* o (2.3.2-6)

where « is the incident angle of the cosmic ray particle. The total amount of radiation reaching
a fault face (forming an angle f with the Earth’s surface) from all directions in a vertical plane is
obtained by integration of f{e) as follows (cf. Zreda and Phillips, 1994):

T

fB)= jf ()da = j sin”® ador (2.3.2-7)
B B

and production rates of cosmogenic nuclides are reduced by a factor f{3)/f0).

Another concern in cosmogenic dating of faults is a possibility of polygenetic character
of fault faces. Many faults were active more than once in the past and these multiple events pro-
duced cumulative movements along the same face. It is important to recognize these different
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cosmic rays

Figure 2.3.2-7. Incident cosmic ray intensity at a fault face inclined at an angle 8. The cosmic-ray inten-
sity depends on the direction according to Equation 2.3.2-6; the highest intensity is in the vertical direc-
tion (longest line), whereas the horizontal contribution is zero. Fault face is exposed to cosmic rays over
the angle 180-8 (solid lines) and shielded from cosmic rays over the remaining angle  (dashed lines).

phases of the fault formation and design sampling accordingly. In polygenetic faults, each part
of the face has been exposed to cosmic radiation for a different period of time. From cumulative
exposure durations at these different parts of the face and respective total accumulated move-
ments, it is possible to reconstruct differential movements along the fault. A study of 36Cl expo-
sure ages of a fault scarp along the Hebgen Lake fault zone, Montana is in progress.

Preliminary data have been presented at the Fall 1995 AGU Meeting (Zreda and others, 1995b)
and the Goldschmidt Conference (Zreda and others, 1996). We present all the field data in
Section 4 of this volume.

LIMITATIONS/MAXIMUM UTILITY

There are several advantages of in situ cosmogenic methods: (1) they can be used to
date landforms and determine rates of surficial processes, (2) they are applicable to the
Quaternary period, (3) they can be used on a variety of geological materials, and (4) analytical
methods for their determination are well established.

The major advantage of the cosmogenic nuclide methods is that they allow numerical
dating of landforms, including those constructed out of redistributed material. Previously, such
surfaces could not be dated because conventional radiometric geochronometers, such as K-Ar,
are not reset by processes of mobilization and geomorphic redeposition. As an example, consid-
er alpine moraines deposited 20 ka, during the late Wisconsin glacial maximum. They were
constructed out of pre-existing material and this material itself is as old as the mountains out of
which it was eroded by the glacier. The geomorphic redistribution of this material and deposi-
tion as moraines does not reset geochronological clocks based on radioactive decay, such as K-
Ar or 3¥Ar/40Ar, but it does start the in situ cosmogenic clocks by exposing the previously
buried material to cosmic rays. If erosion is negligible, one can obtain the exposure age of the
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moraines from just one cosmogenic nuclide. On eroding surfaces, a second nuclide may be nec-
essary to also determine the average erosion rate.

A major geological advantage of the methods is that they are applicable to the
Quaternary period. They expand our ability to date sediments and surfaces beyond the 50 ka
limit of the 14C method and, consequently, have become invaluable tools for Quaternary geolo-
gists, geochronologists and geomorphologists.

In contrast to the conventional 14C dating method, which requires organic carbon, cos-
mogenic methods can use many different types of material. Typically, rock or soil samples are
collected because they are in abundance in most geological contexts. For some nuclides, such as
26A1 and 3He, specific minerals must be present, whereas others, such as 36Cl, can be measured
on whole rocks as well.

The quality of analytical data for cosmogenic nuclides is usually very good. It has been
assessed by repeated measurements on the same rock samples. For example, multiple samples
prepared at New Mexico Institute of Mining and Technology from the same rock yielded consis-
tent 36CI ages, well within the analytical uncertainty of the AMS measurement. These were not
splits of the same sample, but samples prepared at different times and using different dissolution
methods.

Disadvantages common to all cosmogenic buildup methods include: (1) limited avail-
ability of sampling sites and/or samples; (2) limited knowledge of production rates; (3) complex
exposure history due to geological factors; (4) long and involved sample preparation; and (5)
limited accessibility of analytical equipment.

Availability of samples varies from one geologic context to another. Moraines, for
instance, may not contain large boulders suitable for dating and one may have to collect samples
from small boulders or the moraine matrix. Such samples may be more affected by erosion of
previous soil cover than large boulders are and they give ages that differ from the landform age.
Extensive lava flows are easy to sample and almost any location not covered by tephra or other
loose material may be suitable. However, they may lack suitable minerals for selected nuclides.
For paleoseismic studies, best geological settings would be uneroded fault scarps and fault faces
with visible slickensides. Such settings are not readily available everywhere, but there are loca-
tions where cosmogenic studies could be conducted.

Another disadvantage is that the cosmogenic methods are still under development. For
instance, there are disagreements regarding production rates. Differing calibrations were report-
ed for 36Cl (Zreda and others, 1991; Swanson and others, 1993; Zreda, 1994) and 3He (Kurz and
others, 1990; Brook and others, 1993; Cerling and Craig, 1994). It is likely that they reflect
problems with scaling factors for elevation and latitude or inaccurate independent age estimates.
Such problems should be solved in the near future.

Sample preparation for some nuclides is very involved and includes separation of suit-

able minerals. The analyses are routine, but can only be done at specialized facilities, at limited
times. In consequence, a typical turn around time is on the order of months. The overall cost is
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relatively high; sample preparation costs are about $500 and the spectrometric analyses are
about $500 per sample; these costs vary among the nuclides.

See Section 4.3 for examples of the application of this method — eds.
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Dating and Earthquakes Review of Quaternary Geochronology and its Application to Paleoseismology

2.3.3 K-Ar and ©Ar/¥Ar dating

Paul R. Renne
Berkeley Geochronology Center, 2455 Ridge Road, Berkeley, California 94709

INTRODUCTION

The K-Ar dating method, and its variant the 4VAr/39Ar method, are based on the natural,
spontaneous radioactive decay of an isotope of potassium, 40K, at a known rate to produce an
isotope of argon, 40Ar. The K-Ar method was qualitatively established by 1950 (Aldrich and
Nier, 1948), was refined into a quantitative dating tool in the 1950’s, and has subsequently been
applied to a wide range of geologic problems. The applicability of K-Ar dating in the
Quaternary was demonstrated early in the method’s development stage (Evernden and others,
1957, 1965).

Development of the 40Ar/39Ar method, foreshadowed by Wiinke and Konig (1959) and
established by Merrihue and Turner (1966), led to improvements that obviated many problems
intrinsic to the K-Ar method. Both K-Ar and 40Ar/39Ar methods are widely employed today.
The many advantages of 40Ar/39Ar dating have begun to diminish the relative importance of K-
Ar work, but K-Ar remains somewhat utile as a cheaper, faster method that is immune to the
effects of 39Ar recoil (see 39Ar recoil, below).

The terrestrial abundance of the parent isotope (49K) and the relatively slow rate of its
decay combine to render K-Ar-based methods among the most versatile of all radioisotopic dat-
ing tools. These methods have been applied successfully to a wide variety of geologic environ-
ments (including meteorites and lunar rocks) ranging from greater than 3 billion years old to less
than 10 thousand years old.

K-Ar based methods applied to volcanic materials have been widely used in the calibra-
tion of the geologic time scale, including the time scale of geomagnetic polarity reversals.
Much of the radioisotopic data constraining the temporal framework for the evolution of fauna
and flora in the Mesozoic and Cenozoic Eras are based on these methods. Dating of volcanic
rock units having known temporal relations with faults or other seismic manifestations is the
most common application of these methods to paleoseismicity studies. K-Ar based methods can
be applied to minerals that precipitate in veins, fault surfaces, or soils. Insofar as the growth of
such minerals can be related temporally to faulting, their ages can be used to date paleoseismic
activity.

A limitation of K-Ar based methods, the potential for radiogenic argon (40Ar*) to
escape from minerals and/or rocks due to thermally activated diffusion, has been turned to
advantage with the development of thermochronology (e.g., McDougall and Harrison, 1988).
This field is based on using the kinetics of 40Ar* mobility to infer the thermal histories of rocks,
which has been especially powerful for studies of granitoid/metamorphic terrains, and is only
rarely applicable to Quaternary dating studies.
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This paper is not intended as an exhaustive treatment of the theory and application of K-
Ar and 40Ar/39Ar dating methods. For further insight and greater depth in most aspects, the
reader is directed to the works of Dalrymple and Lanphere (1969) and McDougall and Harrison
(1988).

THEORY OF DATING METHOD

Principles and assumptions
Radioactive decay scheme

40K undergoes branched decay by two different modes, to 40Ca via B~ decay, and to
40Ar by electron capture. The latter process most frequently occurs by capture of an extra-
nuclear electron by a nuclear proton, converting the latter to a proton with the emission of a neu-
trino. Most commonly, the resulting 4CAr atom is in an excited state and decays to the ground
state through emission of y radiation.

As with other modes of radioactive decay, the 40K — 40Ar decay can be described by a
decay constant A such that the rate of decay at any time (z) is proportional to the number of 40K
atoms (N) present at that time, i.e.

dN/dt = -AN (2.3.3-1)

where A represents the total decay of 40K, and is simply the sum of decay constants Ag= (4.962
+0.009) x 1010y and A, = (5.808 + 0.004) x 10-!! y describing the decay to 40Ca and 4VAr,
respectively (Steiger and Jager, 1977). The general form of radioactive decay represented in
(Equ. 2.3.3-1) is due to Rutherford and Shoddy (1903). The value of A, (5.543 + 0.010) x 10-10
y, corresponds to a half life of (1.250 = 0.002) x 10° y — the time required for a given quantity
of 40K to decrease by one half.

Isotope geochemistry of K and Ar

Potassium is not produced by any radioactive decay processes. The isotopic composi-
tion of K at any time in geologic history is essentially uniform, with no significant anomalies
(>0.2 percent) recognized due to mass-dependent fractionation or other processes (Garner and
others, 1975a,b; McDougall and Harrison, 1988). The presently accepted proportions are: 41K :
40K : 39K = 6.7302 : 0.01167 : 93.2581 (Garner and others, 1975b).

Unlike potassium, argon is highly variable in isotopic composition primarily because of
its radiogenic production from 40K From the foregoing it is obvious that any closed system will
accumulate 40Ar over time in some relation to the amount of 40K present. Two additional iso-
topes of Ar, 30Ar and 38Ar, are common in the atmosphere, hydrosphere, and lithosphere. The
atmosphere (air) contains isotopically homogeneous Ar (lacking 49K), with 40Ar : 38Ar : 36Ar =
99.600 : 0.0632 : 0.3364 (Nier, 1950). Hydrospheric reservoirs, including meteoric fluids, are
generally in Ar isotopic equilibrium with the atmosphere.

NUREG/CR 5562 2-130



K-Ar and 49Ar/’°Ar Dating

The K-Ar method

Solving the initial value differential equation represented by Equation 2.3.3-1 leads to
the basic age equation for K-Ar dating:

t = (A1 In[(*OAr*/40K)-(Mhg) + 1] (2.33-2)

where A and A are the decay constants introduced previously (see Radioactive decay scheme,
below), and 40Ar* is radiogenic 49Ar, as distinct from 40Ar from other sources such as air. The
independent variables in Equation 2.3.3-2, i.e. the values that must be determined in order to cal-
culate a sample’s age, are the relative atomic proportions of 40K and 40Ar*. Because of the dif-
ferent chemical and physical properties of K and Ar, it is generally necessary to determine the
concentrations of 40Ar* and 40K, e.g. in units of mol/g (or equivalent), independently in order to
solve Equation 2.3.3-2 and calculate the K-Ar age of a sample.

Potassium analysis

The concentration of 40K in a sample can be determined with sufficient accuracy and
precision by several techniques, including gravimetric (wet chemical) methods, flame photome-
try, isotope dilution, atomic absorption, x-ray fluorescence, and neutron activation. These tech-
niques are well-established and all have been used for K-Ar dating, as reviewed by Miiller
(1966) and Dalrymple and Lanphere (1969). All of these techniques except isotope dilution and
neutron activation involve measurement of the total K concentration in a sample, and calculation
of 40K concentration is based on the homogeneous isotopic composition of K as discussed previ-
ously. Neutron activation analysis measures the concentration of 41K, from which 40K is calcu-
lated based on the same premise. Isotope dilution analysis can be coupled with direct measure-
ment of the K isotopic composition of a sample, avoiding any assumptions about relative iso-
topic abundances.

Flame photometry (see Cooper, 1963; Ingamells, 1970; Carmichael and others, 1968) is
now almost universally employed to determine the 40K content of samples for K-Ar dating. As
with all the other techniques (except wet chemistry) mentioned above, flame photometry
requires the use of standards for calibration. With proper calibration, flame photometry is
among the more accurate and precise of the methods mentioned above. The principal advan-
tages are that it is relatively rapid, inexpensive and easy to apply in comparison with the other
methods of K analysis.

Argon analysis

Determining the concentration of 4CAr* in a sample involves first measuring the abun-
dance of total 40Ar (4OAr)), and then making a correction for the portion that is non-radiogenic,
i.e. the initial 40Ar (40Ar;) present in the sample.

40Ar* = 40Ar, - 40Ar, (2.3.3-3)

For K-Ar dating, 40Ar, is determined by isotope dilution using mass spectrometry
(Dalrymple and Lanphere, 1969). A calibrated volume of 38Ar tracer or “spike” is added to the
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Ar derived from a sample, and the abundance of 40Ar is obtained from the relative abundances
of the two isotopes.

The concentration of 49Ar can also be measured by using manometric mass spectrome-
try (e.g., Cassignol and Gillot, 1982) as is commonly done for stable isotope analysis, obviating
the need for use of a spike and permitting precise measurement of Ar isotopic ratios. This tech-
nique requires extremely precise and accurate calibration of the volumes of reservoirs which
may be varied to control Ar pressure during mass spectrometric analysis, and atmospheric Ar is
used as a standard.

Correction for 40Ar; is generally made by assuming that all such 40Ar in a sample is
derived from the atmosphere, and therefore that it is associated with 36Ar in the proportion
40Ar/36Ar = 295.5. Thus standard practice is to simply subtract 295.5 times the 36Ar from the
40Ar,, and this “air-corrected” value is then taken to be 40Ar*. The percentage of 40Ar that
remains after this correction is a widely used index referred to as “percent radiogenic Ar” (per-
cent “0Ar*). Invalidations of this assumption are well-documented, and some rocks are known
to contain initial or “excess” Ar with 40Ar/30Ar >> 295 5, the effect of which is to produce spu-
riously old K-Ar ages. 49Ar-rich excess Ar may be derived from many sources, and is most
likely to occur in rocks exposed to a high Ar pressure such as deep-seated granitic and metamor-
phic rocks (e.g., Damon and Kulp, 1958), or volcanic rocks quenched too rapidly to exchange
magmatic excess Ar with the atmosphere (e.g., Dalrymple and Moore, 1968).

Quaternary materials can be susceptible to significant effects from relatively small
amounts of excess Ar. The effect of excess Ar increases with (1) increasing 40Ar/36Ar of the ini-
tial Ar component, (2) increasing concentration of the initial Ar component, (3) decreasing age
of the sample, and (4) decreasing K content of the sample.

The air correction is more likely to be valid with rocks that have equilibrated with the
atmosphere, such as continental volcanic rocks. Even so, excess Ar has been encountered in his-
toric lava flows, including 3 of the 22 flows studied by Dalrymple (1969), which yielded appar-
ent ages of up to 1.1 Ma. The effect of excess Ar on calculated ages of samples is strongly a
function of their age and K content, since these two factors determine the concentration of
40Ar*. Very few potential sources of non-radiogenic Ar have 40Ar/36Ar < 295.5, hence non-
radiogenic initial Ar generally contains excess 40Ar relative to air and it’s effect is therefore to
produce spuriously old apparent ages.

Rare cases of initial non-radiogenic Ar with 40Ar/36Ar < 295.5 have been documented;
these are due to (1) disequilibrium fractionation of air entering cooling lavas (Kaneoka, 1980;
Matsumoto and others, 1989); or (2) the presence of a trapped component of ancient atmospher-
ic Ar (e.g., Hanes and others, 1985), whose 4OAr/36Ar is likely to have been significantly less
than 295.5 in Proterozoic and earlier times. The former effect is most pronounced in rapidly
quenched portions of lava flows, and the latter effect is unimportant in Cenozoic samples.

Isochrons

The validity of the air correction for non-radiogenic 40Ar cannot be assessed on the
basis of routine K-Ar data, and excess Ar is often identified only because a K-Ar date for a rock
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is older than independent constraints permit. The K-Ar isochron approach can reveal (and obvi-
ate) the effects of excess Ar, as follows. Equations 2.3.3-2 and -3 can be rearranged, and both
sides divided by 30Ar to yield.

40Ar/36Ar = (Y0Ar/36AT); + (AJA)-(OK/3OAT)-(eH-1) (2.3.3-4)

Data from a number of cogenetic samples with uniform (40Ar/36Ar); can be cast on a
plot of 40Ar/36Ar versus 40K/36Ar, and will yield a straight line (isochron) of the form
y = mx + b, where

b = (40Ar/36Ar), (23.3-5)
the 40Ar/36Ar of initial Ar common to all samples, and
m = (AJA)(eM-1) (2.3.3-6)

which can be solved for the age z. As with isochron analysis based on other radioisotopic sys-
tems, the approach of York (1969) allows regression of data to calculate both the values of inter-
est and statistical uncertainties in these values, allowing for correlation of errors in the depen-
dent and independent variables.

The most effective use of the isochron approach is to analyze separately several different
minerals from the same rock, as the different minerals are likely to have (1) different 40K /36 A
values because of their different K concentrations; and (2) the same initial 40Ar/30Ar. Validity
of the latter premise can be assessed by the degree to which the data define a straight line.
Further discussion of isochrons is presented in The #0Ar/3%Ar method, above.

Mobility of Ar and K

Assuming that (40Ar/36Ar); is atmospheric or can be determined via isochron regression,
the ratio 40Ar*/40K can be readily determined as outlined above. Equating this value to the age
of a sample via Equation 2.3.3-2 assumes that the sample has neither lost nor gained K or Ar
since its formation. This assumption is most commonly violated by loss of 40Ar* during slow
cooling, reheating, alteration or recrystallization of rocks. Because Ar is a noble gas, it is not
bonded into crystal structures and can be mobilized relatively easily by diffusion, recrystalliza-
tion or alteration. It was recognized early in the technique’s development that K-Ar dates on
slowly cooled igneous or metamorphic minerals were often younger than formation ages
because 40Ar* diffused out until cooling below a critical “closure temperature” was attained,
below which diffusion is negligible. This observation has been turned to advantage in the field
of thermochronology (e.g., McDougall and Harrison, 1988) wherein closure temperatures are
established for different minerals and closure ages can then be used to delineate thermal histo-
ries of rocks. Closure temperatures for various minerals are discussed further below; in the pre-
sent context it suffices to note that #OAr* may be lost from commonly dated minerals at temper-
atures of ~200 °C or less by diffusion. For rapidly cooled rocks such as volcanics, that have not
been reheated after eruption, the effect is insignificant.

Mobility of K is less common, and is not likely to occur without recrystallization that
can be discerned petrographically. Exceptions include glass, which can lose Ar and either lose
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or gain K in some cases, and highly water-soluble compounds such as halides, as discussed
below.

Assumptions

Several important assumptions are made in equating K-Ar data with the age of geologi-
cal materials. The basis and validity of these assumptions have been discussed in the foregoing;
they are summarized below for emphasis. Each assumption is designated by a brief descriptive
phrase for ease of reference in subsequent discussion.

(1) Data Accuracy It is assumed that K and 40Ar concentrations have been determined
accurately, their values having been calibrated against standards whose absolute
concentrations of K and 40Ar are known.

(2) No initial 40Ar is assumed to be present other than that derived from the atmosphere,
except in cases where such components’ isotopic composition can be determined,
e.g. by isochron analysis, or the likelihood of their existence minimized by system-
atic studies of multiple samples.

(3) Closed System It is assumed that the rock or mineral being dated has been closed to
gain or loss of both K and Ar. Loss of K and gain of Ar can produce spuriously old
dates, whereas gain of K and loss of Ar can produce spuriously young dates.

(4) Short Growth Interval The time of formation of the sample must be short compared
to its age if a meaningful date is to be obtained- if not, only an average age will be
determined.

(5) Decay Constants It is assumed that the decay constants are well-known and are inde-
pendent of the physical and chemical conditions the sample has experienced.

(6) Constant K/*9K The isotopic composition of K is assumed to be constant, not modi-
fied by mass fractionation, except in the rare cases where the concentration of 40K is
determined directly.

(7) Homogenous K The K in a sample (hence also the 40Ar*) is assumed to be homoge-
nous at the level of samples analyzed for both K and #0Ar*, since these determina-
tions are made on physically separate samples.

The #0Ar3%Ar Method

The 40Ar/39Ar dating method is based on the same radioisotopic decay system as is the
K-Ar method, but uses neutron activation of 39K to 39Ar to determine the potassium content of a
sample. 39Ar can be measured mass spectrometrically along with the other isotopes of Ar as is
done in the K-Ar method. The nuclear reaction requires absorption of a fast neutron and emis-
sion of a proton, symbolically represented as 3°K(n,p)3Ar. The method relies on equating the
amount of neutron-induced (nucleogenic) 3Ar to the concentration of 39K in the sample, and
thus indirectly to the desired 49K by virtue of the constancy of the isotopic composition of K.
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Because 39Ar may be produced by other nuclear reactions as well as those on 39K, it is conve-
nient to specify K-derived 39Ar as 3%Ary.

As discussed by Mitchell (1968), the production of 39Ar from potassium-bearing materi-
als in a neutron beam follows the relation

39Arg = 9KAIO(E)o(E)E (2.3.3-7)

where 39Ary is the number of 39Ar atoms produced, 3K is the original number of 39K atoms
present, A is the time duration of the irradiation, ¢(E) is the neutron flux at energy E, and 6(F) is
the neutron capture cross section at energy E for the 39K(n,p)3?Ar reaction. Combining
Equations 2.3.2-7 and -2, and rearranging terms shows that a sample of age z will have

A0Ar*/39 Ary = (4OK/39K) A/ A)(L/AY(eM - D/AIO(E)o(E)dE (2.3.3-8)

It is useful to define a dimensionless irradiation parameter J, whose value is a measure
of the neutron fluence at energies appropriate to the 39K(n,p)39Ar reaction, such that

J = COKMAKYVA)AIO(E)o( E)IE (2.3.3-9)
and therefore Equation 2.3.3-8 can be rewritten as
A0Ar*/39Ary = (eM - 1)1] (2.3.3-10)
and rearranged to yield the fundamental age equation for 40A1/39Ar dating:
t = In[J (“OAr*/39Arg ) + 1] (2.3.3-11)

Thus an age can be calculated provided the neutron fluence parameter J can be deter-
mined. The usual method of determining J for a given irradiation is to coirradiate standards
(also known as fluence monitors) of known age along with the unknowns to be dated. For a
given irradiation, J can be determined as

J = (eM - DIAOAr*/39 Arg) (2.3.3-12)
and this value can be used in Equation 2.3.3-11 to solve for the age of an unknown.

The most fundamental difference between the 40Ar/39Ar and K-Ar dating methods is
that the 40Ar/39Ar method allows all the information needed to calculate a sample’s age to be
derived from the Ar isotopic composition of irradiated samples. In the simplest case this
requires measuring only the relative atomic abundances of 40Ar, 39Ar, and 30Ar by mass spec-
trometry; 30Ar is used as in K-Ar dating to provide information about non-radiogenic 40Ar, most
commonly in making an air correction.

The ability to derive age information solely from Ar isotope ratios means a priori that
samples’ potential K homogeneity is not a source of error. The measurement of K indirectly via
39Ary is also more precise and has better abundance sensitivity than do most of the commonly
used techniques for measuring K in K-Ar dating. Another important feature of the 40Ar/39Ar
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method is that absolute amounts of Ar need not be measured as they must be in K-Ar work,
removing one important source of potential error.

Standards

Determination of the neutron fluence parameter J requires Ar isotopic analysis of a stan-
dard of known age that received the same neutron dose as an unknown sample. The value of J
is then determined by solving Equation 2.3.3-10. Several mineral standards are used for this
purpose by various laboratories, including those listed in Table 2.3.3-1. Ideally, the standard
used should be as close to the unknown sample’s age as possible, although this requirement has
variable stringency depending on the mass resolution (see below) of the spectrometer used. The
ages used for standards are generally based on K-Ar analysis, and are therefore subject to the
uncertainties of that method.

The accuracy of the 40Ar/39Ar method depends strongly on the accuracy with which the
age of the standards is known. The true ages of some standards are subject to some debate, and
some confusion has arisen in the geologic literature because different laboratories adopt different
ages for the same standard. For example, one of the most widely used interlaboratory standards
is the hornblende MMhb-1 (Alexander and others, 1978), whose age of 520.4 = 1.7 Ma is based
on average results of K and Ar analyses from 15 different laboratories (Samson and Alexander,
1987). Some researchers prefer to use their own internally determined data for standards; for
example the U. S. Geological Survey laboratory at Menlo Park has reported an age of 513.9 +
2.3 Ma based on K-Ar data (Darymple and others, 1993) and several other standards have been
calibrated against MMhb-1 using this age (e.g., Izett and others, 1991; Dalrymple and others,
1993). Establishing the “true” ages of standards is an active field of research, and it can be
hoped that consensus will eventually be reached.

Fortunately, the age of a sample based on a given age for a standard can be easily recal-
culated based on another age for that standard, thus a date based on a given standard’s age does
not become obsolete if the age of that standard is revised. By combining Equations 2.3.3-11 and
-12, the age (t,) of an unknown sample can be expressed in terms of a new age (ts,) for a stan-
dard and the ratio (R) of the 40Ar*/39Ary value of the unknown to that of the standard:

TABLE 2.3.3-1. 40AR/39AR DATING STANDARDS (NEUTRON FLUENCE MONITORS)

Name Material Age (Ma) Comment Reference

Hb-3gr Hombl. 1072 = 11 K-Ar Data Turner and others (1971)
MMbhb-1 Hornbl. 5204 +1.7 K-Ar Data Samson and Alexander (1987)
LP-6 Biotite 1279+ 1.1 K-Ar Data Odin and others (1982)

SB-2 Biotite 162.1 £2.0 K-Ar Data Dalrymple and others (1981)
GA-1550 Biotite 979 +09 K-Ar Data McDougall and Roksandic (1974)
B4aM Musc. 18.6 + 0.4 K-Ar Data Flisch (1982)

B4B Biotite 173 +0.2 K-Ar Data Flisch (1982)

FCs Sanid. 279+19  40A39Ar Cebula and others (1986)

FCs Sanid. 28.03 +0.09  APTS Renne and others (1994)

ACs Sanid. 1.186 £ 0.013 40Ar/39Ar Turrin and others (1994)
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1, = I[R-(eMSy - 1) + 1/A (2.3.3-13)

The value of R can be determined by substitution using the original value (zs1) for the
age of the standard:

R = (B0Ar#39Arg), J(AOA*/PAr ) = (€M - DiEeMs - 1) (2.3.3-14)
A similar recalculation method is presented by Dalrymple and others (1993).

The advent of the astronomically tuned geomagnetic polarity time scale (APTS;
Shackleton and others, 1990; Hilgen, 1991a,b) provides a useful means of assessing the ages of
40Ar/39Ar standards. Renne and others (1994) showed that the Fish Canyon sanidine, intro-
duced as an 40Ar/39Ar standard by Cebula and others (1986), can be tuned to the APTS to yield
an age of 28.03 + 0.09 Ma that is indistinguishable from the age (27.9 = 1.2 Ma) reported by
Cebula and others (1986) but significantly more precise. Turrin and others (1994) proposed that
sanidine from the rhyolite of Alder Creek, a lava flow in northern California where the Cobb
Mountain geomagnetic polarity Subchron was defined, be adopted as a 40Ar/39Ar standard in
part because its age can be tied to the APTS at 1.19 Ma (Shackleton and others, 1990).

The most fundamental requirement of a 40Ar*/39Ar standard is that its K-Ar age is accu-
rately and precisely known. Ideally, this age can be compared with ages determined by indepen-
dent means. Another important criterion for 40Ar/3%Ar standards is that of compositional homo-
geneity at the scale of typical analyses for 40Ar/3%Ar dating. Pure mineral samples, rather than
whole-rocks, are preferable. The standard should yield 40Ar*/39Ary data whose reproducibility
is better than 0.5 percent. Finally, the standard must be available in large quantities.

Nucleogenic interferences

Neutron irradiation of most geological material produces several important reactions in
addition to the 39K(n,p)39Ar reaction. Those of primary concern in 40Ar/3%Ar dating involve
production of various Ar isotopes from various isotopes of K and Ca; the more significant of
these are 40Ca(n, no)30Ar, 40Ca(n,0)37Ar, 42Ca(n,0)39Ar, and 49K(n,p)40Ar. Reactions other
than 39K(n,p)3°Ar are referred to as interfering nuclear reactions, and corrections for them must
be made to Ar isotopic data in order to calculate accurate ages. The interfering isotope correc-
tions are made by measuring the nucleogenic production ratios of interfering Ar isotopes to oth-
ers produced from the same element in compositionally simple (and pure) synthetic materials.
Details of interfering isotope production and corrections are given by Brereton (1970), Turner
(1971), Dalrymple and others (1981), and Roddick (1983).

For example, 36Ar must be corrected for a component derived from Ca before an air
correction can be made:

36Ary = 30Ar, - 37Arc, (30ArA7An, (2.3.3-15)

where the subscript N refers to the nucleogenic corrected value. Subscripting the ratio with the
target element, e.g., (3°Ar/37Ar),, denotes a nucleogenic production ratio which is monitored
by analysis of irradiated material rich in the target element of interest and lacking others.
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Synthetic fluorite (CaF,) is commonly used to monitor (3®At/37Ar)¢,. Similarly, “9Ar must be
corrected for the 40K(n,p) 4OAr reaction using the ratio 40Arg/39Arg measured from K-bearing
material lacking Ca, such as synthetic KFeSiOy4 glass:

40Ary = 40Ar, - 39Ar(0Ar39An) ¢ (2.3.3-16)

The values 37Arc, and 39Arg in Equations 2.3.3-15 and -16 are obtained by correcting
37Ar, and 39Ar, for the presence of 37Arg and 3%Arc,. Mass balance plus nucleogenic produc-
tion ratios allow each of these values to be calculated.

39Arc, = B7Ar, - 39Ar, 3TAA AT AYOAN, - CTAIANKI(2.3.3-17)

37 Arc, = 3Arc, C7Ar 39A1) ¢, (2.3.3-18)
3T Arg = 3 Ar, - 3TArg, (2.3.3-19)
I Arg = IAr, - FAre, (2.3.3-20)

Interference corrections are most important for relatively young samples, and they must
be made with accuracy and precision for Quaternary materials. Neglecting the existence of
36Ar, when making an air correction on 49Ar, for example, can lead to serious underestimates
of the age. This effect increases with both increasing Ca/K in the sample and with the duration
of irradiation. Minimizing errors introduced by this so-called Ca-correction involves two strate-
gies. First, the magnitude of the correction can be minimized by irradiating samples for the
shortest time possible that produces enough 3?Ary to measure precisely, as outlined in detail by
Dalrymple and others (1981). Second, the correction can be made as accurately as possible by
monitoring precisely the value of (3%Ar/37Ar)c,. This ratio involves reactions with similar cap-
ture cross section functions, varying only by ~10 percent between different reactors and general-
ly less than that between different irradiations in the same reactor. Nonetheless, for dating
Quaternary samples with Ca/K > 1 it may be advisable to monitor (36Ar/37Ar)(, directly for
each irradiation rather than treating this value as a reactor constant. The Ca-correction involves
the assumption that the isotopic composition of Ca is the same in the monitor material as in the
unknown samples. This is not strictly valid in view of 49Ca* enrichment in K-rich materials
(produced by the 40K — 40Ca 8- decay discussed in Radioactive decay scheme, above), but this
enrichment is negligible in the younger samples that are most sensitive to the Ca-correction.

The so called K-correction required by the 40K(n,p)#0Ar reaction also is most important
for relatively young samples. This reaction is produced by thermal neutrons with much different
energies than those producing the 39K(n,p)39Ar reaction, and the ratio (40Ar/39Ar)y used to
make the K-correction varies by more than a factor of 10 between different reactors and even
between different irradiations in the same reactor. Fortunately, the 40K(n,p)*9Ar reaction can be
reduced by a factor of ~100 by using a thermal neutron absorbing material, such as Cd foil, to
shield samples during irradiation. It is strongly advisable to monitor (*0Ar/39Ar)k for each indi-
vidual irradiation, particularly in younger (i.e. Quaternary) samples that are most sensitive to the
correction.
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Decay corrections

Both 37Ar and 3%Ar are radioactive, with half-lives of 35.1 + 0.1 days and 269 * 3 years,
respectively (Stoenner and others, 1965). The measured values of these isotopes must therefore
be corrected for decay before an age can be calculated. For an irradiation of duration ¢,

Ny = N-AreM'[(1-e-M) (2.3.3-21)

where N is the total number of atoms produced, and N is the number measured at time ¢ after
the irradiation (Brereton, 1972; Dalrymple and others, 1981). Irradiation in discrete increments
requires a somewhat more complex correction given by Wijbrans (1985) and reproduced by
McDougall and Harrison (1988).

Age spectra

The capability of the 40Ar/39Ar method to provide geochronologic information from Ar
isotopic data alone leads to the concept of the apparent age spectrum. By incrementally
degassing irradiated samples (generally by step-wise heating), the apparent ages of successively
released gas fractions can be monitored in order to ascertain the consistency of results. This
approach was developed early in the history of 40Ar/3%Ar dating (Turner and others, 1966),
wherein it was established that the variation of apparent age with degree of outgassing of a sam-
ple had relevance to the spatial distribution of Ar isotopes in the sample. By plotting the appar-
ent age versus cumulative release of a proxy (39Ar) for the parent isotope (*UK), the form of the
resulting apparent age spectrum (Fig. 2.3.3-1) presents a powerful means of interpreting
40Ar/39Ar data. A “total gas age” can be calculated from the sum of Ar isotopes released in the
experiment; if no Ar is lost from the sample during irradiation (see 39Ar recoil, below) then the
total gas age is exactly equivalent to a K-Ar date.

If successive analyses (or steps) yield consistent apparent ages, the spectrum is concor-
dant. Concordant age spectra (Fig. 2.3.3-1a) are generally interpreted to reflect a homogeneous
internal distribution of 40Ar*/39Ary, and thus provide evidence against heterogeneous mobility
of K and Ar. In such cases a “plateau age” is often defined as the mean of the individual step
ages, with each step weighted by its inverse variance. Various definitions have been proposed
for an apparent age plateau (c.f. Dalrymple and Lanphere, 1974; Fleck and others, 1977;
Lanphere and Darymple, 1978; Berger and York, 1981; McDougall and Harrison, 1988). Most
definitions stipulate that a plateau comprise at least three contiguous steps, containing ~50 per-
cent of the total 3%Ar released, whose ages do not differ at the 95 percent confidence level
when only internal errors are considered (i.e. neglecting uncertainty in the J-value).

Most workers prefer to neglect uncertainty in nucleogenic interference corrections in
defining a plateau, but this is strictly valid only when a sample is compositionally homogeneous,
i.e., has uniform Ca/K. This is frequently untrue in the case of whole-rock basalts, or chemical-
ly zoned minerals like plagioclase, and therefore uncertainty arising from interference correc-
tions should be included in the definition of a plateau.

Discordant age spectra (Fig. 2.3.3-1b) are relatively common, and the nature of discor-
dance varies significantly. Spectra that are discordant may nonetheless yield a plateau, depend-
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Figure 2.3 3-1. Examples of “0Ar/3%Ar age spectra.
Figure la-Concordant spectrum, with plateau age indicated

Figure 1b-Discordant spectrum with a plateau. The 16 uncertainty range for the plateau age is indicated
on each spectrum with dashed lines.

ing on the criteria used to define a plateau. The interpretation of discordant age spectra is dis-
cussed below.

39Ar recoil

The 39K(n,p)3?Ar reaction causes the 3%Arg atoms produced to recoil with a spectrum of
energies that depends on the energy spectrum of neutrons in the reactor. The distance recoiled
depends on the density of the material, and recoil distances of 0.1 to 0.2 pm have been shown to
occur in silicate media (Turner and Cadogan, 1974; Huneke and Smith, 1976). Thus recoil can
cause redistribution of 39Ary within a polyphase sample, and/or loss of 39Ary from samples
with grain sizes smaller than ~5-10 um. 3%Arg redistribution can introduce artificial complexi-
ties into age spectra without necessarily affecting the total gas age. Recoil-induced 39Ar loss,
however, can cause samples to yield erroneously old total gas ages. Such spurious effects have
been demonstrated in fine-grained clay minerals (Halliday, 1978) and glaucony (Foland and oth-
ers, 1984).
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39Ark recoil loss can be prevented by encapsulating samples in evacuated capsules prior
to irradiation, thereby trapping any 3%Ary that is displaced and measuring it along with the sam-
ple, to be accounted for in the total gas age (e.g., Foland and others, 1992). Fortunately, the
form of an age spectrum often permits recognition of 3Arg recoil phenomena, and plateau ages
can frequently be obtained despite minor resulting discordance. If 39ArK recoil loss is suspect-
ed, it is recommended that K-Ar analysis be performed in order to constrain the possible extent
of the problem.

It is an empirical observation that 39Ar recoil is seldom observed in whole-rock basalt
samples of Quaternary age, whereas similar rocks of much older age commonly show evidence
of this phenomenon. This may be due to the relative freshness of younger rocks (i.e., freedom
from fine-grained recoil-prone alteration products), or the substantially lower neutron fluence to
which younger samples are usually submitted, or both of the above. Recent studies (e.g.,
Onstott and others, 1994; Tseng and others, 1994) indicate that structural damage caused by
neutron irradiation can enhance the diffusivity of Ar in some samples, and an enhancement of
39Ark recoil loss would also follow. Since older samples are typically irradiated for longer
times (see Preparation, below), this effect would be least apparent in younger samples.

Single crystal dating

The ability to calculate an age using only Ar isotopic data permits the analysis of
extremely small samples, down to the scale of individual sand-sized grains. This capability has
been used to date individual crystals, both by incremental heating and by total fusion.
Generally, such analyses use a laser to heat the grains. One of the most profound advantages of
this approach is that pyroclastic material such as crystal-bearing tuffs can be dated without dan-
ger of bias from xenocrystic contamination, often a vexing problem for both K-Ar and multi-
grain 40Ar/39Ar dating (e.g., Curtis, 1966; LoBello and others, 1987; Deino and others, 1990).

A convenient way to depict single-crystal dating results is by means of age-probability
spectra (e.g., Deino and Potts, 1992). The approach is to take a number of analyses which are
each assumed to have a normal distribution with unit weight, and sum the relative probabilities
at each age using an appropriate bin width. The resulting plot (e.g. Fig. 2.3.3-2) is convenient
for recognizing multiple age populations, taking account of analytical uncertainties. Ages can
be calculated for each mode on such plots.

Isochrons

The 40Ar/39Ar method lends itself straightforwardly to isochron analysis. Two different
approaches are widely used: (1) In the 40Ar/36Ar vs 39Ar/36Ar isochron plot (Fig. 2.3.3-3a), the
slope is equal to 40Ar*/39Ary and the intercept gives (40Ar/36Ar);; (2) In the 36Ar/40Ar versus
39Ar/40Ar version (Fig. 2.3.3-3b, also called an “inverse isochron”) the two extrapolated inter-
cepts yield reciprocals of 40Ar*/39Ary and (40Ar/36Ar);.

Isochron analysis may be readily applied to the results of incremental heating experi-
ments, and represents a powerful adjunct to the age spectrum approach in that no a priori
assumptions need be made about (40Ar/36Ar);. The use of incremental heating data for isochron
analysis has proven successful in resolving multiple reservoirs of trapped Ar, with distinct
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Figure 2.3.3-2. Age-probability spectrum (Ideogram) depicting results of ten single-crystal total fusion
40Ar/39Ar dates on sanidine grains from a tuff encountered in drill cores beneath the city of Rome, Italy
(courtesy of W Alvarez). The individual dates used to construct the spectrum are shown as open circles
with 16 error bars.

(40Ar/36Ar);, in certain samples (e.g., Heizler and Harrison, 1988). In such cases, incremental
heating allows these components to be separated on the basis of whatever differences exist in
their relative tendencies to be retained in the sample as a function of temperature. Isochron
analysis can also be applied to single crystal analyses, in which the variable concentration of
trapped argon can produce a reasonable spread of data.

It must be emphasized that multiple components of trapped Ar cannot always be
resolved by incremental heating or single crystal analysis, and the isochron approach is not nec-
essarily a panacea for resolution of the excess Ar problem. Recent studies (e.g., Esser and oth-
ers, 1994) have shown that trapped Ar in volcanic feldspar phenocrysts, for example, can have
heterogeneous isotopic composition and may not yield straightforward isochrons.

Assumptions

Most of the assumptions implicit in K-Ar dating are also made in 40Ar/39Ar dating.
However, the assumptions of no initial “Ar other than from air, and of closed system behavior,
can be tested to some extent as outlined in the foregoing. The assumption of compositional
homogeneity is completely eliminated because all the isotopic data are obtained from a single
analysis.

NUREG/CR 5562 2-142



K-Ar and #0Ar/3°Ar Dating

350

3401

330

3201

3107

4OAr/ SSAY

3001

2901

280

270

SOAr/ 3SAr

0 0038

0 0037 -
0 0036 -
0 0035 4

040035-

0 0033 1 |

S6Ar/ “O°Ar

0 0032

0 0031 -

0 0030 T ~r T T T T T T 7
000 o001 002 003 004 005 006 007 008 009 010

3SAr/ “OAr

Figure 2.3 3-3. Isochron diagrams, both showing the same data obtained from incremental heating
40Ar/39Ar analysis of a Pleistocene whole-rock basalt sample (Becker and others, 1994) Arrows on verti-
cal axis of each plot indicate the composition of atmospheric argon. 95 percent confidence regions are
indicated by the ellipses.

a-"Normal” isochron, in which the age is a function of the slope of the regression line.

b-"Inverse” isochron, in which the age is a function of the intercept of the regressed line with the horizon-
tal axis The inverse isochron age is 834 £ 51 ka, with initial 40Ar/36Ar = 297.8 + 1.0, and MSWD = 0.61.

Appropriate geologic settings

A wide range of geologic settings are accessible to K-Ar and 40Ar/39Ar dating methods,
including crystalline basement terrains, volcanic provinces, continental and marine sedimentary
sequences, hypogene and supergene ore deposits, and paleosols. Material from any of these
environments can be dated in principle by these methods provided that: (1) the material con-
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tains sufficient K to have produced detectable 40Ar*; (2) the material has been closed to mobili-
ty of K and Ar since the time of the event whose age is sought.

Application of K-Ar and 40Ar/39Ar methods to metamorphic and plutonic rocks has
flourished since the development of thermochronology (see McDougall and Harrison, 1988 for a
thorough review). Because VAr* is retained in many minerals only upon cooling attending
uplift, thermochronologic application of K-Ar and 40Ar/39Ar data is a powerful means of con-
straining the history of tectonism in crystalline terrains. In general, such applications are
restricted to pre-Quaternary rocks as surficial exposure of rocks from these environments
requires significant time (i.e., generally more than several Ma).

The application of these methods to dating volcanic rocks is by far the most important
application for Quaternary geochronology. Volcanic rocks are often excellent candidates for dat-
ing because 40Ar* begins to accumulate in such rocks (and their constituent minerals) only upon
eruption and rapid cooling from the magmatic state. Furthermore, subaerial volcanic rocks tend
to equilibrate with the atmosphere, so that (*0Ar/3Ar); tends to be close to if not exactly the
atmospheric value of 295.5, facilitating the accuracy of correction for non-radiogenic 40Ar.

In addition to providing constraints on volcanological processes, dating of lavas and
tephras can frequently be used in conjunction with stratigraphic and/or cross-cutting relations to
constrain the ages of geomorphic and structural events The wide dispersal of many tephras
facilitates such applications even in geologic settings relatively remote from volcanic activity.

Authigenic (chemically precipitated) minerals in a variety of environments -hydrother-
mal, pedogenic, and sedimentary- can be dated by K-Ar and 40Ar/39Ar methods if they meet the
criteria synopsized above. Of particular interest are recent studies showing that many pedogenic
minerals can be dated reliably (Vasconcelos and others, 1992; 1994a,b), and further work may
lead to results that are relevant to paleoseismic studies.

Sedimentary authigenic minerals have been dated in both marine (e.g., glaucony, clays)
and terrestrial (evaporite) environments. A common problem with such materials, however, is
poor retentivity of 40Ar* (e.g., Halliday, 1978). Many such minerals are sufficiently fine-
grained that 3%Ar recoil is problematic for 40Ar/39Ar dating (Halliday, 1978; Foland and others,
1984), though some recent work suggests that this can be ameliorated to some extent (e.g.,
Foland and others, 1992).

Time range of applicability

K-Ar and 40Ar/39Ar methods have no older limit of applicability, and samples > 3 Ga
have been dated. At the younger end, samples as young as several ka can be dated under favor-
able circumstances. No theoretical constraints limit the juvenility of samples that can be dated,
but the detectability of 40Ar* above a background of atmospheric 40Ar imposes practical con-
straints. The limiting factors in dating young materials are K content (and Ca/K ratio in
40Ar/39 Ar dating) and the amount of non-radiogenic 40Ar present in the sample. K-rich miner-
als with compact crystal structure, such as sanidine (KAISi;Og) are optimal in this regard, and
such samples less than 100 ka are routinely dated, with several studies demonstrating the viabili-
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ty of dating samples less than 10 ka (Dalrymple, 1967; Cassignol and Gillot, 1982). Figure
2.3.3-4 summarizes the age range of applicability for various materials.

Samples with relatively low K contents (i.e., <1 weight-percent), such as plagioclase,
hornblende and many whole-rocks, can be dated to 100 ka or less by both K-Ar and 40Ar/3%Ar
methods, but with greater uncertainty than high-K materials such as sanidine. The increased
uncertainty in such cases arises from intrinsically larger errors in measurement of 40Ar and K
(or 39Ar), and the propagation of errors through the proportionately larger influence of correc-
tions for 40Ar;, and of interfering isotoEes in the case of 40Ar/3%Ar dating. The relative uncer-
tainties in dating different materials is discussed further below).

The limitations of abundance sensitivity can be obviated to large extent by simply
increasing sample size, though in some cases (particularly with hydrous or gas-rich material
such as amphiboles, micas and some whole-rock samples) the analysis of large samples can
compromise the quality of data (below).

METHODOLOGY

Sample collection
Material type

As discussed previously, any material likely to meet the criteria of K-content and immo-
bility of K and Ar is a candidate for K-Ar and/or “0Ar/3%Ar dating. In many cases this necessi-
tates separation of suitable quantities of a desired mineral from a bulk rock or soil sample, as
discussed at further length below. In all cases, thin sections of the material to be dated should
be examined with a petrographic microscope in order to determine its homogeneity and freedom
from alteration.
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Volcanic materials

Whole-Rock Samples: Lavas such as basalts that contain no high-K phenocrysts are fre-
quently analyzed as “whole-rock” samples. In such cases it is desirable to remove certain low-K
minerals. Holocrystalline samples are vastly preferable to glassy ones, for reasons discussed
below. Whole-rock samples should be of lavas only, as pyroclastic rocks must always be sus-
pected of containing xenocrystic contaminants and should never be analyzed in this way. Highly
vesicular lavas, scoria, and pumice are problematic because their high surface to volume ratio
causes excessive adsorption of atmospheric Ar which may overwhelm 40Ar*, especially in
younger samples The ability to reliably date young whole-rock lava samples depends almost
entirely on their percent*0Ar* and K contents; under ideal circumstances they can be dated to
<50 ka (Hall and York, 1978; Lanphere, 1994; Becker and others, 1994) by both K-Ar and
40Ar/39 Ar methods.

Whole-rock K-Ar dates are increasingly suspected of being systematically too young, on
average, by as much as several percent in the Quaternary (e.g., McDougall and others, 1992;
Renne and others, 1993). The cause of this tendency is not fully understood, but subtle alter-
ation — even of seemingly fresh rocks- with attendant loss of 40Ar* is a likely possibility. The
40Ar/39Ar incremental heating method is often more appropriate for whole-rock samples
because many alteration phases such as clays and zeolites are degassed at relatively low temper-
atures and reasonable ages can still be obtained for part of the age spectrum corresponding to
higher temperatures. 40Ar/39Ar incremental heating is also preferred over K-Ar for whole-rock
samples because of its ability to reveal the presence of excess Ar, and to provide appropriate
data for obviation of this phenomenon through isochron analysis. In some cases, however (see
39Ar Recoil, above), K-Ar analysis is a useful adjunct to 40Ar/39Ar methods if 39ArK recoil is
suspected.

Volcanic glasses have been dated with variable success by K-Ar and 40Ar/39Ar methods.
Glasses are prone to remobilization of both K and Ar, especially upon hydration, and both spuri-
ously young and spuriously old K-Ar dates have been obtained (e.g., Kaneoka, 1972; Cerling
and others, 1985). The 40Ar/39Ar incremental heating method applied to glasses offers the
advantage of providing internal reliability criteria (1.e., a concordant age spectrum implies
homogeneous 40Ar*/39 Ary, hence freedom from heterogeneous K and/or Ar mobility). Basaltic
glasses as old as Jurassic (>150 Ma) in age have been successfully dated in this way (Hanan and
others, 1992; Foland and others, 1993).

Xenoliths: The temperatures of basaltic lavas on eruption are generally sufficiently hot
to outgas accumulated 40Ar from minerals in entrained xenoliths. The degree to which materials
are outgassed depends on the cooling history of the lava as well as kinetic parameters for Ar
transport in material composing the xenolith. In a few cases, (e g., Gillespie and others, 1982,
1983, 1984; Martel and others, 1987), partly degassed and/or recrystallized high-K minerals in
xenoliths have been used to date the lava encompassing them. The advantage of this approach is
the prospect of significantly higher K in the xenolith than in the host lava. Only the 40Ar/3%Ar
incremental heating method can be considered reliable for this purpose, as incomplete degassing
and/or excess 40Ar contamination are to be expected and K-Ar methods are inadequate to obvi-
ate these phenomena.
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Feldspars and Feldspathoids: Ideal materials for dating are high-K minerals such as
sanidine, anorthoclase, and leucite. The latter (a feldspathoid whose composition is KAISiOy) is
relatively rare and restricted to silica-undersaturated rocks Sanidine is much more common,
and 1s often found in both alkalic and calc-alkalic rocks of relatively high silica content (>68
weight- percent Si0,) such as dacites and rhyolites. Anorthoclase, an alkali feldspar containing
a significant plagioclase component (see below), is an occasional component of alkalic volcanic
rocks that has been dated with considerable success to ages as young as ~1 Ma (e.g.,
McDougall, 1985).

Volcanic alkali feldspars pose a challenge to K-Ar dating, as their refractory nature in
vacuum makes it difficult to extract completely the 40Ar* from them quantitatively (McDougall
and others, 1980; McDowell, 1983) as is needed for this method to succeed. The 40Ar/39Ar
method is greatly preferred for this reason.

Plagioclase feldspar, whose composition is (Ca,Na,K)Al; _,Si3 ,Oyg, is the most abundant
mineral in the majority of volcanic rocks, and is an excellent material for both K-Ar and
40Ar/39Ar dating in general. Unfortunately, the low K content (generally < 1.5 weight percent)
and high Ca/K (generally > 2) of plagioclases render them less useful for dating of Quaternary
samples. Both of these parameters tend to be negatively correlated with SiO, content in vol-
canic rocks, so that plagioclase from rhyolites can usually be dated more precisely and accurate-
ly than that from basalts at a given age. Plagioclase tends to be compositionally zoned, with
Ca/K decreasing from cores to rims of phenocrysts, and late-crystallized groundmass or matrix
plagioclase almost always having higher K and lower Ca/K than phenocrysts’ average values.
The difficulties in separating plagioclase with relatively high K content and low Ca/K are fre-
quently worth the effort. With careful attention to interference corrections and precise and accu-
rate 40Ar/36Ar measurements, plagioclases as young as ~300 ka have been dated reliably with
~10 percent precision (Pringle and others, 1992).

Nepheline, (Na,K)AISiOy, is a feldspathoid that occurs in alkalic, silica-undersaturated
rocks. Nepheline has not been widely dated, but a few studies indicate that it is amenable to K-
Ar and 40Ar/39Ar methods. The K content of nepheline is sufficiently high in many cases that it
holds reasonable promise for dating volcanic rocks of Quaternary age.

Micas: Although several micas are routinely dated by K-Ar and 40Ar/3% Ar methods,
only biotites are common in volcanic rocks and therefore warrant discussion in the context of
Quaternary geochronology. Biotites are solid solutions of several endmember components,
dominantly phlogopite [KMg3;AlSi;0,4(OH),] and annite [KFe;AlSi;0,,(OH),], and are com-
mon in relatively silicic calc-alkalic rocks (dacites and rhyolites) as well as many alkalic rocks
such as lamprophyres.

The high K content (generally > 6 weight-percent) makes them often good choices for
dating, and in fact, more biotites have been dated by K-Ar and 40Ar/39Ar methods than any
other mineral. Biotite is easily fused compared with volcanic feldspars, and complete Ar extrac-
tion is not generally a problem. Disadvantages of biotites for K-Ar and 40Ar/3%Ar dating
include (1) the ease with which they become altered, often with interlayered-secondary minerals
(e.g., vermiculite) that are undetectable except by microscopy (e.g., Renne and others, 1990); (2)
the generally high atmospheric Ar content due to their open, layered structure (Dalrymple and
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Lanphere, 1969; McDougall and Harrison, 1988); (3) the occasional occurrence of excess Ar,
which may not be detectable even by isochron methods, presumably also due to their relatively
open structural character.

40Ar/39 Ar incremental heating analysis of biotite presents significant advantages over K-
Ar analysis because the proportion of atmospheric 40Ar is typically reduced in higher tempera-
ture steps. This factor is especially important for young samples. On the other hand, many
biotites yield discordant age spectra that are not straightforwardly interpretable, but which in
some cases yield reliable total gas ages nonetheless. The proportion of biotites yielding discor-
dant spectra is decidedly smaller, in the author’s experience, when individual crystals are ana-
lyzed rather than multigrain samples.

In summary, biotites are often reliable minerals for K-Ar and 40Ar/39Ar dating, but com-
parison with independent age constraints should be sought. For volcanic biotites, a 40Ar/39 Ar
age plateau is generally a sufficient, if not totally necessary, criterion for reliability.

Amphiboles: Amphiboles are common in calc-alkalic volcanic rocks of intermediate sil-
ica content such as andesites and dacites, as well as some lamprophyres and other alkalic rocks.
Volcanic amphiboles are usually complex solid solutions of several components, but most can be
described as hornblende, with the general composition (Ca,Na,K), ;(Mg,Fe, Al)sAlSi;O,,(OH),.
Amphiboles are roughly equivalent to plagioclases in terms of both K-content and Ca/K, with
similar implications for their limited utility in dating Quaternary samples. Worse than plagio-
clase, amphiboles tend to contain a relatively large proportion of atmospheric 40Ar, as well as
other gases that hamper gas purification. For these reasons, dating amphiboles younger than 2
Ma represents a significant challenge, though not an insurmountable one (Mertz and Renne,
1995; Swisher and others, 1994).

Other materials

Clays and Related Minerals: As mentioned previously, clay minerals such as illite and
related materials such as glaucony have been dated by both K-Ar and 40Ar/39Ar methods, with
limited success. The typically very fine grain sizes of such materials, and their low thermal
retentivity of Ar, render them highly susceptible to Ar loss in both geological and laboratory
environments.

An important problem in dating clays from sediments is that it is difficult to separate
detrital constituents from authigenic ones, and anomalously old apparent ages may be obtained
as a result. Obviation of this problem has been sought by analyzing only very fine (e.g., < 2um)
grain size fractions, but such fractions must then be suspected of susceptibility to Ar loss due to
the extremely small diffusion dimensions.

An additional difficulty with clays and clay-like minerals, especially problematic for
younger samples, is that the high surface to volume ratio of such materials results in the adsorp-
tion of large amounts of atmospheric Ar which may overwhelm 40Ar*. The sensitivity of such
systems to thermally induced Ar loss precludes baking them in vacuo at temperatures above
~100 °C to reduce the atmospheric contamination. A related problem is isotopic fractionation of
Ar under vacuum in the extraction line prior to analysis (Baksi, 1974).
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Certain K-rich clays occur diagenetically in fault gouge, and in some cases are thought
to be syngenetic with faulting. K-Ar dating of such occurrences has produced dates that are
consistent with independent constraints in many pre-Quaternary cases (e.g., Hoffman and others,
1976; Langley, 1981; Shibata and others, 1988; Tanaka and others, 1992).

Pedogenic Minerals: A number of pedogenic minerals contain sufficient K and retain Ar
well enough to be dated reliably. Most important among these are sulfates such as jarosite,
which commonly form as weathering products of sulfide-bearing materials. Jarosite as young as
~10 Ma has been dated by both K-Ar and 40Ar/39 Ar methods (Vasconcelos and others, 1994a
and references therein). Jarosite and related minerals commonly occur as aggregates of very
fine grains, hence may be subject to similar problems as are clay minerals (e.g., 3°Ar recoil phe-
nomena, high atmospheric Ar content) but appear to retain Ar at slightly higher temperatures
than do clays.

The cryptomelane-hollandite group of K-Mn oxides are common in many lateritic soils,
and have been reliably dated in a number of occurrences throughout the Cenozoic (Vasconcelos
and others, 1992, 1994b, 1995). These minerals occur as fine-grained aggregates of densely
intergrown crystals which frequently also contain significant amounts of atmospheric Ar, posing
difficulties to dating very young samples. Nonetheless, their compact structures retain 40Ar* at
high temperatures (>300 °C; Vasconcelos and others, 1995), and their high density appears to
minimize problems due to 39Ar recoil despite grain sizes commonly < 10 um. Thus 40Ar/39Ar
incremental heating is a particularly attractive means of dating such minerals as the lower tem-
perature steps serve to reduce atmospheric Ar in subsequent steps. Vasconcelos and others
{1994b) used the step-heating method to date a cyrptomelane sample as young as 190 ka at the
bottom of a lateritic weathering profile. Dating of K-Mn oxides is an active field of research,
and refinement of analytical techniques will undoubtedly extend the reliability with which these
minerals can be dated, including more widespread application into the Quaternary.

Field collection methods

Samples for dating should have a clear geologic relation to the event whose age is
sought. If other dating methods will be applied to the same unit, samples for the various meth-
ods should be collected from as nearly the same place as possible, and dependence on possibly
speculative correlations should be minimized. The location - both geographically and strati-
graphically - should be described as precisely as possible so that the same outcrop can be revisit-
ed in the future, if necessary. It is frequently desirable to sketch or photograph outcrops from
which samples are collected, noting important field relations.

Samples should always be free from visible alteration due to weathering, hydrothermal
activity, etc. Surficial weathering products as well as adhering detritus and/or soil should be
removed as completely as possible in the field. Samples should be contained in well-labeled
plastic, paper or cloth bags and sealed to prevent contamination. Sample identification numbers
should be unambiguously related to field notes. Where possible, samples should also be labeled
directly by writing on them with indelible markers.

The amount required depends upon the method to be employed, age and K-content of
the material to be dated, as well as the abundance of this material in the bulk sample collected
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and the sensitivity of the instruments to be used. These considerations are discussed in detail
below.

For practical purposes, several kilograms of bulk sample are usually adequate unless a
mineral is to be separated whose abundance is extremely low. For whole rock samples, i.e.,
lavas, 0.5 kg is more than adequate. These quantities generally provide allowance for replicate
analyses and sufficient material from which to make a petrographic thin section

Lava flows

In order to minimize both the abundance of glass and the possibility of excess 40Ar con-
tamination, samples should be taken from the most crystalline interior portions of flows. Highly
vesicular zones should be avoided, as should concentrations of K-poor phenocrysts (olivine,
pyroxenes) or xenoliths (unless the objective is to analyze xenoliths, below).

Tuffs

Collection of tuff samples varies according to which dating method will be applied. For
K-Ar or multigrain 40Ar/3%Ar dating, samples should be collected so as to minimize the poten-
tial for xenocrystic contamination. Collecting minerals from pumice lapilli is desirable if possi-
ble, as these are less likely to be contaminated. High concentrations of rock fragments or round-
ed mineral grains should be avoided.

Single-crystal 40Ar/39Ar dating can obviate xenocrystic contamination (e.g., LoBello
and others, 1987; Deino and Potts, 1990), but is dependent on crystals that are sufficiently large
(generally > 0.5 mm diameter for Quaternary minerals) to yield accurate 4CAr* determination.
Sorting of crystals during ash-flow or air-fall deposition commonly results in concentrations of
coarse crystals, frequently near the base of deposits. Such concentrations may not be obvious
without close scrutiny using a hand lens. Where uncertainty exists as to grain size variations,
several samples should be collected from the unit of interest, and compared in the laboratory
preparation stage to determine which is best.

Preservation/transportation

There are no special considerations for sample preservation or transportation other than
that they are not heated to > 100°C, and care should be taken not to contaminate them with
hydrocarbons, including many lubricating oils. The latter consideration dictates preventing sam-
ples from coming into contact with bilge water on boats, oily rags, etc.

Care must be taken to preserve sample labels; wrapping samples in paper to avoid abra-
sion is useful for this purpose. At some stage in the laboratory, samples are often assigned a
laboratory number with standardized format in addition to the field number. For K-Ar dating,
the laboratory number can be the same as the spike number, which is used to monitor depletion
of the tracer.
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Laboratory analysis

The following section is based largely upon methods employed at the Berkeley
Geochronology Center (BGC). Where significant departures from these methods are in use by
other laboratories, to the author’s knowledge, they are indicated.

Preparation

Sample preparation almost invariably begins with crushing, grinding, and sieving into
size fractions. Large and/or indurated samples must often be crushed and ground using heavy
mechanical equipment, whereas non-indurated samples may often be crushed and ground with a
mortar and pestle. All equipment used for crushing and grinding must be cleaned with com-
pressed air and an alcohol wipe before each new sample. Rough metal surfaces (e.g., on jaw
crushers) should be scrubbed with a wire brush before being sprayed with compressed air.

Where mineral separates are desired, the final (ground) grain size should be comparable
to the grain size of the mineral to be extracted. The ground sample should be sieved into several
size fractions bracketing the average size range of the desired mineral. For example, if the min-
eral of interest averages 1/40t of an inch (40 mesh = 635um) in dimension, then it might be
sieved into 20-30, 30-40, 40-60, and 60-100 mesh fractions. Size fractions composed dominant-
ly of composite grains may be reground so as to yield a higher proportion of (smaller)
monomineralic grains. Care should be taken to avoid initial overgrinding. For single crystal
40Ar/39Ar dating, the coarsest possible fraction is preferable. For lava samples to be dated as
whole rocks, the 40-60 or 60-100 size fractions are usually selected.

The selected size fraction is rinsed in tap water until all adhering dust is washed away,
then cleaned in distilled water in an ultrasonic bath, rinsing several times to remove freed parti-
cles. Feldspars and whole-rock lava samples are then washed ultrasonically for five minutes in 5
percent HC], rinsed in distilled water, ultrasonically washed for 5 minutes in 5 percent HE,
rinsed again in distilled water, then dried in an oven or under a heat lamp. Acid washes are used
to remove small adhering grains, remove alteration products, and reduce the amount of adsorbed
atmospheric Ar; these washes are optional but highly effective in many cases.

HCl is particularly effective in removing secondary carbonates. Care should be taken to
rinse all traces of HCI from samples, as introduction of Cl into the mass spectrometer can ele-
vate the background for 30Ar measurement. Both nitric and acetic acids are also satisfactory in
removing carbonates, but in the latter case care must be taken to rinse away all traces of the acid
which can form hydrocarbons in the mass spectrometer.

Amphiboles may also be rinsed in HCI and HF, but generally in weaker solutions and
for less time. In some cases, HF can damage the sample and should be applied with caution
only to a portion of the sample. Micas should never be washed in acids. Drying temperature
should not exceed ~150 °C, particularly for micas or glasses.

The sieved, washed, and dried material can then be placed in heavy liquids (bromoform,
methylene iodide, acetyl tetrabromide, sodium or lithium polytungstates) whose high densities
(up to 3.32 gm/cc) can be used to either float or sink the material of interest. Heavy liquids are
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especially effective in separating biotite from hornblende (acetyl tetrabromide), or plagioclase
from alkali feldspars (dilute polytungstates). All of these liquids but the polytungstates are
toxic, and should be used only in a fume hood with protective clothing, gloves, and respiratory
protection as required by state and federal occupational health laws. The polytungstates are
non-toxic and additionally useful because they are water soluble, which allows their density to
be continuously varied through dilution with distilled water. The latter are highly viscous, espe-
cially as they approach saturation, and performing the separations in a centrifuge can hasten the
separation.

The sieved, washed, and dried material can also be passed through an isodynamic sepa-
rator, which separates minerals based on paramagnetic susceptibility. This approach is particu-
larly effective in separating feldspars from ferromagnesian minerals or matrix, or removing
olivine, pyroxene, quartz, and plagioclase phenocrysts from whole-rock samples. Removal of
early-crystallized low-K minerals such as olivine from whole-rock samples is often highly desir-
able because of the possibility that such phases have occluded excess Ar during crystal growth
(e.g., Laughlin and others, 1994).

Heavy liquids and isodynamic separators can be used in either sequence, and are often
used iteratively. The final stage of sample preparation is hand picking, the removal of impurities
under a microscope with tweezers or a moistened ultrafine brush.

An additional step, neutron irradiation, is required for 40Ar/39Ar dating. For this pur-
pose, samples are loaded into containment vessels interspersed with neutron fluence monitors
and nucleogenic production monitors. The spacing of neutron fluence monitors depends on the
fast neutron flux gradient in the reactor position used. Many reactors have flux gradients that
vary by several percent per cm, and the spacing of both samples and monitors should be suffi-
cient that interpolation of J is not the limiting factor in the age accuracy. Figure 2.3.3-5 shows a
typical loading arrangement used at BGC. The resulting package is then wrapped in Al foil and
submitted to a nuclear reactor facility for irradiation.

A critical factor in sample irradiation is the duration of the irradiation. This duration,
for a given fast neutron flux, governs the amount of 3°Arg produced in a sample. For analytical
reasons (see below) it is desirable to limit the range of 49Ar/39Ar in a sample, thus the duration
of an irradiation is chosen based on the age(s) of the samples, with longer duration required for
older samples. This consideration is moderated by the importance of minimizing the production
of interfering Ar isotopes from Ca and K (see Nucleogenic interferences, above). Optimization
of irradiation parameters is discussed at length by Dalrymple and others (1981) and references
therein For samples younger than 2 Ma, the appropriate fast neutron dose is between 1.0 x 1016
and 3.0 x 1017 neutrons/cm?.

All specific procedures employed in sample preparation should be noted in a permanent
file. The file should be reasonably detailed, including for example the concentration of acid
solutions used for rinsing and duration of the rinse, whether or not rinsing was performed in an
ultrasonic bath, etc.
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Figure 2.3.3-5. Typical
irradiation package used at
BGC. Aluminum discs con-
tain wells into which are
loaded grains of standards
(S) and unknowns (U). The
high density of standards
allows close monitoring of
neutron fluence gradients
After loading, the discs are
stacked and wrapped in alu-
minum foil.

Analysis

Argon analysis

Samples to be dated by either K-Ar or 40Ar/3%Ar methods must be loaded into a high-
vacuum extraction line and are typically baked overnight at 100 to 300°C to turbomolecular or
ion pumps in order to achieve a pressure of <102 torr before analysis. Bakeout tempera-
ture is most important in K-Ar dating, where loss of “VAr* can result from excessive heating.
Micas, glasses, and whole-rock samples should not be baked hotter than 200 °C.

Samples are then heated either to fusion (K-Ar and some 40Ar/39 Ar analyses) or incre-
mentally (40Ar/39Ar analysis) using a radiofrequency induction or electrical resistance furnace,
or a laser. For K-Ar analysis, the sample must be held at fusion temperature (usually 1,100 to
1,700 °C, depending on the material) for long enough to completely release all Ar from the sam-
ple; 0.5 to 1.0 hour at temperature is generally sufficient, although problems have been noted in
especially viscous materials even when they are held at fusion temperature for such times
(McDougall and others, 1980; McDowell, 1983; Donnelly-Nolan and others, 1994). For incre-
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mental heating 40Ar/39Ar analysis, the heating duration is less important, and is generally
between 5 and 30 minutes.

For K-Ar dating, the sample-derived gas is allowed to mix with a pipetted aliquot of
38Ar “spike” or tracer introduced from a reservoir whose volume and depletion rate are calibrat-
ed so that the amount of 38Ar added to the system is known accurately. The mixture of spike
and sample-derived gas is commonly collected on activated charcoal cooled by liquid nitrogen.

After the sample has been heated for the prescribed duration, the liberated gas is
allowed to interact passively with various materials such as Cu/CuQO and various alloys (referred
to as getters) containing Ti, Zr, Fe, and Al, in order to remove reactive gases such as CO,, N,,
H,, SO,, H,0, and hydrocarbons. Depending on the amount of original sample and the concen-
tration of gases, the gettering phase may be as little as one minute and as long as several hours.
Gettering time must be sufficient to allow removal of non-noble gases, but should be minimized
in order to reduce “memory effects” due to desorption of Ar from extraction line surfaces while
the system is isolated from vacuum pumps.

The purified gas (consisting ideally only of the noble gases such as He, Ne, Ar, Kr, and
Xe) 1s then transferred into the mass spectrometer by expansion through a valve. The mass
spectrometer is generally placed into static mode (isolated from vacuum pumps) just prior to
admission of the sample gas.

The mass spectrometer is then used to measure the relative abundances of the necessary
isotopes: for K-Ar dating these are 40Ar, 38Ar and 36Ar; for 40Ar/39Ar dating 40Ar, 3%Ar, 37Ar
and 30Ar are measured. The relative abundances of relevant Ar isotopes are measured as ion
beam currents generated and accelerated in an ion source, deflected by a magnetic field, and
impinging on either a Faraday cup or an electron multiplier detector. The ion beam correspond-
ing to each isotope is most commonly focused on the single detector in sequence by systemati-
cally shunting either the field of an electromagnet or the iton accelerating voltage. This “peak-
hopping” method is repeated for six or more cycles. A variant of this approach (Stacey and oth-
ers, 1981) uses multiple collectors to measure simultaneously the beam currents of all five Ar
isotopes, obviating the need to employ peak-hopping thereby enabling more rapid collection of
data. The multi-collector method requires that the collectors be intercalibrated with respect to
sensitivity.

The ionization efficiency of Ar isotopes in the ion source of mass spectrometers is
observed to vary with atomic mass. In addition, electron multiplier detectors are known to pref-
erentially amplify lighter isotopes. The combination of these effects is known as mass discrimi-
nation, resulting in measured relative isotopic abundances that depart from actual values. Mass
discrimination must be monitored and the measured relative abundances appropriately corrected,;
most commonly this is done by measuring the 49Ar/36Ar ratio of purified air and calculating a
factor D that will correct this value to the widely accepted value of 295.5 (Nier, 1950). D is
generally specified as the discrimination per atomic mass unit, and is calculated as:

D = [R/R,]JV/AM (2.3.3-22)
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where R, is the theoretical or true value of the isotope ratio, R, is the measured value of this
ratio, and AM is the mass difference between the two isotopes.

Using the measured value of 40Ar/30Ar (R,,) for an air pipette to determine D requires
that R, = 295 5, AM = 4. Thus a measured 40Ar/30Ar value of 288.836, for example, corre-
sponds to a value of D =1 00572. D is found to be constant (per atomic mass unit) over the
mass range from 40Ar to 36Ar, and the value determined as described above can then be used to
correct measured isotope ratios by rearranging Equation 2.3.3-22 to yield-

R,= R, DAM (2.3.3-23)

To correct a measured 40Ar/39Ar ratio (R,,) of 1.00000 for the value of D determined
above, note that AM = 1 thus (40Ar/39Ar), = 1.00572.

Mass discrimination is observed to vary with several factors, chief among these being
electron multiplier gain, and must be monitored with sufficient frequency to permit accurate cor-
rection of isotopic data. Young, low-K samples having high atmospheric Ar contents are most
affected by mass discrimination, and accurate correction may necessitate determination of D
daily or even more frequently.

Archival

Unused samples should be archived, including all mineral separation residua. A cata-
logue should be maintained that includes sample numbers, nature of residua, project name, col-
lector’s name, and storage location. Several levels of storage can be employed, allowing sam-
ples from less recent projects to be stored in less accessible places than those more likely to be
exhumed for re-analysis.

Fused samples from K-Ar analysis may be discarded as normal waste Fused samples
from 40Ar/39Ar analysis are radioactive, and must be stored, handled and disposed in accordance
with guidelines of the Nuclear Regulatory Commission and relevant local agencies. Solutions
for K analysis may be stored if desired, and may be discarded into normal sewage systems.

Data analysis

Data analysis is a critical component of K-Ar and 49Ar/39Ar geochronology. Because of
the large amount of raw data and computational complexity of algorithms (particularly in the
case of 40Ar/39Ar dating), data analysis is best done by computer with ample memory and data
storage capacity. Analysis may be performed “off-line”, after the acquisition of the appropriate
data.

Data reduction

The fundamental data for Ar isotopic analysis, both for K-Ar and 40Ar/39Ar dating, con-
sists of peak-height intensities (current or voltage registered by the detector) for each of the Ar
isotopes of interest as a function of real (laboratory) time. Figure 2.3.3-6(a) shows typical data
for argon isotope evolution, along with the regression lines that allow extrapolation to equilibra-
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Figure 2.3 3-6. Typical raw data from 40Ar/39Ar analysis, showing the measurement of ion beam current
and isotope ratios with time for a single grain of sanidine from the Fish Canyon tuff (Cebula and others,
1986). Regression lines for extrapolation to inlet time are shown, outlying data are shown as dots and
regression lines after elimination of outliers are also shown.
(a) lon beam current for specified Ar isotopes, (b) Synthetic ratios for specified isotopes.
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tion time, defined as zero time in the analysis. Intensity versus time data are ideally linear, but
in some cases parabolic or higher order polynomials provide better fits to the data.

Strongly non-linear data are symptomatic of ion source or detector problems, or inade-
quate gettering of the gas before admission to the mass spectrometer The fundamental uncer-
tainty on isotopic ratios, which is propagated into the error on the calculated age, stems from the
statistics of the regression.

Variations in isotope evolution trends arise from several factors. Decreasing intensity of
a given isotope over time (e.g., 4OAr, 3%Ar and 38Ar in Fig. 2.3.3-6[a] results from implantation
of that species into the detector and mass spectrometer, as well as diminishing total pressure in
the system due to gettering of reactive species. Increasing intensity with time (e g., 37Ar and
36Ar in Figure 2.3.3-6[b]) is most commonly a result of the “memory effect”, in which previous-
ly implanted atoms are dislodged by the ion beam and reintroduced into the system as well as
simple desorption of surfaces in static mode. The memory effect is generally only manifest at
low concentrations of a given isotope, or when significant volumes of that isotope have been
previously measured.

Alternatively, isotope ratios may be regressed by calculating the ratios of measured val-
ues of each isotope to regressed values of the reference isotope, and vice versa, for each mea-
surement datum time. Thus synthetic ratio data are generated for each measurement of either
isotope, and these synthetic data may then be regressed. Synthetic ratio regression frequently
generates linear data arrays even when the individual isotope evolution trends are nonlinear.
Figure 2.3.3-6(b) shows the data from Figure 2.3.3-6(a) cast in synthetic ratio regressions, using
39Ar as the reference isotope.

The intercept data for each isotope or isotopic ratio must be corrected for background
levels, mass discrimination, and radioactive decay to obtain the true relative abundances of the
relevant isotopes. These relative abundances are the fundamental data for further calculation.
For K-Ar dating, the absolute 40Ar abundance is calculated by reference to the calibrated abun-
dance of (air corrected) spike 38Ar and after air correction, the 40Ar* concentration is combined
with the K concentration to calculate the age using Equation 2.3.3-2.

For 40Ar/39 Ar dating, the relative abundances must be corrected for nucleogenic inter-
ferences (below) to determine 49Ar* and 39Ary in order to obtain the age using Equation 2.3.3-
11. First, the standards must be analyzed and a value of J determined that is relevant to each
sample. The J-values for standards distributed through an irradiation package can be spatially
interpolated to account for neutron fluence gradients. Neutron fluence gradients on the order of
3 percent/cm are not atypical in many reactors, and can lead to significant errors if standards are
placed insufficiently densely among the samples.

Ideally, all data necessary to calculate an age should be reported in publications or
reports. Generally, Ar isotope abundance data (corrected for mass discrimination, backgrounds,
and radioactive decay) are reported either as relative values or as ratios to a reference isotope.
Several values derived from the relative abundance data are commonly reported, such as
percent4OAr*. The J-value should always be given for 40Ar/39Ar dates, as well as the identity of
the neutron fluence monitor used and its age.
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TABLE 2.3.3-2a. K-AR ANALYTICAL DATA

Sample Material Mass Tracer 40Ar* K %Y 0AT*  Age £0
(gm) (Moles/g) (Wt-%) (Ma)

GQ-1 WR 3.0021 3802 1.197E-12 1.232 1.2 0.560 0.062

GQ-3 WR 3.0002 3805 4.167E-12 1.880 4.6 1.278 0.083

GQ-3  Biot 1.5004 3806 1.818E-11 6.986 8.9 1.501 0.037

PD-24  Biot 0.7995 3955 1.545E-11 7.433 6.2 1.198 0045

PD-24  San 0.9501 3956 2.370E-11 10.840 11.8 1327 0034
hg = (4.962 0 009) x 1010y [, = (5.808 £0 004) x 10-1Ty; 40K/K =0.01167 %

TABLE 2 3.3-2b. 40AR/39AR ANALYTICAL DATA

Temp 40Ar 40Ar 3BAr 3 Ar 36Ar 40Ar*  AOA* Age o0
(°C) (Moles) 39Ar 39Ar I¥Ar  YAr 39Ark (Ma)

BJ-55 Sanidine

700  1.33E-14 .536 0.011 0.022 0.001 0.508 43.7 0.634 0.073
875 1.775E-14 1.168 0.012 0.051 0.005 1.019 87.2 1272 0.052
1000 2.29E-15 1.133 0.014 0.026 0.003 1.043 92.0 1.301 0.071
1150 1.69E-14 1.077 0013 0.028 0.002 1.023 95.0 1.279 0.028
1300 2.11E-14 1.189 0.012 0.027 0.002 1.032 94.0 1.289 0.035
1600 1.11E-14 1.083 0.012 0.024 0.002 1.030 95.8 1.287 0.043

Sample weight = 0.0452 gm, A, = (5 543 + 0.010) x 10710 y; J = (6.91905 = 0 04623) x 10-4), Monitor =
Alder Creek sanidine (1.186 + 0.013 Ma, Turrin and others, 1994); (40Ar/39Ar)k = (1.4 = 6.0) x 104,
(OArSBTAr), = (2705 = 0.108) x 1074, (BArA7Ar) e, = (7 64 £ 056) x 104

Values used for all corrections (mass discrimination, backgrounds, radioactive decay,
and nucleogenic interferences) as well as decay constants should be reported, or reference made
to publications presenting the values used. Tables 2.3.3-2a and 2b show appropriate formats and
content for K-Ar and 40Ar/3%Ar data tables, respectively. The data presented in a report should
be sufficiently complete as to allow anyone to calculate an age for a given sample from the data.
Some redundancy is commonly present, i.e., in Tables 2.3.3-2a and 2b the value for percent
40Ar* is a straightforward function of 40Ar/36Ar, which can be obtained from 40Ar/39Ar and
36Ar/39Ar. Note that Table 2.3.3-2b does not provide sufficient data to calculated an error-
weighted isochron (York, 1969) because the uncertainties in the isotopic ratios are not reported.
Note also that the 38Ar/3%Ar ratio given in Table 2.3.3-2b is not necessary for age calculation,
but is useful because of its relationship to C/K in the sample

Assessment of confidence
The uncertainty in a K-Ar or 40Ar/39Ar date should reflect the uncertainties in all the
variables that enter into the age Equations 2.3.3-2 and -11. Uncertainties in Ar isotope regres-

sions, K measurement, mass discrimination, nucleogenic corrections, and J-values (including a
component arising from uncertainty in the age of the neutron fluence monitor) are the principal
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sources of analytical error in dates determined by these techniques. The reproducibility of a
date is the best indicator of its associated uncertainty. It must be stressed that analytical errors
do not necessarily reflect uncertainty as to the age of an event whose relation to the material
being dated is subject to additional geological uncertainty. Note that this the following analysis
does not account for any uncertainty associated with the value of the decay constant. This
uncertainty would contribute less than +!/, percent of the age, and is customarily neglected.

Error propagation

The most rigorous means of propagating analytical errors is that outlined by Roddick
(1987), in which a function F of several independent variables (x{, x,, ... x,) has an uncertainty
given by:

0p = { [(OF/0x\) 0,112 + [(OF/0xy) 051% + . . + [(OF/dx,,) 0y, 12112 (23.3-24)

Thus the analytical uncertainty in a K-Ar date is given by combining Equations 2.3.3-2
and -24 to yield:

0; = {W0K A /[A, (AOAr*-A + 40K 2 )]} [(0+/*OK)? + (0 4OAr#/40K 22112 (2 3.3-25)

where 0+« and o refer to the uncertainties in 4CAr* and 40K, respectively. If replicate analy-
ses have been performed, the uncertainties 0, = and oy should be the between-analysis disper-
sion (standard deviation) of replicate measurements.

Similarly, the uncertainty in a 40Ar/39Ar date is given by combining Equations 2.3.3-11
and -24 to yield:

o, = [AAJ + DIV[(Aop? + (J 0y)2]1/2 (2.3.3-26)

where A is the ratio 40Ar*/39Ary obtained from the measured 40Ar/39Ar after corrections for
mass discrimination, interfering nuclear reactions, and atmospheric Ar contamination. Note that
uncertainties for results on samples irradiated in separate batches cannot be combined by error
propagation, as the values of 40Ar*/39Ary and J are drawn from independent populations.

In both Equations 2.3.3-25 and -26, the uncertainties in some of the independent vari-
ables are themselves functions of other independent variables, and their uncertainties must also
be obtained by error propagation.

Uncertainty in calculated K-Ar age is a function of uncertainties in Ar isotope regression
statistics, procedural blanks, mass discrimination, the air correction, K determinations, and the
volume calibration of the spike. Uncertainty in calculated 40Ar/3%Ar ages is a more complex
function of all but the latter two of these variables, as well as the nucleogenic interference cor-
rections, and J-value. Errors in both methods tend to infinity at zero age, as the detectable con-
centration of 49Ar* approaches zero; this effect is more pronounced in K-poor materials. In
addition, errors in 40Ar/39Ar dates are a strong function of Ca/K due to uncertainties accruing
from the Ca-correction.
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Figure 2.3.3-7 illustrates model calculation of the relative error in calculated 40Ar/39Ar
age as a function of age for samples of three different Ca/K. The model applies for total fusion
of samples whose mass is adjusted to deliver 1 x 10-12 moles of 40Ar,, based on a concentration
of 5 x 10-12 moles/gm of atmospheric “0Ar; (McDougall and Harrison, 1988). The model also
assumes a 0.1 hr irradiation in the Oregon State University TRIGA reactor, &« + 0.5 percent
uncertainty in J, and analysis three months after irradiation.

40ArS9Ar plateau dates

40Ar/39Ar apparent age plateaus derived from incremental heating experiments are
defined in several different ways. Most commonly, the plateau date is calculated as the inverse
variance weighted mean of individual plateau step ages:

t, = X(t/0)/E(1/0) (2.3.3-27)

The uncertainty in Equation 2 3.3-25 derived by error propagation (using Equation
2.3.3-22) is given by:

o, = [X(1/0)2}\/2 (2.3.3-28)

A more accurate plateau age error calculation, which allows for systematic error in the
J-value, is given by Renne and others (1996).

Application of Equation 2.3.3-27 and -28 to the 40Ar/39Ar data shown in Table 2.3.3-2b,
for BJ-55 sanidine, yields a plateau age of 1.283 + 0.018 Ma. The plateau is defined as per
Fleck and others (1977), and includes the 875 through 1,600 °C steps.

Combined results

In many cases, the mean of multiple measurements cannot be derived through error
propagation because the analyses cannot necessarily be expected to represent a single popula-
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tion- examples include multiple K-Ar dates on different samples from a single lava flow, where-
in the different samples may have variable K contents (hence 4CAr* contents) due to crystal frac-
tionation in nature or in sample preparation. Similarly, samples dated by 40Ar/39Ar that were
irradiated separately (with different J-values) must be treated differently as noted above. In such
cases, the true age is best estimated as the pooled mean of the independent dates, and the inverse
variance weighted mean is recommended so as to account for variable uncertainties.

Interpretation

Interpretation of K-Ar and 40Ar/39Ar data generally follows two levels of considera-
tton: (1) whether the data are internally consistent and reliable at face value; (2) whether the data
are externally consistent with known constraints.

Criteria used to evaluate internal consistency include between-sample reproducibility of
K content, percent 40Ar*, 40Ar* content, and (thus) calculated age. Reproducibility should be
comparable to the estimated uncertainties of individual analyses). Internally heterogeneous
results should lead to consideration of whether or not the basic assumptions of the method, such
as closed system behavior or the absence of initial non-atmospheric 40Ar, have been met.

Criteria used to evaluate external consistency include the consistency of results with
stratigraphic or structural constraints on relative age, and consistency with independent dating
methods that are considered reliable. Data that are externally inconsistent should also stimulate
consideration of whether or not the basic assumptions have been met.

It is important to bear in mind the statistical uncertainty in the data when drawing con-
chisions or testing for consistency. In order to determine whether two dates are distinguishable
(and at what level of confidence), a critical value test is particularly useful (i.e., see Dalrymple
and Lanphere, 1969). Calculation of secondary parameters such as sediment accumulation rates
or mean fault slip rates should also take rigorous account of uncertainties in the geochronologic
data (i e., Renne and others, 1991).

ADVANTAGES AND DISADVANTAGES

Among radioisotopic geochronometric techniques, K-Ar and (increasingly) 40Ar/3%Ar
methods are highly versatile with respect to time range and moderately so with respect to date-
able materials. Versatility of the methods in these respects follows from the long half-life of 40K
coupled with the relatively high abundance of K in many geological materials.

K-Ar and 40Ar/39Ar methods are complementary in age range to !4C, notwithstanding
overlap in the 25-40 ka range that permits the two methods to be intercalibrated (e.g., Deino and
others, 1994). Compared with U-series methods, they are less versatile with respect to materials
but are applicable in contrast through most of the Quaternary under geologically favorable cir-
cumstances; at the young end of their range, (e.g., 5-50 ka), K-Ar and 40Ar/39Ar methods are
presently applicable only in areas of volcanism. Compared with methods such as electron spin
resonance, thermoluminescence, and cosmogenic nuclides, the K-Ar and 49Ar/3%Ar methods are
presently more reliable because of the testability of their assumptions.
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K-Ar dating is relatively rapid (less than one week turnaround time is possible) and
inexpensive (< $500 is common). 40Ar/39Ar dating, in contrast, often requires at least several
weeks of post-irradiation decay time alone and is somewhat more expensive than K-Ar ($600-
$1,200 is common). The greater intrinsic basis for internal accuracy tests offered by the latter
mitigate in favor of 40Ar/39Ar dating as preferable to K-Ar in most cases. In many situations K-
Ar dating is used as an initial screening method, with 40Ar/39Ar employed for follow-up work to
resolve problems or provide more accurate and precise testing of initial results.

FUTURE DEVELOPMENTS

Among the most actively challenged frontiers in K-Ar and 49Ar/39Ar geochronology
today 1s the dating of smaller and younger samples, with increasing precision. Ongoing refine-
ment of the capabilities of these techniques on this front will be led by technical advances in
reducing background levels of argon in extraction lines and mass spectrometers, and increasing
the sensitivity and stability of mass spectrometers.

Technical advances

More sensitive ion beam detectors, particularly using ion-counters with improved
dynamic range, are a virtual certainty in the near future. Enhanced sensitivity will dramatically
increase the potency of K-Ar and 40Ar/39Ar dating, but simultaneously, technical innovations in
reducing argon backgrounds must be made. Backgrounds are almost universally the limiting
factor in how small/young a sample can be dated.

Multiple collector mass spectrometers (e.g., Stacey and others, 1981) show considerable
promise for dating very young samples because of the ability to collect data for all the Ar iso-
topes simultaneously. It is especially advantageous to collect data for 40Ar and 39Ar concurrent-
ly and continuously in samples whose 40Ar/36Ar may be close to that of air and in which sub-
tleties of isotope evolution on admission into the mass spectrometer may not be discernible by
peak-hopping. An ideal configuration would use five electron multipliers, capable of ion-count-
ing, as simultaneous collectors. This configuration poses significant, but probably not insur-
mountable, engineering challenges.

The dynamic manometric method of mass spectrometry (Cassignol and Gillot, 1982)
may become more widely used in the future, and shows promise for improved precision of dat-
ing in the younger age range. This approach has been used only for K-Ar dating, but it can be
generalized to the 40Ar/39Ar method and can also be combined with a multiple collector
scheme.

Procedural improvements

Bothi the precision and accuracy of 40Ar/39Ar dating will increase with improved age
calibration of neutron fluence monitors. At this writing, the U.S. Geological Survey (in collabo-
ration with the National Institute of Science and Technology) is undertaking an effort to re-pre-
pare and re-analyze MMhb-1 as well as manufacturing several synthetic argon standards of vari-
able 40Ar/36Ar. Eventually this >500 Ma standard can be used to calibrate much younger (i.e.,
<10 Ma) standards, but it remains to be seen whether calibrating 40Ar/39Ar standards against the
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APTS (e.g., Turrin and others, 1994; Renne and others, 1994) may be more fruitful for younger
dating applications.

Concurrent with improved age calibration of 40Ar/39Ar standards, better monitoring of
neutron fluence is another avenue of increased precision and accuracy. Many laboratories use
standards sparsely, equivalent to only one monitor per level (or less) in the irradiation scheme
depicted in Figure 2 3.3-5. Lateral fluence gradients of 0.5 percent/cm or larger are not uncom-
mon, and it is imperative to monitor neutron fluence laterally as well as vertically Denser
placement of standards, as shown in Figure 2.3.3-5, allows a more accurate characterization of
three-dimensional neutron fluence gradients. Bringing accuracy into consistency with the high
precision attainable in 40Ar/39Ar dating requires such detailed fluence monitoring.

Continued experimentation with authigenic and pedogenic materials is likely to be very
fruitful. Improvements in sample preparation as well as analytical methods will almost certainly
extend the feasibility of dating of K-Mn oxides (Vasconcelos and others, 1992, 1994b, 1995)
and K-sulfates (Vasconcelos and others, 1994a) into the Quaternary period.
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ADDENDUM

The applicability range of the “0Ar/39Ar method has now been extended to less than
2,000 years ago, thus overlapping the range of recorded history (Renne, P. R., Sharp, W. D.,
Deino, A. L., Orsi, G., and Civetta, L., 1997, 90Ar/%Ar Dating into the Historical Realm:
Calibration against Pliny the Younger: Science, v. 277, p. 1279-1280.
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INTRODUCTION

Uranium-series geochronology refers to isotopic methods of age estimation based on the
measurement of uranium (233U and 235U), thorium (232Th), and certain members of the inter-
mediate daughter nuclides in the three naturally occurring radioactive decay series. Of these
three decay series, the 232Th series is of less geochronological value because of the relatively
short half-lives of all its intermediate daughters.

In a geological material that contains U and remains undisturbed for several million
years, a state of secular equilibrium between all the nuclides in the radioactive series will be
established, a condition in which, on average, the number of decays per unit time of each mem-
ber in the decay series equals that of the long-lived uranium progenitor. However, a combina-
tion of nuclear (e.g., recoil) and chemical (e.g., solubility) factors often creates disequilibria by
separating members of the decay series from each other through processes such as partial melt-
ing, weathering, transport, and deposition. For example, when a sedimentary deposit is formed,
a state of disequilibrium often exists between 238U and its daughters 234U and 230Th contained
therein. If the isotopes are allowed to evolve as a closed system following the formation of the
deposit in this state of disequilibrium, it is possible to determine the time of deposition by mea-
suring the extent to which the radionuclide system (238U-234U-230Th) has returned to the state
of secular equilibrium.

Encompassing a spectrum of techniques involving many different nuclides, U-series dat-
ing methods can be broadly divided into two groups: methods based on accumulation of decay
products of U — the daughter-deficiency methods, and methods based on decay of unsupported
intermediate nuclides in the series — the daughter-excess methods (Ku, 1976; Ivanovich and oth-
ers, 1992). In the case of the first group, a parent nuclide may be deposited free of its daughters
or with a daughter deficiency of known extent, so that the age of the deposit can be determined
from the degree of ingrowth of the daughter(s) toward secular equilibrium with its (their) par-
ent(s). Examples of this group of dating methods include 230Th/234U and 231Pa/235U dating of
carbonates. In the case of the second group, the daughter nuclide is initially present in excess of
its parent, and the sample is dated by measuring the decrease of this excess through radioactive
decay since the formation or deposition of the material. Examples of this latter group include
230Th and 23!Pa dating of deep sea sediments and 210Pb dating of nearshore or lake sediments.

In paleoseismic studies in continental settings, the focus of this paper, the daughter defi-
ciency methods are almost invariably used. Historically, this approach goes back to the sugges-
tion of dating uranium minerals by their accumulation of 226Ra by Russian geochemist V.G.
Khlapin in 1926. Since the discovery of disequilibrium between 234U and 238U in natural
waters (Cherdyntsev, 1955) and the advances made in measuring 230Th and 231Pa during late
1950s and early 1960s, work has been concentrated on the accumulation of 230Th and 231Pa,
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particularly that of 230Th. Our discussion here will be confined to this work. Namely, we will
only deal with the chronological information derived from the decay of 238U (half life 4.5 by) to
2341 (248 ky) and then to 239Th (75 ky). The decay of 235U (half life 0.7 by) to 231Pa (34 ky)
also will be discussed, but the use of the disequilibrium relationship between 235U and 231Pa for
age dating is relatively limited. The reason is twofold: (1) The low abundance of these nuclides
generally makes their measurement more difficult than that of 238U-234U-230Th; and (2) Unlike
Th which has two long-lived isotopes: 232Th and 230Th, 231Pa is the only long-lived protactini-
um isotope. It will become clear in the discussion to follow that the 231Pa dating is applicable
only to samples free of initial 231Pa, i.e., samples of authigenic origin with no contaminating
detrital “impurities”.

THEORY OF THE DATING METHODS

Principles, assumptions, and applicable ranges

The age derived from the daughter-deficiency methods is the age of uranium deposition
or precipitation in a newly formed mineral such as calcite; that is, the methods date the time of
uranium incorporation into the deposits or authigenic mineral of interest. Natural waters in oxi-
dizing environments largely contain uranium dissolved as the uranyl ion (UO,**) which com-
plexes with anionic species such as carbonate and sulfate. Thus, U is readily transported in
solution. In contrast, Th and Pa are quite insoluble because the high ionic potential of the Th*+4
and Pa*5 ions renders them easily hydrolyzed and then quickly precipitated or scavenged out of
solution. Therefore, when an authigenic mineral forms from an aqueous solution, it may contain
some (usually at ppm-level) U but essentially no Th and Pa. If the mineral acts as a closed sys-
tem with respect to U, Th, and Pa isotopes subsequent to its formation, then its age (¢) can be
calculated from the extent of 230Th or 231Pa ingrowth, according to the following three equa-
tions. In these equations, two basic assumptions are made: the sample initially (# = 0) contains
no 230Th and/or 231Pa and it remains as a closed system with respect to the isotopes of interest.

For the ingrowth of 231Pa (Ku, 1968):

231 Pa

—— = 1 — et -
2350 ¢ (2.3.4-1)
where A, is the decay constant of 231Pa. The notation for the two nuclides stands for their spe-
cific activities in the sample (disintegrations per minute per gram of sample, dpm/g). This nota-
tion of expressing the nuclide abundance in terms of activity, A, instead of number of atoms,
N(A = AN) will be used throughout the paper.

For the ingrowth of 230Th (Kaufman and Broecker, 1965):

230Th _ _1- e'A"t _ 1 )L«() — adAo- )t
234y 234/238Yy +(1 234U/238U)(10_/14 [1 e )} (2.3.4-2)

where Aq and 44 are decay constants 230Th and 234U, respectively. The last term in this equa-
tion accounts for the decay of excess 234U (over 238U) generally present in minerals precipitated

NUREG/CR 5562 2-172



Uranium-Series Methods

from natural waters (Cherdyntsev, 1955). The effect of this excess 234U on the theoretical
growth curve of 230Th is shown in Figure 2.3.4-1 for the case of a 15 percent excess 234U found
in seawater. In continental waters, the 234U/238U activity ratios as high as 30 have been reported
but most are less than 3 (Osmond and Cowart, 1992). A graphical solution of ¢ for Equation
2.3.4-2 for a range of initial 234U/238U illustrates the functional relationship between 234U/238U
and 230Th/234U with time (Fig. 2.3.4-2). Figure 2.3.4-2 indicates that the maximum datable age
depends on the 234U/238U ratio as well as on the analytical precision of 234U/238U and
230Th/234U ratios.

Equations 2.3.4-1 and -2 can be combined to give an expression for sample age calculat-
ed from the 231Pa/230Th activity ratio

231pa _ 1 — e-Ait

230Th
217 {(1 - o) +(§§;‘3 - 1)

PR ) (1- - w)} (2.34-3)
Ao - Mg

where the constant 21.7 is the activity ratio of 238U/235U in nature. A graphical solution of this

equation is shown in Figure 2.3.4-3. This ratio method has the advantage of being relatively
insensitive to U addition or loss from the sample, especially if such an occurrence takes place
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Figure 2.3.4-1. Comparison of the theoretical growth curves for 230Th and 231Pa nuclides. Note the
effect of the 15 percent disequilibrium between 234U and 28U on the 230Th growth curve.
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Figure 2.3.4-3. Variation of 234U/238U and 231Pa/230Th activity ratios with time. The solid lines are
isochrons representing different ages (in thousands of years), and the broken lines represent the change of
the activity ratios with time for three different initial 234U/238U activity ratios as indicated. Note that
recent loss of U from the sample, or recent addition or U (with a 234U/238U ratio similar to that of the
sample) to the sample, will not affect the age estimates based on 231Pa/230Th,

recently and the added U has a similar 234U/238U ratio as the sample. In practice, the

231pa/230Th in a sample may be assessed from alpha spectrometric analysis of the 227Th/230Th
ratio (Gascoyne, 1985).

The applicable dating ranges for the three methods are approximately from 10 ky to 150
ky for the 231Pa/235U method, to 350 ky for the 230Th/234U method, and to 300 ky for the
231pa/230Th method. As will be seen later (see Capabilities and limitations), with the sensitive
analytical techniques of mass spectrometry advanced within the last decade, dating with

230Th/234U has been shown to potentially encompass the range of 10 y to 600 ky under ideal
conditions.

Materials for dating
Materials suitable for U-series dating in sediments can either be authigenic minerals,

which provide minimum ages for the host deposit, or detrital materials, such as fossils, which
closely date the time of deposition. Due to the ubiquitous presence of soluble hexavalent U in
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natural solutions, many materials coprecipitate U. Examples are carbonates, sulfates, phos-
phates, rock varnish, opaline silica, carnotite, evaporites, and organic residues (e.g., peat).
Secondary calcium carbonate of both organic and inorganic origin has been the most commonly
used material for dating with the U-series methods. In the context of seismic hazards assess-
ment, the inorganically precipitated carbonates are of particular interest. These carbonates
include groundwater-precipitated travertine (both of cave and non-cave deposits), calcite vein
fillings, soil caliche (concretions, nodules, and pebble coatings), lacustrine marl, spring tufa, and
rhizoliths. For example, in studying the history of movements of faults, one may date calcites
that formed in fault zones, or soil carbonates developed in faulted Quaternary deposits (Szabo
and Rosholt, 1982), as the calcite dates provide minimum age estimates for the timing of fault
movement.

Coralline and shell materials found in raised marine terraces provide additional carbon-
ates datable by U-series methods (e.g., Ku and Kern, 1974; Bloom and others, 1974; Edwards
and others, 1987a). Unrecrystallized (aragonitic) fossil coral is especially suitable for dating.
Molluscan shells are less suitable because their U content is of mostly secondary origin, render-
ing the timing of U addition all the more uncertain as well as evidence for post-depositional U
loss (Kaufman and others, 1971). A novel application has been to construct paleoseismic histo-
ries of rapidly uplifting coasts (Edwards and Taylor, 1988). By precise dating of coral heads
thought to have died when they were raised above sea level during coseismic uplift, earthquake
recurrence intervals of 108 + 4 years and 236 + 3 years were determined on two islands in the
New Hebrides.

Disequilibrium relationships between 238U and 230Th and between 230Th and 22Ra can
also be used to date Pleistocene and Holocene lava flows (particularly phyric samples) and pyro-
clastic deposits (Gill and others, 1992). The resulting dates refer to the time when 230Th/232Th
or 226Ra/Ba ratios in the magma became homogenized. Other materials datable by U-series dis-
equilibrium are reviewed in Ivanovich and Harmon (1992).

The problem of initial 239Th

As mentioned above, the vast difference in solubility between uranium and thorium in
natural waters forms the basis of U-series dating of Quaternary deposits. In seawater, for
instance, activity ratios of 232Th/238U and 230Th/238U are less than 10 (Ku and others, 1979;
Nozaki and others, 1981; Chen and others, 1986; Huh and others, 1989). Therefore, marine car-
bonates (e.g., coral), when formed, have very low 232Th/238U and 230Th/238U ratios. The 230Th
growth method of dating these nearly Th-free minerals may be employed with confidence by
assuming 230Th/234U = 0 at the time of mineral formation (¢ = 0). However, in nature, particu-
larly in continental settings, many deposits are not Th-free; they contain so-called initial or non-
in situ produced 230Th. A major source of this 230Th comes from allochtonous minerals which
are physically mixed with the authigenic phases. Many of the aforementioned carbonates (e.g.,
soil caliche and travertine) and evaporite deposits are such “impure” deposits.

The presence of Th-bearing allochtonous material negates the assumption of 230Th/234U
=0 at ¢t = 0, and considerable effort has been made to devise correction schemes for the initial
230Th contamination. Because 232Th can reasonably be expected to accompany 230Th in a sam-
ple, 232Th (a non-radiogenic Th isotope of lithogenic origin) can be used to gauge the amount of
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correction that is needed, since the two isotopes are expected to have behaved identically in nat-
ural systems. The correction procedures often involve dilute acid-leaching treatment of a sample
in order to minimize 230Th dissolution from detrital minerals. The U and Th isotopic signals of
the leachate are then combined with those of either the residue (Szabo and Sterr, 1978; Ku and
others, 1979; Ku and Joshi, 1980; Ku and Liang, 1984) or the leachates from coeval samples
(Kaufman, 1971; Schwarcz and Latham, 1989) to derive the age of the authigenic phase in the
sample. These correction schemes have been referred to as the L/R (leachate/residue) and the
L/L (leachate/leachate) methods (Schwarcz and Latham, 1989). In earlier correction schemes
(Ku and others, 1979; Ku and Joshi, 1980), secular equilibrium was assumed to exist among
238J-234y-230Th in the allochtonous components. Later schemes do not require this assump-
tion but require that the acid-leaching treatment does not preferentially solubilize one isotope
over another, or if it does, the degree of fractionation remains constant for a given suite of
coeval samples. It has been shown that this requirement can be met with careful experimental
controls, especially for samples in which the majority of U is present in authigenic minerals
such as calcite (e.g., Ku and Liang, 1984; Schwarcz and Latham, 1989; Kaufman, 1993).
However, to maintain consistently reproducible conditions required of the leaching treatment
constitutes a non-trivial undertaking. In addition, samples with relatively small amounts of an
allochtonous component often give too small a leaching residue to be handled by the L/R
method. To circumvent these difficulties, the leaching approach has recently been replaced by
total dissolution of the samples. In this total sample dissolution (TSD) method, an isochron
graphical approach similar to that employed in the L/R and L/L methods and in the dating of
volcanic rocks has been used, to help display the internal consistency of the data (Bischoff and
Fitzpatrick, 1991; Luo and Ku, 1991). As the TSD method is anticipated to be used widely in
future geochronological studies in connection with seismic hazards assessment, its principles
will be explained in the next section. Although impure carbonates are the most common system
to which the methods of TSD, L/R, and L/L have applied, other deposits such as evaporites, rock
varnish, silica, sulfates, organic material, phosphates, and other sediments incorporating measur-
able amounts of authigenic uranium are all candidates for application of the methods. In fact,
the testing of TSD for consistency of results was made on evaporitic materials recovered from
drill cores (Luo and Ku, 1991; Ku and others, 1994).

Total Sample Dissolution (TSD) isochron dating

In principle, methods involve total sample dissolution (TSD) should be less sensitive to
experimental controls such as being encountered in the L/R and L/L methods.

An earlier attempt to use the TSD approach was made by Ku and others (1979) in their
study of the pedogenic carbonates in desert soils in Vidal Valley, California. To account for the
initial 230Th, Ku and others (1979) add a term (230Th/234U)pe-A0 to Equ. 2.3.4-2) and multiply
through by 234U/232Th:
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230Th _ (230Th oot
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Implicit in this relationship is that the U in the sample is present as a single, authigenic
phase, or that the detrital and authigenic U have the same 234U/238U ratio. There are two
unknowns in this equation: age (£) of the authigenic U and the initial 230Th/232Th ratio,
(230Th/232Th)y,, of the sample. These unknowns can be determined from data on two or more
coeval samples with sufficiently different 238U/232Th ratios, with the assumptions that: (i) the
samples have been closed to U and Th isotopic exchange since their formation, (ii) the authi-
genic U when precipitated is not accompanied by 232Th (and 230Th), and (iii) the coeval sam-
ples have a common (230Th/232Th), ratio. Equation 2.3.4-4 was used to determine the age of
the carbonate formation in a late Pleistocene alluvial deposit Q2b in the Vidal Valley. This was
done by fitting the radiometric data (leachate and residue combined) on 14 Q2b samples using a
least-squares differential-correction technique for nonlinear parameters (McCalla, 1967, p. 256).
The parameters in this case are # and (230Th/232Th),,. The age of 84.4 ka thus obtained was
reproduced by Szabo and Rosholt (1982) using the L/R isochron approach, based on the same
set of data. An important assumption in all this is that all carbonate samples formed at the same
time. This cannot be determined a priori in the field, and soil carbonates do build up over time.
In Vidal Valley, the samples dated were the innermost layers, about 1 mm thick, of carbonate
pebble coatings. The growth rate of the carbonates, as determined from the age difference
between two layers in a single pebble coating, is about 1 mm/8 ka (Ku and others, 1979).

As has been done so commonly in geochronology, in order to have a better feel about
the assumptions and age uncertainties involved, graphic displays of the analytical data and for
age determination using an isochron approach are often desirable. This approach with TSD,
expected to be the preferred method of analysis in the future, has been used (Bischoff and
Fitzpatrick, 1991; Luo and Ku, 1991). Considering that the detrital and authigenic U may have
different 234U/238U ratios, Luo and Ku (1991) have derived Equations 2.3.4-5 and -8 below as
the “isochrons” in the TSD isochron method:

20Th_ y 84U L (2.3.4-5)
232Th  232Th
where
U = (B0Th*/2340), (2.3.4-6)
232Th/o 23407 la 2347 232Th/d
and
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24U _ w2BU L F (2.3.4-8)
232Th 232Th
where
W = (234U/238U), (2.3.4-9)
Fe ( 238U) [(234U) _(234U)J (2.3.4-10)
232Th/d \238U)a  \238Q

In Equations 2.3.4-6 and -7, 230Th* refers to the 230Th activity produced by in situ
decay of 234U in either the authigenic or detrital phase (denoted by subscripts a and d, respec-
tively). Ratios (230Th"/234U), and (230Th*/234U), thus vary with 234U/238U in their respective
phases and with ¢. It should be noted that the terminology “detrital phase” is used here (in lieu
of the term “allochtonous phase” used earlier) to denote all mineral phases bearing Th isotopes
initially incorporated into the deposit. Equations 2.3.4-5 and -8 are referred to as isochrons, on
the basis that plots of 230Th/232Th versus 234U/232Th and 234U/232Th versus 238U/232Th for
coeval samples with equal (230Th/232Th),, yield linear arrays of data points with respective
slopes of U and W, and intercepts E and F. The parameters U and W are used to calculate the
age of the authigenic uranium via equation 2.3.4-2. Recall that equation 2.3.4-2 was written for
samples with no detrital phases (hence no 232Th and initial 230Th).

It is seen from Equations 2.3.4-5 to -10 that linearity in the plots is expected from
coeval samples of varying U/Th ratios if parameters E and F remain constant. This requires that
the detrital phase has a uniform U and Th isotopic composition. To ensure that the samples are
truly coeval, they should be aliquots of a single sediment layer of less than tens of grams in size
which has been more-or-less homogenized in the laboratory, rather than materials from different
outcrops or sediment layers thought to have the same age. The aliquots, or subsamples, are sep-
arated out from the sediment layer in such a way that they have different authigenic/detrital,
hence U/Th, ratios.

Figure 2.3.4-4 shows examples of the TSD isochron plots of Equations 2.3.4-5 and -8
for samples of soil carbonate and evaporite reported by Luo and Ku (1991). The age errors
depend on the estimation and propagation of error associated with the isochron plots. There
have been discussions of the best way to assign the errors involved in the fitting of the isochron
data (e.g., Bischoff and Fitzpatrick, 1991; Luo and Ku, 1991). The most recent one by Ludwig
and Titterington (1994) assumes that the only cause for the data scatter about a straight line is
analytical error. Accordingly, these authors suggest that the straight-line fitting, unlike the ones
shown in Figure 2.3.4-4, should involve weighting the data points according to their analytical
uncertainties and error correlations. It should be noted that any rigorous statistical treatment of
the data (e.g., Ludwig and Titterington, 1994) requires the number of analyses much larger than
the 3 or 4 data points shown in Figure 2.3.4-4. Three or 4 analyses/sample are of practical
necessity, because it is often difficult to obtain a large number of subsamples with sufficiently
varied U/Th ratios. It is of the author’s opinion that, by considering both analytical uncertainties
and errors associated with the sample quality (e.g., linear regression as affected by the degree of
uniformity of the initial U and Th isotopic compositions in all subsamples), the method by Luo
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Figure 2.3.4-4. Isochron plots for caliche and evaporite samples published in Luo and Ku (1991).
Caliche samples YM—U3 and YM-U4 were collected from an alluvial piedmont unit in the Yucca
Mountain, Nevada, in a trench at depths 0.7 m and 1 m below the surface, respectively. The ages of 17.1
+ 2.5 ky for YM—U?3 and 38.2 + 3.0 ky for YM—U4 are consistent with the field interpretation. The
evaporite samples are from a drill core ZK2605 from Quidam Basin, China. The depth sequence of the
seven samples in the core are (from shallow to deep): Cl-1, CI-3, CI-9, U-3, U-4, U-5, and U-6. This
sequence is reflected in the increasing U-series ages (or the increasing values for parameter U, i.e., slopes
of the 230Th/234U isochrons) from Cl-1 through U-6. Values for the slopes (U and W) of the least-squares
fits and the squared linear correlation coefficients (R2) are indicated for each sample. The cross bars rep-
resent analytical errors (1-sigma) for individual subsamples. As discussed by Luo and Ku (1991), the
least-squares fittings shown here do not consider error-weighting and correlation of the x and y error bars.

-

and Ku (1991) provides a practical, albeit non-rigorous, alternative to estimating the isochron
age errors.

Open-system dating methods

One of the fundamental criteria for the datability of a given sample is that the sample
remains closed to nuclide migration from the time of formation to the time of measurement.
This requires that the uranium enters a depositional system or co-precipitates with a mineral in
time intervals that are short compared to the age of the system. The dates derived from the
methods discussed in the preceding sections all refer to the timing of authigenic uranium deposi-
tion under closed-system conditions.

In an effort to date systems which allow migration of the isotopes of interest, several
attempts have been made to modify the decay equations and formalize disequilibria data mathe-
matically in terms of an open-system model. As examples, Szabo and Rosholt (1969) and Hille
(1979) have constructed open-system models for dating mollusks and other fossils. However, in
the absence of further research into the reality and validity of the assumptions used in these
open-system models, they are open to question and should be viewed as experimental at best. It
remains to be determined if the simplified model assumptions are testable, and how sensitive the
model age is to these assumptions. As noted by Kaufman and others (1971) on the Szabo and
Rosholt (1969) model, the nature of disruptive processes at work and the nuclide migratory
behavior are simply too complicated to be prescribed by the model equations used. Additional
concerns may be raised. For instance, the choice of steady state (Szabo and Rosholt, 1969) ver-
sus time dependent (Hille, 1979) contaminating processes is somewhat arbitrary. In the model
proposed by Hille (1979) for dating mollusk shells, radiogenic 234U is assumed as being more
stable against loss from a sample than the U which migrated into the system shortly after the
death of the organism, and total U loss is treated as being exponentially decreasing with time.
These assumptions are somewhat arbitrary and require validation if the model is to be general-
ized.

The rather extensive applications of the so-called U-trend method, an open-system dat-
ing method that has been used by Rosholt and his colleagues to estimate the ages of Quaternary
sediments such as weathered tuffs, alluvial, glacial and aeolian deposits (e.g., Rosholt and oth-
ers, 1985a, 1985b, 1988; Muhs and others, 1989), have yielded rather mixed results. Muhs and
others (1989) have reported U-trend ages of marine terrace deposits that are in some cases strati-
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graphically consistent and in agreement with independent age estimates; others are in disagree-
ment with stratigraphy or closed-system 230Th/234U ages of corals from the same sediments.
Still others gave indeterminate data. In an evaluation of U-trend dating on seven profiles from
Germany, consisting of loess, weathered tuff, paleosols and river terrace deposits, Atkins (1986)
was unable to obtain the age of two of these deposits; two profiles produced ages that were too
old in comparison with the established chronostratigraphy, and three profiles gave U-trend ages
in reasonable agreement with the established chronostratigraphy. In general, the estimated age
errors tended to be uncomfortably high making dates “little more than order of magnitude” esti-
mates.

In short, open system cannot behave in a predictable manner if isotope migration and
fluxes are not known a priori during the history of the deposit. Therefore, predicting the history
(age) of a system based on the culmination of all migratory events (i.e., the present-day condi-
tion) often represents a futile effort. v

METHODOLOGY

Sample collection

In light of the above discussions, samples free of detrital material (i.e., 232Th-free) are
obviously preferred. These detrital materials generally consist of aluminosilicate clay minerals
and iron oxyhydroxides as well as primary rock-forming minerals such as feldspars. Carbonate
deposits are the most common material for U-series dating. While unrecrystallized (aragonitic)
coral and pure speleothem samples are ideal, their occurrence is limited. Calcite, gypsum, and
opaline deposits in fracture openings or as vein fillings are often fairly pure materials useful for
dating. In the absence of these “clean” phases, impure carbonates (calcrete, travertine, tufa, etc.)
may provide reliable age information using the isochron technique described above. The dense,
indurated, and massive type of carbonate is preferred over the thin and porous type. In the Vidal
Valley study mentioned earlier, Ku and others (1979) found that the dense, laminated pedogenic
carbonate coatings on the undersides of pebbles found in the C soil-horizon best approached the
desired closed system. They noted that Holocene pebble coatings are thin and spotty, and con-
sist of porous carbonate. Late Pleistocene pebble coatings generally have porous carbonate on
the outside and dense carbonate next to the pebbles. This comparison suggests that as new car-
bonate is added, part of it forms a new outermost increment of the pebble coating and part of it
moves through the porous parts of the coating to be precipitated next to an impermeable surface.
Initially this impermeable surface is the surface of the pebble itself, but eventually the lamina
next to the pebble also become impermeable. After the impermeable lamina stage is reached,
the innermost part of the pebble coating provides suitable material for dating. It is recommend-
ed that the pebble coatings be broken in the field to visually examine the density and lamina-
tions of the carbonate. Truncated laminations and salt-splitting (usually by halite) should be
avoided as they may represent more than one generation of carbonate precipitation. (Ku and oth-
ers, 1979) Efforts spent in collecting friable carbonate materials (one that is readily crumbled
with finger pressures or disintegrates upon soaking in water) of nodular form and that form as
cementation or porous fillings of soils are almost a sure waste. It has been the author’s experi-
ence (e.g., Ku and others, 1979) that in checking for internal consistency of the data, this type of
carbonate material often behaves as an open-system for U and Th isotopes.
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Sample sizes depend on the U concentration of the material to be dated. Typical U con-
centrations of impure calcites are 0.2-2 dpm/g. Alpha spectrometric (AS) analysis requires
about 1 dpm as a minimum. Hence for an individual analysis at least 1 to 5 grams of material
are needed. Isochron dating requires a minimum of three subsamples. Thus one should strive to
collect at least 10 to 20 grams of carbonates in the field. Thermal ionization mass spectrometric
analysis (TIMS) requires ten times less sample material than AS; about 1 to 2 grams should be
sufficient. Materials other than impure carbonate exhibit a large range of U concentrations.
Pure cave limestones may contain less than 0.1 dpm/g whereas corals contain about 2.5 dpm/g,
for example. Opaline silica and gypsum may contain 25 dpm/g of U. In general, it is the
author’s experience with AS measurements that sample of 10 to 20 grams are of acceptable and
practical sizes, although the more the better. Clean containers made of paper, plastics, cloth,
glass, or Al foils are all acceptable in transporting samples for U-series dating.

Laboratory analysis

As U-series dating deals with a great variety of samples and as there is a large difference
between alpha counting (AS) and atom counting (TIMS) techniques in terms of sample size and
blank level, the laboratory procedures vary accordingly. This section only outlines some gener-
alities. Although the number of TIMS laboratories engaging in U-series geochronology are
undoubtedly growing, at present they number about a dozen or so, far less than laboratories with
AS facilities. In 1981 when the Uranium-Series Intercomparison Project (Harmon and others,
1979; Ivanovich and others, 1984) was at its the third (and last) phase, there were about 40 AS
laboratories around the world participating in the project. It seems safe to assume that for every
TIMS laboratory having the capability and interest in performing U-series dating, there are prob-
ably 5 AS laboratories in the same position to do so. Based on this consideration and on my
own experience being mostly limited to alpha counting, I present the material here with AS in
mind. For TIMS procedures, readers may find it informative to refer to works such as Edwards
and others (1987b), Chen and others (1992), and Pickett and others (1994).

Sample preparation

Before dissolution, any surface contaminarts are removed mechanically (scraping with
surgical scalpel or ultrasonic cleaning) from samples, rinsed with deionized water, and dried.
The dried samples are crushed in an agate mortar with pestle to millimeter sizes.

Samples with detrital material need to split into 3 to 4 subsamples for the isochron
method before firing. The ubiquitous clay minerals often act as a major host for Th isotopes in
sedimentary material. Hence, the subsampling may be designed to secure aliquots with varying
clay contents. For impure carbonates, this is done by grinding samples to sub millimeter sizes
and sieving the powders through at least two opening sizes (usually 45 and 125 pm). In the case
of evaporite sediments, crystals of halite and gypsum can be hand-picked, or ground to sub mil-
limeter powders, dispersed in ethanol, and separated into subsamples by gravity settling or short-
centrifuging.
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Sample dissolution

After being weighed out, the sample or subsample is placed in a Teflon beaker and
digested with 8M HNO; at about 300°C: For pure carbonates and phosphates, total dissolution
will be affected by this acid digestion step. For silicates (and silica), additional digestion with
HF-HNOj3-HClO,4 mixture on a hot plate overnight at about 100°C followed by HCIO4-fuming
is necessary. Gypsum and anhydrite are dissolved in slurries of cation-exchange resin in the
hydrogen form, with U and Th isotopes being fixed on the resin in the process (Fitzpatrick and
Bischoff, 1994). In dissolving barite, a mineral known for its resistance to solution, one may
mix the powdered sample with activated charcoal and heat to ~700°C to convert BaSO, to BaS
before dissolving the latter in HNO5. The hot HNOj5 digestion procedure usually will be effec-
tive in solubilizing small amounts (<1 percent) of organics in a sample. To remove larger quan-
tities of organic matter, firing in a muffle furnace at ~500°C for at least 4 hours is needed.

Radiochemical/assay

After digestion, a suitable amount Fe*3 carrier and yield tracers (232U-228Th, or 236U-
229Th, and 233Pa) is added to the sample solution. Separation and purification of U, Th, and Pa
are done using ion-exchange chromatography. Typically, and as an example, anion exchange
resin (BioRad AG 1x8, CI” form, 100-200 mesh) is used. Uranium is separated from Th on the
anion column by passing the sample solution in 8M HCl and then from Pa by eluting the latter
off the column using 8M HCI-0.05M HE. Uranium is purified against Fe by removing the latter
from the column with 8M NH4NO3-0.1M HNOj3. Thorium is further purified by passing the
Th-containing solution (in 7M HNOj3) through a second anion column and eluting Th off the
column with 8M HCI. Thin sources of the purified U and Th for alpha counting are made by
either electroplating or solvent extraction into TTA (thenoyltrifluoroacetone) in benzene which is
then evaporated onto a stainless steel disc. The TTA step is also used to purify Pa and make its
counting source, by extracting Pa into the TTA-in-benzene phase from a 4M HCl medium. A
review of the published procedures for the determination of U, Th and Pa can be found in Lally
(1992).

Activities of U and Th isotopes in a sample (238U, 234U, 232Th, and 230Th) and those of
the tracers (232U-228Th or 236U-229Th) are measured by an alpha spectrometer system, consist-
ing of partially depleted silicon surface-barrier or ion-implanted detectors coupled to charge-sen-
sitive preamplifiers and linear amplifiers, and connected to a multi-channel analyzer. The
required alpha energy resolution (full width half maximum, or FWHM) of the system is 30-50
KeV. Counting of 231Pa is usually done using a high efficiency (21 counting geometry), low
background, windowless proportional counter (Ku, 1968).

In TIMS, the ratios of natural and spike isotopes of U, Th, and Pa are determined by
depositing the purified salts on zone-refined rhenium filaments, and then analyzed using ion-
counting techniques (Edwards and others, 1988; Chen and others 1992; Pickett and others,
1994).
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Data reduction

For illustration purposes, the following data reduction applies to the isochron 230Th-
2347 dating, with 228Th-232U tracers being used.

Input data include:

1. Sample and tracer solution weights and activities of 226Th and 232U in the tracer
solution.

2. 232y activity and 228Th/232U activity ratio of the tracer solution at the time of
analysis.

3. Net (background-corrected) counts of 238U, 234U, 232U, 232Th, 230Th, 228Th and
224Ra.

4. Times of U-Th separation (for decay correction of 228Th) and counting.

5. Half-lives of the isotopes involved: 75.2 ky (230Th), 248 ky (234U), 1.9 y (228Th),
and 70 y (232U) and contribution of 228Ra to the 228Th peak in the o spectrum of Th
(5.3 percent).

Data to be acquired (output) include:

1. Specific activity of 238U, activity ratios 234U/238U, 230Th/234U and 230Th/232Th,
and uncorrected 230Th age (maximum age), along with their errors (one-standard
deviation), for each subsample.

2. Slopes and their errors in the plots of 230Th/232Th versus 234U/232Th and
234/232Th versus 238U/232Th .

3. Corrected (isochron) 230Th/234U age and its standard deviation of the sample.

The formulae utilized to compute the above output items 1 through 3 are listed in the
Appendix. Error estimates are calculated based on standard error-propagation proce-
dures.

CAPABILITIES AND LIMITATIONS OF THE DATING METHODS

The strength of the U-series dating methods lies in two areas. One advantage is the
wide variety of systems which are potentially datable by the methods — from marine to terrestrial
settings and from igneous rocks to soil carbonate. Secondly, the age equations (Equations 2.3.4-
1 to -3) point to a unique feature for the methods; that is, the system has built-in internal cross-
checks. Concordant ages derived from these equations lend credibility to the methods’ two
assumptions (closed system and zero initial 230Th and 231Pa) and hence the ages so obtained.
However, use of Equations 2.3.4-1 to -3 for age calculation is for 232Th-free, pure material pre-
cipitated directly from solutions such as corals, speleothems or calcite veins, the availability of
which in continental settings is relatively limited.
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From Figure 2.3.4-1 to -3, it is seen that with the alpha-spectrometric measurement
errors of about +1-2 percent for each of the isotopes, the upper age-limits for the three dating
methods are approximately as: 231Pa/235U: 150 ky; 230Th/234U-234U/238U: 350 ky; and
231pa/230Th: 300 ky. Thermal ionization mass spectrometric analyses of these isotopes have
improved the measurement errors to <1 percent (Edwards and others, 1987b; Pickett and others,
1994) and extension of the dating range to 500 ka with the 230Th/234U-234UJ/238U method is fea-
sible. At the lower end of the age range, the limit is determined by our ability to extract the
authigenic phase for analysis, as well as by the analytical precision. For pure authigenic
deposits such as coralline material, conventional AS measurements should be able to date ages
close to 1 ky. Under the best of circumstances, the 230Th/234U age precision (1-sigma) with AS
for a 100 ky coral is about 2 ky (Ku and others, 1990). With TIMS measurements, the lower-
bound ages could be as low as less than 0.1 ka, and the errors in age (2-sigma) are approximate-
ly +5 years for a sample of 200 years old, 50 years at 10 ky, and + 1ky at 125 ky (Edwards and
others, 1987b). For young corals, this technique is preferable to 14C dating because of uncer-
tainties in the input function of 14C (Bard and others, 1990).

For continental deposits, almost 232Th-free calcite veins precipitated from groundwater
are suitable material for 230Th/234U dating. The best such example has been the TIMS dating of
the Devils Hole calcite vein, yielding 230Th ages with precisions (2-sigma) ranging from <1 ky
for samples younger than 140 ky to <50 ky for the oldest samples of ~566 ky of age (Ludwig
and others, 1992). While every effort should be exerted to sample 232Th-free for dating, the
majority of materials in terrestrial settings often contain enough initial 230Th such that use of the
isochron method is necessary. In terms of age precision and dating range, the isochron results
do not approach the optimal values quoted above for the 232Th-free or low initial 230Th systems.
The isochron dating range would be practically about 5-300 ky, and the one-sigma age preci-
sions around 10-15 ky for a 100 ky-old sample. Uncertainties in the age assignment reflect the
degree of linearity in the isochron plots, which is affected by analytical errors as well as devia-
tions from the method’s assumption of uniformity in the initial U and Th isotopic compositions
of the subsamples. Because no corresponding 231Pa ages can be obtained for the isochron-
treated samples, the closed-system assumption can only be indirectly assessed through internal
consistency checks such as the age sequence with respect to stratigraphic positions — on spatial
scales of different outcrops, different horizons in a core, or different layers of a carbonate pebble
coating.

Acknowledgments
The presentation of this work has been improved by comments made by Dr. D.R. Muhs
of the U.S. Geological Survey and by an anonymous reviewer. It has also benefited from discus-

sions with Dr. S. Luo.

See Sections 3.2.6 and 4.1 for examples of the application of this method — eds.
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APPENDIX
Computational Formulae Used in the Data Reduction

1. Specific activity (dpm/g) of 238U:

*®
~ Nuaas XAu2s XYus Al
A = (A1)
U238 *

Nygzg XCFyp3p X W,

where A is the specific activity (dpm/g) at the time of U-Th separation; N is net counts (total
counts minus background counts) and w is weight (g), with subscripts U238, U232 and s denot-

ing 238U, 232U tracer solution, and sample, respectively, and CF is the correction factor for
radioactive decay or ingrowth of the isotopes between U-Th separation and end of the counting.

Standard deviation of Ajsg:

1 1
o] + (A2)
U238=A .0 J N

U238 NU232

where N is the total counts.

2. 234y/238y, 230Th/234y, 238/232Th, 234U/232Th and 230Th/232Th activity ratios and their
standard deviations

A N
U234 — U234 ( A3)
A N
U238 U238
A 1 1
o =234 + (A4)
U4/U8 A N N
U238 U238 U234
230Th 234y;
A N N' CF
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A ’ 1 1 1 1
Th230
o = + + + (A6)
Th0/U4 A N

U234 U234 NU232 NTh230 NTh228

where f,, is the 228Th/232U activity ratio in the tracer and N*pyp08¢;,- is net counts of tracer
228Th after correction for background, 224Ra contribution, and 232Th-supported 228Th in the
sample.

238(J/232Th:
* *
Auass _ Nuass *Nnazgsp X Frrnoss o] A7)
- * %
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A 1 1 1 1
o = U238 + + + (A8)
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A N
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3. Calculation of correction factor (CF) for radioactive decay or ingrowth of nuclides after sepa-
ration and during the counting

For 232U
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22'Th228 _1 (e_’luzntl _e_;LU232(tl +tm)J_[e_;L111228‘1 _e_)”Thzzs(tl ”m)J
1U232

Fuan = (_ 2

A

Th228 U232)Xtm

(A13)

where Ay7p35 (= 2.71x105 d-1) and Apy 008 (= 9.94%x10-4 d-1) are radioactive decay constants of
232U and 228Th, respectively, #; is the duration between isotope separation and start of counting,
and t,, is the counting time. For all practical purposes CF 3, =1, if the counting is done within
a few weeks after purification of U.

For 228Th:
lTh228 [e_lumtx _e_AU232(tl +’m) jﬁ[e_lmzzstl _e_}”ﬂms(tl +tm)
A
CF. . =k U232 (Al4)
Th228 (_2' _A )Xt
Th228 U232 m

4. Corrected (authigenic) 230Th/234U and 234U/238U activity ratios and their standard deviations

The corrected (authigenic) 230Th/234U and 234U/238U activity ratios in a sample are
obtained from plotting 230Th/232Th versus 234U/232Th and 234U/232Th versus 238U/232Th for
each of the subsamples. The slopes of the two plots, U and W (or isochrons), are deduced by
least-squares fitting. Their standard deviations, oy, and oy, are estimated as (Luo and Ku,

1991):

2
S IC En203,-+ v2od)

(A15)
and
A/ 2
Gy = V20w (A16)

n

where n is the number of subsamples measured, E is the y-intercept of the 230Th/232Th versus
234U/232Th plot, v; is the 232Th/234U activity ratio of subsample i; ©,;, 0,;, and ©,,; denote

standard deviations of 230Th/234U, 232Th/234U and 234U/238U, respectively, and o is the stan-
dard deviation of E, estimated from:

2= U2 2 (1-R2)

w-2) " \R? (AID
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where R is the correlation coefficient between 230Th/232Th and?34U/232Th , and x; is the recip-
rocal of v;.

5. Calculation of age and error

The sample age (f) is calculated from Equation 2.3.4-4 in the text, i.e.,

U =-1_(1 —e—’lmao’)Jr[]—_l-J A 1230 (1—e—(’lTh230"}‘U234)t] Als)
W WA Anazo ~Auzse

with its standard deviation, o,, estimated from:

-

6. Alternatively, one may follow the procedures given by Ludwig and Titterington (1994) for
calculations of the isochrons, ages, and errors.

ot

2 Y 2
2]
U
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Dating and Earthquakes: Review of Quaternary Geochronology and its Application to Paleoseismology

2.3.5 Lead-210 geochronology

Jay Stratton Noller
Department of Geology, P.O. Box 56, Station B, Vanderbilt University, Nashville,
Tennessee 37235

INTRODUCTION

Lead-210 (210Pb) geochronology is an isotopic method of age estimation based on the
radioactive decay of 222Rn and 210Pb. Since its inception, the 2!9Pb method has been practiced
using the basic techniques, models and assumptions of its originator (Goldberg, 1963). The
strong community confidence in this method is demonstrated by numerous successful results
and the increased number of studies using it. Because of the relatively short half-life of 210Pb
(about 22 years), this method is chiefly applied in palynologic, limnologic, marine, and glacio-
logic studies to estimate sedimentation rates for the past century or more. The 210Pb method
can be applied in paleoseismic studies by dating organic-rich sediment to confidently estimate
the age of an earthquake within the past 150 years, an acknowledged inaccurate period for the
more commonly applied radiocarbon method.

THEORY OF DATING METHOD

Lead-210 geochronology is based on the principle of radioactive decay. Lead-210 is
produced in the decay series of 238U, which includes the daughter elements of radium! (226Ra),
radon (222Rn), lead (210Pb), bismuth (219Bi), and ultimately a stable isotope of lead (296Pb)
(Fig. 2.3.5-1). What makes this method important to Quaternary geochronology is that (1) 210Pb
has a half-life of 22.3 years (Hohndorf, 1969); (2) 219Pb is produced both in the atmosphere and
in the earth; (3) 210Pb is found in all sediments; and (4) many sedimentary environments are
believed to be a closed system for 210Pb,

The atmospheric origin for 210Pb involves the radioactive gas radon, specifically its iso-
tope 222Rn, which has a half-life of 3.8 days. Radon-222 is produced in the earth and escapes to
the atmosphere where it undergoes decay through four daughter products, each with half-lives of
milliseconds to 27 minutes, to 210Pb (Fig. 2.3.5-1). The decay of radon gas to solid 210Pb,
therefore, is geologically instantaneous. Lead-210 settles out of the atmosphere (dry deposition)
or is scavenged by rainwater (wet deposition). The 210Pb is then bound (chelated) by organic
matter and deposited in an environment such as an ocean, a lake, or a soil. Once sequestered in
sediment, 210Pb is assumed to be immobile and spontaneously decays to 219RaE). The 219Pb of
this origin is referred to as supported 210Pb (Goldberg, 1963).

IRadium is chosen because daughters of the 238U decay series between 226Ra and 210Pb are gases or are
too short lived. It is quite likely that the element originally deposited was 238U that then decayed to
226Ra, and eventually on to 210Pb.
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Fi%ure 2 3.5-1. The latter half of the U-238 decay series is used in 210pb geochronology, beginning with
225Ra and, through a series of o-decays and B-decays, ending with stable 06pb. Four of the daughter
products of radium Ra are very short lived and are referred to as RaA, RaC’, RaC”, and RaE, which cor-
respond to 218Po, 214Po, 210Ti, and 210Bi, respectively.

The terrestrial origin for 219Pb involves the in sifu decay of 222Rn gas that is produced
within the interval of sediments to be studied. Lead-210 is produced through in situ decay of
particulate 226Ra2 and its daughter 222Rn rising from sediments and rocks at depth. The 210Pb
of this origin is referred to as unsupported 219Pb (Goldberg, 1963).

Principles and assumptions

Maodels for 210Pp dating. Because 219Pb is produced both in the atmosphere and in
sediments, it is necessary to make basic assumptions about the origin of 210Pb in the sample of

interest. Two models for 210Pb geochronology are traditionally used: the Constant Rate of
Supply model (CRS) and the Constant Initial Concentration model (CIC) (Goldberg, 1963;

Appleby and Oldfield, 1978). A third, and as yet untested model, is the 2!0Pb-excess technique
(Geyh and Schleicher, 1990). The CRS model is the most commonly applied. Each of the mod-
els are described below.

Constant rate of supply model. The CRS model is based on the assumptions that (1) the

unsupported 210Pb is supplied at a constant rate to sediments through time, (2) the initial 210Pb
concentration in the sediment is variable, and (3) the influx rate of sediment is variable
(Goldberg, 1963; Crozaz and others, 1964; Appleby and Oldfield, 1978). To determine the age

of any given depth within a sediment column, the integrated activity of 210Pb below this depth is
calculated. First, the initial concentration of unsupported 219Pb [Cy(#)] in sediment of ¢ years in

age must conform to the argument that

Cy(t) r(t) = constant (2.3.5-1)
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where r(t) (in g cm 2 yr-1) is the dry-mass sedimentation rate at time ¢ (Appleby and Oldfield,
1978). Second, at any depth (x) within the sediment column, the activity of unsupported 210Pb
(C, ) is related by the law of radioactive decay:

C.=Coe ™ (23.5-2)

where A is the decay constant for 210Pb. From this equation, Appleby and Oldfield (1978)
develop a relation for the age of a deposit at depth x:

1 Ao)
t =—log ;
1 ( qx (2.3.5-3)

where A is the total unsupported 210Pb activity in the sediment column and A, is the total
unsupported 210Pb activity in the sediment column beneath depth x.

Constant Initial Concentration Model. The CIC model is based on the assumptions of

(1) constant initial concentration (activity) of unsupported 219Pb in a sediment sample, and (2) a
constant influx rate of sediment (Goldberg, 1963; Crozaz and others, 1964). Solving Equation

2.3.5-4 for age at depth (x) yields:
=Ll Co 2.3.5-4
A C, 3.5-

This model is compromised by a variable sedimentation rate, which is typical for most deposi-
tional systems. Hence, the CIC model is rarely used and only then in support of the CRS model
results.

210pPp-excess model. Using the 231Pa-excess method as a model, Geyh and Schleicher

(1990) propose the 219Pb-excess model for estimating the age of a sediment column. Age of a
sedimentary column (basal horizon) is estimated assuming that the total specific activity of

unsupported (excess) 219Pb in the column (in dpm cm2 m-1) is a function of age:

total activity = 21.[ 2op bexcess]i = ‘Pje—lz“’tdt (2.3.5-5)
i= ; 0

with » arbitrary subdivisions of the column, and ¢ as the annual flux of 210Pb measured at the
surface (dpm cm2 yr-!). This model assumes that the modern measure of annual flux is con-
stant throughout the column.

Assumptions. Assumptions that are basic to all models of the 210Pb method include:
(1) 210Pb is quickly removed from the atmosphere and freshwater streams and

sequestered in soils and sediments;
(2) 210Pb is immobile once deposited (i.e., a closed system);
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(3) unsupported 219Pb does not migrate down into the sedimentary column;
(4) supported 210Pb is in secular equilibrium with its grandparent 226Ra; and
(5) unsupported 210Pb is independent of depth.

Recent work confirms that these assumptions probably are valid. Studies on the atmospheric
mean-residence time for 210Pb shows that it is short, on the order of ten days (Monaghan, 1989).
The assumption of rapid and permanent fixing of 210Pb in freshwater and marine (estuarine)
sediments is suggested by the studies of McCaffrey and Thompson (1980) and Smith and
Walton (1980).

Appropriate geologic settings

Appropriate sedimentary environments are those that facilitate the accumulation of
210ppb. These environments include the deposition of organic sediments in marine (e.g., Koide
and others, 1972; Koide and others, 1973), lacustrine (e.g., Koide and others, 1973), alluvial,
and colluvial depositional settings, and the accumulation of water in ice caps and glaciers (e.g.,
Crozaz and others, 1964). Because these models are dependent on the accumulation of unsup-
ported 210Pb (i.e., that which falls from the atmosphere) any type of deposit could conceivably
be used.

Time range of applicability

Lead-210 geochronology is theoretically applicable to sediments that are younger than
250 years old. The optimum range for this method is 5 to 100 years (Figure 2.3.5-2), although
the method has been successfully applied to sediments as old as 200 years (McCaffrey and
Thompson, 1980). The 210Pb method can provide numerical, relative, and, in special cases, cali-
brated age-estimate results (Table 3.1-1).

METHODOLOGY

Lead-210 geochronology is relatively uncomplicated and requires a minimum of one
week to obtain significant age-estimate results. The method is a fairly simple process: first, col-
lect a representative sample, and second, analyze for 210Pb. Addition of 137Cs analysis can pro-
vide calibration of the 210Pb chronology and hence reduce uncertainty in the results. Cesium-
137 is a bomb-produced short-lived nuclide that has a global peak concentration in sediments
deposited in 1964 A.D (Olsson, 1986). Most studies use the 137Cs isochron as a calibration
point in their 2!9Pb record (Robbins and Edgington, 1975; Oldfield and others, 1978; Chanton
and others, 1983; Durham and Joshi, 1984). Thus, with 137Cs, 210Pb age-estimate results are
also considered calibrated.

Sample collection

No specific method of sample collection is required for the 219Pb method. Most report-
ed methods collect samples from a core taken from a lake or sea bottom, or from ice. Soils and
alluvial deposits have been sampled in outrops or trenches with grab samples (Goldberg, 1963;
Monaghan, 1989). The average mass of sediment required for analysis preparation is about 1 to
10 g, depending on the amount of 210Pb expected. Typically, fine silt and clay are the primary
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Figure 2.3.5-2. Lead-210 profile of core from Sa%uenay Fjord, Quebec, Canada, shows two plateaus or
departures from the expected gradual decrease in 210Pb with depth. These plateaus indicate the timing of
submarine slumping of sediment. Dates of historic earthquake-induced landslides could be verified using
this technique. From Smith and Walton (1980). Permission to use this copyrighted material is granted by
Elsevier Science Ltd., Kidlington, United Kingdom.

carriers of 210Pb (Chanton and others, 1983). Separation of this size fraction may be necessary
and thus greater quantities of sandy or gravelly sediment need to be collected.

210pp analysis

Techniques of the 210Pb method rely on directly or indirectly determining the supported
and unsupported 210Pb. The total activity of 210Pb (the sum of supported and unsupported
210pb) in sediments is directly measured (see below). Supported 210Pb is currently measured in
one of three ways: (1) decay counting of 210Pb in sediments below the section to be dated; (2)
decay counting of 226Ra, assuming secular equilibrium between 226Ra and its granddaughter
210pp, (i.e., activity of supported 210Pb is equal to that of 226Ra); or (3) decay counting of polo-
nium (210Po), assuming secular equilibrium between 2!0Pb and its granddaughter 21Po (i.e.,
activity of supported 210Pb is equal to that of 210Po). The activity of unsupported 210Pb is indi-
rectly determined as the difference between the total activity of 210Pb and the activity of sup-
ported 210pb,
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Techniques of 210Pb analysis vary little from that originally proposed by Goldberg
(1963). Most variants are in the type of detector used (type of decay) and which nuclide is tar-
geted for analysis. Two types of techniques are commonly used: f-counting and Ot-counting.

B-Counting technique. Lead-210 decays to its daughter 210RaE by emission of a 3 par-
ticle (Fig. 2.3.5-1). A typical technique for measuring these {3 particles involves the following
steps (Goldberg, 1963; Krishnaswamy and others, 1971; McCaffrey and Thomson, 1980):

(i) Leach 5 g of organic ash in hot 6 N HCI;

(i) Separate Pb from leachate by ion exchange in the presence of a stable Pb
carrier;

(iii) Precipitate Pb as PbCrO,4 or PbSOy;
(iv) Mount lead-bearing precipitate on a silver disk;
(v) Cover mounted sample with Mylar to absorb 210Po o particles;

(vi) Perform [ count in a proportional gas-flow counter at intervals over a
period of 20 to 30 days during ingrowth of daughter 210Bi;

(vii) Background corrections are made by extrapolating the ingrowing activity
to zero time.

o-Counting techniques. Polonium-210, granddaughter of 210Pb, decays by emission of
an 0, particle to stable daughter 206Pb, the final product of the 238U-decay series. Polonium-210
is measured with an o detector. This technique is applied assuming (1) the halflife of 210Po
(138 days) is insignificant (=1 percent) compared to that of its grandparent (219Pb, 22.3 yr) and
(2) 210pPb and 219Po are in secular equilibrium.

Analysis of 226Ra is generally required for the CIC model. A technique of 226Ra analy-
sis used by McCaffrey and Thomson (1980) involves the following steps:

(1) Leach 5 g of organic ash in hot 6 N HCI,;

(i) Place leachate in closed vessel for minimum of ten days;
(iti) Perform oi-scintillation counting of 222Rn gas from vessel;
(iv) Repeat (i)- (iii) at least twice;

(v)  Run blank extractions for background.

PALEOSEISMIC APPLICATIONS

The 210Pb method can be used to date fine, organic sediments in ponds, lakes, marshes,
and marine environments that have been seismically disturbed. In studies of active fault zones,
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it may be necessary to definitively show by the age of sediments that a surface feature is associ-
ated with an historic earthquake. The age of a disrupted sedimentary feature (e.g., seismically
induced slumping) could be dated by this method (Fig. 2.3.5-3). To date, however, no known
paleoseismic study has applied the 210Pb method.

Because of the inaccuracies of the radiocarbon method in dating material less than a few
centuries old, the 210Pb method presents a means of establishing positive identification of an his-
toric event in a stratigraphic section. Paleoseismic excavation in the most appropriate deposi-
tional environments for the 210Pb method, such as a sag pond, is a difficult endeavour.

However, through lithologic correlation of ponded sediments with subaerial deposits (e.g., fault-
scarp-derived colluvium), the positive identification of an historic event could be realized.

LIMITATIONS AND MAXIMUM UTILITY

The 219Pb method is widely used in the determination of sedimentation rates in lacus-
trine and marine depositional records. Palynologic studies commonly rely on the 210Pb method
as a means of establishing a century-averaged sedimentation rate for use in records that extend
back into the middle and early Holocene. The utility of the 210Pb method is maximized when
used in conjunction with 137Cs.

The life-cycle of 210Pb in natural systems is in need of additional characterization. As
pointed out by Wise (1980) and others, improvements in the understanding of the method could
be made in:

(1) the nature of 210Pb deposition in various environments;
(2) the fixing mechanism (e.g., adsorption) of 210Pb in sediments; and

(3) The nature of diffusion of 210Pb within sedimentary columns, particularly under
reducing conditions.

ASSESSMENT OF CONFIDENCE

Confidence in a 210Pb study is assessed through examination of the methods used,
model selection, statistical treatment of data, and reporting of results. In particular, the reviewer
of a 210Pb study should be critical of (1) the evidence used in support of two key assumptions:
constant rate of supply of 219Pb or constant rate of sediment accumulation; (2) measurements of
background 210Pb activity; (3) the appropriateness of model selected for analysis; (4) measure-
ment instruments and their implementation; (5) sampling strategy; and most importantly (6) the
discussion of significance and sources of error.

Measurement errors are important to characterize in 210Pb geochronology. The range in
precision depends on the type of detector used and on operator error. Published estimates of
measurement error are about 10 percent (e.g., McCaffrey and Thompson, 1980). The methods
of laboratory anaylsis are standardized so that reproducibility among workers should be high.
Thus, only systematic errors should be of consequence.
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2.3.6 U-Pb and Th-Pb geochronology in Quaternary rocks

Stephen R. Getty! and Donald J. DePaolo
Berkeley Center for Isotope Geochemistry, Department of Geology and Geophysics,
University of California, Berkeley, California 94720

INTRODUCTION

Uranium-Lead (U-Pb) and Thorium-Lead (Th-Pb) geochronology are isotopic methods
of age estimation based upon measuring the radiogenic Pb (206Pb, 207Pb, 208Pb) that accumu-
lates from the radioactive decay of 238U, 235U, and 232Th. The U-Pb and Th-Pb methods have
undergone continual refinement for many years and are currently used to date rocks and miner-
als ranging in age from 4.5 billion years to several million years (e.g., Nier, 1939; Patterson,
1956; Wetherill, 1956; Tera and Wasserburg, 1972; Compston and others, 1985; Faure, 1986).
Except for highly U-rich minerals (e.g., Zeitler and others, 1993), rocks younger than a few mil-
lion years have remained largely undatable by conventional U-Th-Pb techniques because of the
difficulty in measuring the very small amounts of radiogenic Pb that accrue over time-scales of
106 years.

We review here a method of using the 238U-206Pb and 232Th-208Pb decay systems to
date Quaternary rocks (Getty and DePaolo, 1995). The approach may be applicable to a variety
of rock types, and it does not require U- and Th-rich minerals. The method can be used to date
rocks ranging in age from less than 0.1 Ma to >100 Ma, and it may be particularly valuable for
dating young, K-poor mafic igneous rocks that are difficult to date by the K-Ar and 40Ar-3%Ar
methods, yet too old to date with U-series methods. The technique may also be used to delin-
eate small relative age differences in older Cenozoic volcanic rocks.

U-PB AND TH-PB DATING
Normalized Pb isotope ratios

The lower limit for U-Th-Pb geochronology is determined by the precision with which
the isotopic compositions of Pb can be measured (e.g., 206Pb/204Pb, 207Pb/204Pb). Normal mass
spectrometric protocols limit the precision of these measurement to about +0.1 percent, calculat-
ed as (ARx100)/R, though uncertainties approaching 0.01-0.05 percent may be achieved with Pb
double-spiking techniques (e.g., 202Pb-205Pb: Todt and others, 1984; 204Pb-207Pb: McCulloch
and Woodhead, 1993). In most cases, two mineral samples are needed to date a rock, one with a
high 238U/204Pb ratio, known as its 1 value, and another mineral with a low 238U/204Pb ratio.
For Ap = 100, it can be shown that the age uncertainty (Ar) of a measurement with uncertainty
AR/R=0.1 percent is about Aty ~ 1.2 m.y. for 238U-206Pb decay, and about Atyy; =~ 20 m.y. for
235U-207Pb decay (e.g., Getty and DePaolo, 1995). This theoretical age resolution might be
expected to improve in proportion to Ay, but is eventually limited by other considerations to
0.1 percent of the age.

1 Current affiliation: Department of Earth and Planetary Sciences, Northrop Hall, University of New
Mexico, Albuquerque, NM 87131-1116
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The analytical uncertainty of Pb isotope ratio measurements (AR/R = 0.1 percent) is
considerably larger than the uncertainty of +0.002 percent that is achieved with other isotopic
ratios such as 87Sr/86Sr and 143Nd/!144Nd (DePaolo, 1986). The other isotopic ratios are mea-
sured more precisely because mass discrimination produced in a thermal ionization mass spec-
trometer, usually of order +0.1 percent per mass unit but variable, can be corrected using a “nor-
malizing” isotopic ratio such as 88Sr/36Sr or 146Nd/144Nd. These normalizing ratios are applica-
ble over geologic timescales because they are unaffected by radioactive decay of a parent ele-
ment. The element Pb has only one non-radiogenic isotope, and this has been thought to pre-
clude normalization (Faure, 1986).

The salient feature of Getty and DePaolo (1995) is based upon the contrasting produc-
tion rates of radiogenic Pb in the 238U-206Pb and 235U-207Pb decay chains. Although the decay
rate of 235U is about six times faster than that of 238U, the latter isotope is 137.88 times more
abundant, such that most radiogenic Pb from U decay (>95 percent) is radiogenic 296Pb. This
provides a time interval after rock crystallization where the radiogenic growth in 206Pb/204Pb
ratios, as indicated by AR,p6/Rog6, €quals and then exceeds 0.001 percent while AR»(7/Rq7
remains effectively zero. In the example above with Au~100, this time interval has begun by
15,000 years. For the purposes of dating Quaternary rocks, therefore, Pb is characterized effec-
tively by two non-radiogenic isotopes, 294Pb and 207Pb. This enables mass spectrometric mea-
surements of Pb isotope ratios to be normalized for mass discrimination relative to the
207Pb/204Pb ratio such that very small enrichments of radiogenic 206Pb and 298Pb can be
detected.

The 238U-206pp and 232Th-208Pp decay chains

Relatively straightforward equations describe the evolution of the 206Pb/207Pb ratio.
The 206Pb in a sample at some time (¢) after formation, 296Pb(z), equals the initial, 206Pb(0), plus
that generated by 238U radioactive decay. This is

206 206

Pb(1)=2%Pb(0)+ 28 U(rye (e 2% —1), (2.3.6-1)

where Ajsq is the 238U decay constant. Similarly, the evolution of 207Pb is
A
207 ()= Pb(0)+ 237 U(r) 0 (e s’ _ 1). (2.3.6-2)
By combining and rearranging Equations (2.3.6-1) and (2.3.6-2), the time-dependent

206pb/207Pb ratio can be expressed as a function of the 238U/207Pb and the initial 206Pb/207Pb
ratio in the rock:

206 238 206 235
)= R0+ () (elﬁst -1)- Po 0)e—Y (t).(e“”’-lj |
7 Pb 207 Pb 207 Pb 207 Pb 238 U

(2.3.6-3)
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The age Equation (2.3.6-3) for the U-Pb procedure, assuming measurement of 2 mineral phases,
one with high U/Pb ratio and one with low U/Pb ratio, is closely approximated by:

206Pb/207Pb . __206Pb/207pb
high low

Age = eln| 1+
* 238,207 238,207
Mg u/ thigh— =P,y
206 3y ,207
_ o1 n[l LAY PbJ (2.3.6-4)
238,207
A 238 AT"U/7 " Pb

where A*)3g is the effective decay constant of 238U defined as follows:

206 Pb/ 207 Pb
low

Mg =Apna—A o ® . (2.3.6-5)
238 ~ 7238 7235 137.88

This approach is equivalent to the mineral isochron method used for Rb-Sr and Sm-Nd.
In general, the value of A238U/207Pb is large (>1) and can be measured with an uncertainty of
about +0.1 percent. The measurement that limits age resolution for Quaternary rocks is that of
A206Pb/207Pb, the radiogenic growth over Ar. By correcting the mass spectrometer data using
some normalizing ratio 207Pb/204Pb, . if the ratio difference A206Pb/207Pb can be determined
to 0.001 percent (+0.000012; 15), then Equation (2.3.6-4) indicates that for An = 100 the theo-
retical age resolution is Az = +13 ky (A238U/207Pb = 6.4; Figure 2.3.6-1). This age resolution
with normalized 206Pb/207Pb ratios is about 50 to 100 times smaller than that obtained with
unnormalized ratios (Figure 2.3.6-1).

The radioactive decay of 232Th to 208Pb can also be used to date Quaternary rocks, giv-
ing an independent check on geochronologic accuracy. Even though 232Th decays nearly 20
times more slowly than 235y (7»235/?»232), modern U isotope abundances and mineral [Th}/[U]
enrichments of 2-8 would yield net growth of radiogenic 298Pb a factor of 14-55 times faster
than radiogenic 297Pb. Combining Equation 2.3.6-2 and the evolution of 208Pb,

A t
208Pb(t):208Pb(0)+232Th(e By _ 1), (2.3.6-6)

the time-dependent change in the 208Pb/207Pb ratio is

208 208 232 208 235
Pb Pb Th A P
2075, =307 (O + 35— (1) (e = _1)_ 207 2(0)e 232 - (t)'(ekmt _1) '
Pb Pb Pb Th

Pb
(2.3.6-7)

The age equation for this procedure, assuming measurement of 2 mineral phases, one with high
Th/Pb ratio and one with low (near zero) Th/Pb ratio, is closely approximated by
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Figure 2.3.6-1. Theoretical age resolution that can be obtained from measurements of normalized
206pb/207Pb ratios in two mineral phases having a difference in 238U/204Pb ratios of AZ38U/204Pb (from
Getty and DePaolo, 1995). By normalizing the 206Pb/207Pb ratios to correct for mass discrimination in
the thermal ionization mass spectrometer, it is possible to approach a resolution of +0.001 percent (1G) in
the difference, A206Pb/207Pb, and therefore to improve the age resolution of the U-Pb method by orders of
magnitude over conventional analyses where A206Pb/207Pb is often measured with a resolution of about
+0.1 percent. Preliminary measurements indicate that AlL values of 25 are typical in common volcanic
materials like feldspar and magnetite, so that an age resolution of about 50 kyr is achieved without
requiring U-rich accessory minerals. The age resolution that can be achieved with the 232Th-208Pb
method is similar to, or possibly better than, the 238U-206Pb method, as shown by AR8/R=0.001 percent
for the difference A208Pb/207Pb in a sample where a mineral (e.g., allanite, monazite) has 232Th/238U=15.
Permission to use this copyrighted material is granted by Elsevier Science Ltd., Kidlington, United
Kingdom.
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The 232Th-208Pb decay chain may prove more advantageous than the 238U-206Pb chain,
especially when the sample contains high-Th/U minerals such as monazite or allanite. For min-
erals with Th/U > 6.5, the percentage increase of the 208Pb/207Pb ratio per unit time is greater
than the 206Pb/207Pb ratio, and therefore the Th-Pb method should yield smaller relative age
uncertainties. For a mineral with Ap = 100 and 232Th/238U=15, for example, the theoretical age
resolution with AR/R = 0.001 percent (x0.000025; 16) is At = +5-6 ky (Figure 2.3.6-1). It
should be noted, however, that measurements of 208Pb/207Pb(z) and 232Th/207Pb(¢) for multiple
minerals may not determine a single line when plotted against one another because of the depen-
dence of 208Pb/207Pb(¢) on the Th/U ratio for the term in brackets in Equation 2.3.6-7. Other
important advantages of the Th-Pb method are the relative geochemical immobility of Th and
the lack of long-lived intermediate daughter products in the 232Th - 208Pb decay chain.

Sources of Uncertainty

Not knowing precisely the correct value of 207Pb/204Pb, . does not significantly affect
age determinations with normalized 206Pb/207Pb or 208Pb/207Pb ratios. For example, if
207pb/204Pb, .y, is incorrect by a factor (1£3), the normalized values 206Pb/207Pby,;.,
and 206pb/207Pb,  will be incorrect by a factor of approximately (1+8)-1/3, and the difference,
A206pb/207Pb, will be incorrect by the same factor. Since the age is proportional to
A206pb/207Pb, the age will also be incorrect by a factor of (1£8)"1/3. The 207Pb/204Pb value of
the low-U/Pb phase is normally a good approximation to the initial value in the rock, and there-
fore of 207Pb/204pb . In that the initial 207Pb/204Pb can be measured with an uncertainty & =
+0.1 percent, the age uncertainty stemming from the uncertainty in 207Pb/204Pb, . is only
about +0.03 percent. The 207Pb/204Pb variations in rocks typically vary by only about 3 percent,
however, so even if the ratio is unmeasured, the maximum age uncertainty introduced is only
about +1 percent, which is normally not significant for Quaternary geochronology.

The accumulation of radiogenic Pb may be affected by irregularities in the U decay
chain, with the degree of disequilibrium depending upon the mineral-rock partitioning in each
setting. In the 235U-207Pb chain, studies of Protactinium-231 and 235U partitioning are in their
nascent stages (e.g., Pickett and others, 1994). In the 238U-206Pb chain, disequilibria relations
are understood considerably better. For example, if the 230Th/238U ratio is unknown and differs
from the equilibrium value by +10 percent, the effect will accrue to a maximum of +12 ky dur-
ing the ca. 300 ky it takes for radioactive equilibrium to be reestablished. If 234U/238U differs
from the equilibrium value by +1 percent, the effect will accrue to a maximum of +3 ky during
the ca. 1000 ky it takes for equilibrium to be reestablished. For rocks older than 1,000 ka, the
uncertainty of +15 ky added by U-series disequilibrium is insignificant. For rocks younger than
1000 ka, or characterized by stronger U-Th disequilibrium effects, a first-order correction for U-
series disequilibria can be made by measuring the Th/U ratio and 234U/238U ratio of the miner-
als used in the age determination. Alternatively, provided that there is no correlation between
the degree of Th-U disequilibria and 238U/297Pb ratios for minerals and whole rocks samples,
colinearity of the sample suite along a 206Pb/207Pb-238U/207Pb isochron would suggest that the
disequilibrium effects are minimal.
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METHODOLOGY
Sample Selection

The 238U-206Pb and 232Th-208Pb dating methods follow the same tenets as traditional
isochron approaches. Thus, a variety of types of geologic materials may be suitable for analysis
as long as they satisfy assumptions of the isochron strategy (e.g., Faure, 1986). Besides assump-
tions such as closed-system behavior since mineral growth, we emphasize three requirements.
First, different reservoirs of U, Th, and Pb in the sample must exhibit a sufficient range of U/Pb
and Th/Pb variations (i.e., mineral 238U/207Pb and 232Th/207Pb ratios) to obtain the requisite
geochronologic age resolution. Second, to enable a high-precision determination of Pb isotope
ratios, minerals should harbor total Pb contents, for a given u value, typically greater than about
0.5 ppm. Highly radiogenic minerals such as zircon have large, apparently attractive U/Pb and
Th/Pb enrichments, but because these minerals tend to exclude common Pb during crystalliza-
tion, they will not harbor sufficient 204Pb that is necessary during mass spectrometry for the
mass discrimination correction; minerals such as apatite, sphene, epidotes, or Fe-Ti oxides
should possess ample Pb, as well as a favorable array of U/Pb or Th/Pb ratios. Third, different
minerals in the sample must have incorporated the same isotopic composition of Pb during crys-
tallization.

Analytical Procedures

Purified mineral separates and matrix samples were first analyzed by conventional meth-
ods to obtain approximate U and Pb concentrations (e.g., Chen and Wasserburg, 1981; Manhes
and others, 1984). Sufficient sample was then dissolved so that the chemical separation would
yield at least 200 ng of Pb, about 180 ng of which were used for Pb isotopic analysis.
Concentration aliquots of about 20 ng Pb were spiked separately with pure 205Pb and 233U trac-
ers, and then equilibrated by fuming and drying twice in 0.5 ml HCLOy4 plus 0.1 ml 8M HNO3.
After redissolving in 4N HCI and converting to a 0.5M HBr solution, Pb was purified using
standard HBr methods (AG 1x8 resin in Br- form; 200ul, then 100pl columns). The U-bearing
cut was converted to a nitrate form by dissolving and drying three times in 0.4 ml of 8M HNO4
prior to elution (AG 1 x 8 resin in NO3~ form; 500ul, then 150ul columns). About 30 ul of 0.05
M H;3PO, was added to U and Pb samples, and a final sample dry-down in 0.25 ml concentrated
aqua regia was used to oxidize residual organic material.

For thermal ionization mass spectrometry, Pb was loaded onto single Re filaments with
1.5ul of silica gel, and U was added to a 0.5ul drop of graphite in water on a single Re filament.
Pb concentrations were determined by static multicollection at 1,200°C, and U runs were mea-
sured on a Daly detector at about 1,700-1,750°C. Pb data were corrected for spike, blank, and
fractionation with the reduction software of Ludwig (1988). Chemistry blanks were measured to
be 80 + 40 pg for Pb and 8 pg for U, and the isotopic composition of blank Pb was measured as
206pb/204Pph = 18.30 = 0.05, 207Pb/204Pb = 15.35 + 0.05, and 208Pb/204Pb = 37.45 + 0.10.
Fractionation corrections for Pb were 0.10 + 0.04 percent/amu and for U, 0.10 + 0.05
percent/amu.
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High precision, normalized Pb isotopic ratios are measured using a multicollector mass
spectrometer in dynamic mode. The 296Pb/207Pb and 208Pb/207Pb ratios are normalized to a
constant value of 207Pb/204Pb - which is determined by conventional Pb isotopic analysis of a
low-U/Pb phase. Mass discrimination corrections use the “exponential” correction law of
Russell and others (1978). Large ion beams are necessary (204Pb* > 0.1 x 10-!! amp) or there is
a small drift (0.01 percent) in the corrected ratios during the run due to an uncorrected isobaric
interference, presumably at mass 204.

For Pb isotope runs, filaments were brought to 1.6 amp over 15 minutes, and then
sequentially focussed and brought to about 2.0-2.1 amp over about 30-45 minutes. Isotope mea-
surements were begun when 208Pb* beam intensities reach 4.0 x 10-!1 amp, typically around
1,200°C. No organic mass interferences were detected at these temperatures, as monitored at
mass 205 and by runs of doubly separated, unspiked blank Pb. Blank 208Pb was typically <5 x
10-13 amp by 1,400°C, temperatures much higher than used for data acquisition; the effect of Pb
blank on the 206Pb/207Pb ratios was negligible. During some runs, a mass 201 peak of
BaP160160 grew to 1-2 x10-13 amp toward the end of a 4-hour run, but the corresponding cor-
rection in the 206Pb/207Pb ratio for BaP!70!80 at mass 204 was typically less than 0.1 ppm, and
always less than 0.2 ppm. Signal intensities for early blocks are typically steady or slightly
decreasing. Focussing and peak centering between blocks is typically combined with slight
increases in filament current to maintain 208Pb* intensities at 4 x 1011 amp for the first cycle of
each block. Data were accepted as long as increases in filament temperature per block were less
than about 20°C, and 208Pb+ intensities did not drop by greater than 50 percent within a block.

The technique of measuring normalized Pb ratios was developed and tested with Pb iso-
topic standard NBS-981. Using its certified value 207Pb/204Pb = 15.491545 as the mass dis-
crimination normalizing ratio, four runs of 175 ng samples yielded a mean 206Pb/207Pb of
1.093324 + 23 (0.0021 percent; 16). The certified 206Pb/207Pb ratio is 1.093326+197 (0.018
percent; 10) (Table 2.3.6-1). Many additional normalized runs of NBS-981 fell within +0.0025
percent of the mean 206Pb/207Pb = 1.093324, but in developing the analytical procedures, runs
for this latter group of standards did not strictly adhere to the sample size, chemistry, or loading
procedures used for the geologic samples. Reproducibility was somewhat poorer for smaller
samples (100-125 ng Pb) due to the drift problem and the difficulty in maintaining large, stable
beams. Further tests of reproducibility are provided by the measurements on geologic samples
described below.

APPLICATIONS

To date, results with the 238U-206Pb dating methods have been described for two vol-
canic samples (Getty and DePaolo, 1995). These results, summarized below, illustrate the main
features of 238U-206Pb isochron dating, including sampling strategies, normalizing Pb isotope
ratios during mass spectrometry, Pb isotopic precision, Pb inheritance, and geochronologic age
calculations. Although not presented here, these applications also would be appropriate for
232Th-208Pb isochron dating.
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TABLE 2.3.6-1. NORMALIZED 206Pb/207Pp RATIOS FOR
NBS-981 Pb ISOTOPE STANDARD

2065, b
Sample ng Pb2 207’:; (izom) & (104
sep #1 175 1.093300+13 -0.24
sep #2 175 1.093330+20 0.04
sep #3 175 1.093353+17 0.25
sep #4 175 1.093313+11 -0.12
sep #7 100 1.093328+13 0.02
sep #9 100 1.093381+21 0.50

a Amount loaded on mass spectrometer filament; 175 ng Pb, Dec. 1994; 100 ng Pb, Sept. 1994.

b 207pb/204pb normalizing value=15.491345.
¢ Difference from mean of 175 ng loads=1.093324

From Getty and DePaolo, 1995. Permission to use this copyrighted material is granted by Elsevier
Science Ltd., Kidlington, United Kingdom.

Black Butte Dacite, Mt. Shasta

Black Butte is a dacite plug-dome located on the western flank of Mt. Shasta, in north-
ern California. Many volcanic structures in this region and adjacent Oregon are associated with
magmatism along the Cascade volcanic arc. Black Butte and related domes, flows and pyroclas-
tic rocks have been dated by radiocarbon at 9,400-9,500 yr B.P. (Miller, 1978). The Black Butte
dacite was used to investigate the homogeneity of 206Pb/297Pb ratios in minerals of an essential-
ly zero-age (for this method) lava.

Black Butte dacite is fine-grained with 2 to 3 percent phenocrysts of hornblende and
plagioclase. The hornblende shows evidence of minor resorption, but the plagioclase is euhe-
dral. Matrix between the phenocrysts consists of ~10-20 micron laths of plagioclase with finer
interstitial grains of magnetite. Three hornblende separates had average, little-varying concen-
trations of [U]ppm=0.0066 and [Pb]ppm=0.191 1, and were therefore not amenable to the high-
precision Pb analysis. Using conventional U-Pb analyses, the 207Pb/204Pb,_ - was estimated as
15.5451. Measurements of 206Pb/207Pb were made on plagioclase phenocrysts, 2 separates of
phenocryst-free matrix, whole rock powder, and magnetite (Table 2.3.6-2). The 206Pb/207Pb
ratios of matrix, whole rock and magnetite (Figures 2.3.6-2a and 2b) were all indistinguishable
from their mean value 206Pb/207Pb =1.210403 + 17 (16), despite a range of net fractionations
for the sample runs (Figure 2.3.6-2c). These data indicate that volcanic minerals can have the
requisite initial Pb isotopic homogeneity for dating purposes, that U and Pb are favorably parti-
tioned among groundmass phases, particularly between Fe-Ti oxides and feldspar, and that
reproducibility much improved over conventional techniques can be achieved with normalized
Pb ratio measurements.

The plagioclase phenocrysts had 206Pb/207Pb ratios that were 0.105+0.002 percent lower
than matrix, whole rock, and magnetite (Table 2.3.6-2). Thus, whereas the fine-grained compo-
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TABLE 2.3.6-2. U-Pb CONCENTRATIONS AND ISOTOPE RATIOS FOR VOLCANIC ROCKS

Sample

Ul

[Pb]

238, 238;; 206 p, 206 ppa
204p, 2075, —237';; 2075, 20, b
(ppm) (ppm) u conventional dynamic (104

Black Butte Dacite

matrix 1 0.431 2.826 9.727 0.6253+171 1.21222+70 1.210407x19 0.04
1.210430+29 0.23
1.210401x15 -0.01

matrix 2 0.665 4.452 9.502 0.612 =12 1.21198+113  1.210380+12 -0.19

whole rock 0.629 4.054 9.871 0.6354 +£55 1.21158+71 1.210389+19 -0.11

magnetite 1 0.664 2.034 20.80 1.337 12 1.21088+58

magnetite 2 0.826 2.385 22.09 1.419 203 1.21136+51 1.210409+22 0.05

plagioclase 0.0090 0.6737  0.8428  0.05457x17 1.21045£309  1.209132x15 -10.50

Alder Creek Rhyolite

albite 0.0147 16.60 0.0573  0.00366+7 1.22383+51 1.223088+16 0.04
1.223077+23 -0.04

sanidine 0.0579  33.83 0.1104  0.00705+13 1.22475+52 1.223103+23 0.16

ilmenite 3.691 10.09 23.49 1.509+24 1.22750+51 1.223260+45 1.45

matrix 7.730 19.57 25.46 1.629+18 1.22475+41 1.223356+34 2.23
1.223298+18 176

a 207pb/204Pp normalizing values: Black Butte = 15.5451; Alder Creek = 15.6316.
b Relative to 200pb/207pb=1.210403 for Black Butte dacite (mean of 206Pb/207Pb ratios except
plagioclase) and 206Pb/207pb=1.223083 (albite mean) for Alder Creek rhyolite.

From Getty and DePaolo, 1995. Permission to use this copyrighted material is granted by Elsevier Science
Ltd., Kidlington, United Kingdom.

nents of the rock had uniform 206Pb/207Pb ratios to within £0.0014 percent (16) and gave the expect-
ed zero age (0.07 = 0.15 Ma; uncertainty indicates the standard error of isochron slope), the feldspar
phenocrysts were clearly different. Although careful conventional Pb analyses could just resolve the
0.1 percent difference in 206Pb/207Pb between plagioclase and matrix, the effect is glaring when nor-
malized ratios are compared (Figures 2.3.6-2b and -2d). The higher 206Pb/207Pb ratios of the matrix
and magnetite were interpreted as reflecting either wall-rock assimilation or magma mixing subse-
quent to the growth of the plagioclase phenocrysts. Interestingly, analyses of Sr isotopic composi-
tions of the plagioclase phenocrysts (87S1/86Sr = 0.703087 + 12) and matrix (87S1/86Sr = 0.703097 +
22) were indistinguishable, indicating that the difference in isotopic character of the assimilated or
admixed material was much greater for Pb than for Sr. In this case, Sr isotopes provide no hint of
assimilation, whereas the high-presion 206Pb/207Pb ratios delineate a final chapter in the petrogenetic
evolution of the Black Butte dacite.

Alder Creek Rhyolite, Cobb Mountain

Cobb Mountain is a composite lava dome at the southwest margin of the late Pliocene-to-
Holocene Clear Lake volcanic field (Donnelly-Nolan and others, 1981). Located about 100 km north
of San Francisco, extrusive members of the Cobb Mountain series pass through bedrock of the
Franciscan assemblage, and range in composition from rhyolite to dacite. The rhyolite at Alder
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Figure 2.3.6-2. Plots (a), (b), and (d) show 206Pb/207Pb - 238UJ/207Pb diagrams for Black Butte dacite
(from Getty and DePaolo, 1995). All error bars are 26, and age uncertainty in (a) indicates standard
error of isochron slope. Permission to use this copyrighted material is granted by Elsevier Science Ltd.,
Kidlington, United Kingdom.
(a) Detail for matrix, whole rock and magnetite. The age is indistinguishable from zero.

(b) Relationship between plagioclase phenocryst and matrix, whole rock, and magnetite, showing that the
plagioclase 206Pb/207Pb ratio is markedly low. The apparent age of 15 Ma for the plagioclase-matrix pair
is a fictitious age. The low 206Pb/207Pb of plagioclase is interpreted as evidence of contamination of the
magma with high-206Pb/207Pb material subsequent to crystallization of the plagioclase.
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(c) Plot per run of normalized 296Pb/207Pb versus mean, static 207Pb/204Pb. Shaded region shows the
mean 206Pb/207Pb = 1210403 bound by a 1-sigma envelope (+0.0014 percent) for 6 Black Butte dacite
analyses (see text; Table 2.3.6-2). The 206Pb/207Pp ratios are obtained by continuously normalizing the
fractionated 206Pb/207Pb ratios to the estimated 207Pb/204Pb, = 15.5451 during the mass spectrometer
run. In that the static 207Pb/204Pb ratio is collected each cycle by simultaneous measurements on the
High-1 and Low-2 Faraday cups, the mean 207Pb/204Pb. is proportional to the net fractionation of iso-
topes on the filament. Thus, despite a range of net fractionations for the runs, excellent reproducibility
can be achieved for normalized 206Pb/207Pb ratios.

(d) Conventional 206Pb/207Ph measurements with off-line fractionation correction. The actual 0.105 per-
cent difference between plagioclase 206Pb/207Pb and that of the groundmass phases is not evident in the
conventional data treatment, but is clearly resolved with normalized 206Pb/207Pb ratios (Figure 2.3.6-2b).
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Creek was originally dated by K-Ar on sanidine at 1.12 + 0.02 Ma by Mankinen and others
(1978), and sanidine has since been redated by 40Ar-3%Ar at 1.19 Ma by Turrin and others
(1994). To test the ability of the 238U-206Pb method to detect small enrichments of radiogenic
206pb, Getty and DePaolo (1995) selected high-purity samples of albite and sanidine, plus
matrix and ilmenite from the Alder Creek rhyolite (sample KA3154 of Mankinen and others,
1978; Table 2.3.6-2). Ilmenite grains are flat hexagonal plates. Albite crystals are blocky and
largely clear, whereas sanidine are more typically rounded with some embayments, and contain
minor bleb-like inclusions. Grains with inclusions were not used for analysis. Matrix fragments
are cryptocrystalline aggregates of feldspar, Fe-Ti oxides, and biotite.

The U-Pb isotopic data for the Alder Creek rhyolite are shown in Figure 2.3.6-3. Albite
and sanidine, which have near-zero 238U/207Pb values, gave the initial 206Pb/207Pb ratio, and
matrix and ilmenite were high-238U/207Pb phases with L values about 24-25. All data for the
Alder Creek rhyolite (measured winter, 1995) were of lower quality than the Black Butte data
(measured fall, 1994) due to subtle problems with the efficiency of the Faraday bucket detectors,
which generated a small, systematic drift of the corrected ratios. A correction was applied to the
data to account for the drift, which varied systematically with mass discrimination, but it was
not certain that the correction was adequate. As corrected, the best data for albite (2) and matrix
(2) analyses gave an age of 1.03+0.10 Ma for the rhyolite (uncertainty indicates the standard
error of isochron slope), which is significantly younger than the Ar-Ar age of 1.19 Ma.
Including the sanidine and ilmenite analyses gave an age of 0.94+0.1 Ma. Despite the added

1.22340

L I At A S S RS N S L S B S SEL S N M S S S R N S e

Alder Creek Rhyolite

1.22335
Matrix (1,2)

1.22330

1.22325
Imenite

1.22320

206Pb / 207 Pb

1.22315

\ Age =1.03 £ 0.10 Ma

Albite (1,2)

1.22 NP NPV PR P R BV B T
3??00 0.50 1.00 1.50 2.00
238U/207Pb

Figure 2.3.6-3. 206Pb/207Pb - 238U/207Pb diagram for Alder Creek rhyolite (from Getty and DePaolo,
1995). Age is calculated for best analyses albite and matrix (uncertainty indicates standard error of
isochron slope). Sanidine and ilmenite are shown for reference. Permission to use this copyrighted mate-
rial is granted by Elsevier Science Ltd., Kidlington, United Kingdom.
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uncertainty introduced by the drift corrections, the agreement between the K-Ar and U-Pb age
determinations was considered a reasonable demonstration of the potential of the 238U - 206Pb
method for dating Quaternary rocks.

DISCUSSION AND CONCLUSIONS

The primary limitation of applying conventional U-Th-Pb geochronology to rocks
younger than several million years has been the uncertainty, typically about 0.05-0.1 percent,
associated with off-line corrections for the instrumental mass fractionation of Pb isotopes.
Uncertainties at this level impede the ability to measure the small amounts of radiogenic Pb in
Quaternary rocks and minerals. By using a 207Pb/204Pb normalizing ratio for mass discrimina-
tion corrections, Getty and DePaolo (1995) demonstrated from a modemn dacite reproducibility
of +0.0014 percent (16) for normalized 206Pb/207Pb ratios. Total isotopic resolution of +0.0010
percent should be achievable, allowing one to detect the enrichments of radiogenic 296Pb and
208Pb that accrue after about 10-100 ky.

The 232Th-208Pb decay chain offers an independent check on geochronologic accuracy,
and three advantages over the 238U-206Pb chain. First, all 232Th decay products are short-lived,
most likely reducing significantly disequilibrium effects. Second, compared with Uranium,
Thorium is relatively immobile. Third, mineral 232Th/238U ratios > 6.5 yield faster radiogenic
growth per unit time in the 232Th-208Pb system, and therefore correspondingly smaller relative
age uncertainties. This approach may be particularly attractive for Th-rich minerals such as
monazite or allanite. The mineral 232Th measurements may also give a first-order correction for
disequilibrium partitioning in the 238U-206Pb chain.

The attractive sample suite for the 233U-206Pb and 232Th-208Pb isochron methods is one
where minerals harbor greater than ~0.5 ppm of Pb and a range of 238U/204Pb values. Feldspar
should provide the initial Pb isotope composition, while phosphates (apatite, monazite, xeno-
time), silicates (sphene, epidote family, some amphiboles), matrix or whole rock, or Fe-Ti oxides
(magnetite, rutile, ilmenite) are expected to yield a favorable array of U/Pb and Th/Pb fractiona-
tions. The 238U-206Pb and 232Th-208Pb isochron methods should be applicable to different rock
types, and unlike conventional U-Th-Pb geochronology, these methods do not require U- and
Th-rich accessory minerals. The methods can be used to date rocks ranging in age from less
than 0.1 Ma to >100 Ma; they may be particularly useful for dating young, K-poor basalts, and
for detecting small age differences in older Cenozoic rocks.
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2.4 Radiogenic Methods

Radiogenic methods measure the cumulative non-isotopic effects of natural radioactive
decay on minerals (Pierce and Colman, this volume). Three methods are presented: fission
track, luminescence, and electron-spin resonance (ESR). The fission track method measures the
accumulation of damage trails (fission tracks) in minerals or glass from the natural fission decay
of trace uranium. The luminescence and ESR methods measure the accumulation of electrons in
the crystal lattice defects of silicate minerals due to natural radiation. All radiogenic methods
must be calibrated for the level of natural radiation. In the case of fission track, the 238U con-
tent of the mineral grain is measured. In the case of luminescence and ESR, the environmental
dose rate is determined by field or laboratory measurements.

The type of result produced by radiogenic methods is generally considered to be a

numerical-age result. The results do not depend on other methods for calibration. However, the
confidence in the result can often be improved by calibration to other methods.
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2.4.1 Fission-track geochronology

Trevor A. Dumitru

Department of Geological and Environmental Sciences, Stanford University, Stanford,
California 94305-2115

INTRODUCTION

Fission-track geochronology is a radiogenic method of age estimation based on the
accumulation of damage trails left by nuclei that are expelled during fission decay of the
uranium isotope 238U (e.g., Fleischer and others, 1975). The primary mode of decay of 238U is
by alpha particle emission (238U —> 234Th + 4He), one of the decay paths exploited in U-Pb
dating. However, about one time in two million a 238U nucleus will instead decay by fission. In
this mode, the nucleus spontaneously splits into two nuclei with mass numbers of =85 to 105
and =130 to 150. These two nuclei are highly charged and so mutually repel and travel directly
away from each other in a straight line, dissipating their kinetic energy to the host crystal lattice
as they travel. This creates a single linear damage trail through the lattice. In the mineral
apatite, newly formed tracks are about 17 pm long and 0.008 pm in diameter (Donelick and
others, 1990; Paul and Fitzgerald, 1992). Because tracks are so narrow, they are essentially
undetectable in their natural state. However, the disordered lattice damage in the track is
chemically reactive and may be widened with laboratory etchants to a micron or so and then
readily observed under the optical microscope (Fig. 2.4.1-1).

Significant amounts of uranium are present as a dispersed trace element in many rock-
forming minerals, including apatite, zircon, sphene, and volcanic glass (for brevity, the term
mineral is used here to include glasses, even though glasses lack a well defined crystalline
structure). As with a