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INTRODUCTION
About the Workshop:

The intended audience of this workshop is the general
geological community at the Survey and interested faculty and
graduate students from nearby universities. The main objective
of the discussions is to provide a broad introduction for a non-
isotope geologist audience into modern methods of geochronology
and isotope tracer studies and to give examples of their
application to solve complex problems in stratigraphy, petrology,
ore petrogenesis, and tectonics. The participants will be, for
the most part, from the Geologic Division at the Survey, and
consequently they have varying levels of understanding about
isotope systems and their uses. The sessions will start with
general talks on the general systematics of the isotope
techniques to be illustrated that day. Note that the oral

presentations are scheduled for 45 minutes and that 15 minutes
are reserved for discussion after each talk.

During the first day, we will discuss modern applications of
precise U-Pb geochronology and common Pb isotope studies. The
contributors will illustrate how these techniques have been
applied to solve stratigraphic problems in the northern
Appalachians, date high grade metamorphism and stromatolites,
tracing sand dunes, study the hydrothermal stability of zircon,
and to establish the crustal evolution of the central and
southern Appalachians.

The second day will start with an introduction into the Rb-
Sr, Nd-sm, and Re-Os dating techniques. Practical illustrations
of the use of these systems will also be given, including
examples of dating ductile deformation fabrics in New England,
the application of Re-Os systematics for dating ultramafic rocks
and to study the petrogenesis of these and associated ore
deposits, and the use of Nd isotopes as tracers of continental
lithosphere evolution. This session will end with a presentation
on the isotopic provinciality in the mantle, on-craton and off-
craton volcanism and implications for lithospheric growth in the
western USA.

The third day will begin with an introduction to Ar
thermochronology and applications to stratigraphy, tectonics, and
mineralization. Recent results of Ar studies on fluid inclusions
from Battle Mountain (Nevada) will be reported, as well as dating
of multiple events in the Bayan Obo deposit (China) and examples
of Ar dating of ore deposits from the western United States,
England, and Portugal. The rest of the day will be devoted to an
introduction to U-Th disequilibria and dating of young rocks, a
discussion of radiogenic isotopes in seawater and sedimentary
systems, and to recent developments in dating ancient crustal
fluid flow.



Due to the number of non-USGS speakers and the length of the
workshop, USGS contributors from Reston have prepared posters
instead of oral presentations. The posters will be shown in the
Exhibit Hall {just outside-of -the-Auditorium) and will be
available for viewing Monday afternoon through Wednesday
afternoon. The posters will illustrate some of the current
projects in progress in Reston, including: the use of Pb-Nd-O
isotopic data for terrane correlation in the northern
Appalachians, Pb isotopic compositions of tin deposits, the
combined use of paragenetic data and Pb isotopic compositions in
Ag-Au veins as exploration tools, Re-Os isotope systematics in
shales, Ar geochronology in low grade rocks, Sr-Nd-Pb isotopic
data and basement terranes in Alaska, Re-Os systematics in
meteorites, Nd-Pb isotopic evolution and evidence for plume-
lithosphere-asthenosphere interaction in the Midcontinent, a Re-
Os isotopic study of a granite-molybdenum system, and a study of
isotopic reference materials. Ample time during the workshop
will be available to study the posters.
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ROBERT AYUSO,
Pb-Nd-O isotopic compositions of igneous rocks: Implications for
petrogenesis and terrane correlation, Cape Breton Island, Nova

Scotia, Canada

BRUCE DOE:

SCHEDULE

Monday, September 14, 1992
Morning Session

ROBERT AYUSO and KLAUS SCHULZ: Welcome

NANCY MILTON, Assistant Chief Geologist,
Eastern Region: Welcome

GIL HANSON: Radiometric dating of events and
processes that affect sedimentary and
metamorphic rocks

Discussion

Break

TOM KROGH: Modern applications of precise
U-Pb geochronology
Discussion

KLAUS MEZGER: Geochronology in granulites
Discussion

Lunch

Afternoon Session

JOHN ALEINIKOFF: Innovative uses of Pb
isotopic measurements: Dating stromatolites
and tracing sand dunes

Discussion

KRISHNA SINHA: The hydrothermal stability of
zircon: Preliminary experimental and isotopic
studies

KRISHNA SINHA: Crustal evolution of
Grenville terranes in the central and
southern Appalachians: The Pb isotope
perspective for Grenville tectonics
Discussion

Break

Posters: To be displayed through Wednesday

SANDRA BARR, FRED LONGSTAFFE, and ERNST HEGNER:

Lead isotopic composition of galena from Malaysia, an
S-type granite terrane
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NORA FOLEY and ROBERT AYUSO: Paragenetic constraints on the Pb
isotopic and trace element character of Au-Ag mineralized rocks
of the North Amethyst vein, Mineral County, Colorado

MARY HORAN: Re and Os isotopic study of Ni-Mo-PGE-rich sulfide
layers and black shales, Yukon territory, Canada and south China

EIRIK KROGSTADT: Pb isotopic composition of Paleozoic sediments
derived from the Appalachian orogen

MICK KUNK: Alleghanian cleavage and acadian diagenesis in the
Martinsburg Formation, eastern Pennsylvania: 40Ar/3%Ar whole-rock
data and geological constraints

ELIZABETH MOLL-STALCUP: The nature of the crust in western
Alaska as inferred from the chemical and isotopic composition of

Late Cretaceous to early Tertiary magmatic rocks in western
Alaska

JOHN MORGAN: Rhenium and osmium isotope systematics in
meteorites

SUZANNE NICHOLSON and STEVE SHIREY: Nd and Pb isotopic evolution
of basalts of the 1.1 Ga Midcontinent rift: Evidence for a
region-wide model for plume-lithosphere-asthenosphere interaction

HOLLY STEIN, JOHN MORGAN, RICHARD WALKER, and MARY HORAN:
Rhenium-osmium data for sulfides and oxides from climax-type
granite-molybdenum systems: Mt. Emmons, Colorado

ROBERT VOCKE: Isotopic reference materials - absolute or
otherwise



Tuesday, September 15, 1992
Morning Session

8:30-9:30 AM STEVE SHIREY: The Rb-Sr, Sm-Nd and Re-Os
isotopic systems and the cosmochronology and
geochronology of igneous rocks

9:30-9:45 AM Discussion

9:45-10:30 AM STEVE GETTY: Direct dating of ductile
deformation fabrics: An integrated
microstructural/geochronologic approach

10:30-10:45 AM Discussion

10:45-11:00 AM Break

11:00-11:45 AM RICH WALKER: Applications of the rhenium-
osmium isotope system to geologic problems

11:45-12:00 AM Discussion

12:00-1:00 PM Lunch

Afternoon Session

1:00-1:45 PM LANG FARMER: Nd isotopes as tracers of the
origin and evolution of the continental
lithosphere

1:45-2:00 PM Discussion

2:00-2:45 PM ROBERT ZARTMAN: The Pb-Sr-Nd isotopic
troika--Theory and applications

2:45-3:00 PM Discussion

3:00-3:15 PM Break

3:15-4:00 PM MARTIN MENZIES: Isotopic provinciality in

the shallow mantle, on-craton and off-craton
volcanism, and implications for lithospheric
growth in the western USA

4:00-4:15 PM Discussion



Wednesday, September 16, 1992
Morning Session

8:00-8:45 AM JOHN SUTTER: 40ar/39Ar thermochronology:
Applications to stratigraphy, tectonics, and
mineralization

8:45-9:00 AM Discussion

9:00-9:45 AM TED MCKEE: 40Ar/39Ar studies of fluid

inclusions in vein quartz from Battle
Mountain, Nevada

JAMES CONRAD: The use of K-Ar and 40Ar/39ar
techniques to date multiple thermal events:
An example from the Bayan Obo Fe-Nb-REE ore
deposit, China

9:45-10:00 AM Discussion

10:00-10:15 AM Break

10:15-11:00 AM LARRY SNEE: Argon thermochronology of
mineral deposits

1:00-11:15 AM Discussion

11:15-12:00 AM LARRY EDWARDS: Mass spectrometric

measurements of 234y/238y and 239Th/238U and
dating late Quaternary carbonates
12:00-12:15 PM Discussion

12:15-1:00 PM Lunch

Afternoon Session

1:00-1:45 PM J. MACDOUGALL: Radiogenic isotopes in
seawater and sedimentary systems

1:45-2:00 PM Discussion

2:00-2:45 PM ALEX HALLIDAY: Recent developments in dating
ancient crustal fluid flow

2:45-3:00 PM Discussion



Innovative Uses of Pb Isotopic Measurements:
Dating Stromatolites and Tracing Sand Dunes

John N. Aleinikoff
U.S.Geological Survey
Denver, CO 80225

U-Pb geochronology historically has involved measuring radiogenic Pb isotopic compositions
and U and Pb concentrations in minerals such as zircon, monazite, and sphene to calculate
crystallization ages of igneous rocks. Over the past several decades, the technique has been greatly
modified and improved (mostly by T. Krogh and colleagues) to allow dating of very tiny samples
(of single grains or even parts of single grains). The application of the method has been diversified
to now include dating of a wide variety of minerals for the determination of the timing of
metamorphism, ore deposition, provenances of sedimentary rocks, and faulting. Another
important facet of U-Pb geochronology is the measurement of the initial Pb isotopic compositions
of igneous rocks, usually determined by analyzing U-deficient minerals (those in which there is
very little in situ growth of radiogenic Pb) such as K-feldspar and plagioclase. Initial Pb isotopic
compositions are used to calculate geochronologic data, and are also useful in discerning petrologic
and tectonic origins of specific rocks and in modeling the geochemical evolution of the earth
(Aleinikoff and others, 1987; Plumbotectonics models such as Zartman and Haines, 1988). Two
relatively new and rarely utilized applications of Pb isotopic analyses are the direct dating of
stromatolitic limestones and dolomites and determination of provenances of Holocene sand dunes.

The first study describing the dating of stromatolites by the Pb-Pb method (Moorbath and
others, 1987) produced an isochron of 2839 + 33 Ma for the Mushandike stromatolitic limestone in
Zimbabwe. The method is predicated on the assumption that carbonate incorporates small amounts
of uranium during deposition and over long periods of time, the uranium decays to its stable
daughter product, lead. Despite the potential broad appeal of the technique for dating sedimentary
sequences, a surprisingly few number of papers have been published using this method (see
bibliography for references). Some of the problems of this technique include the somewhat
difficult chemical procedure, possible contamination of the carbonate by detrital material, partial
silicification of the dolomite, measurement of very small quantities of U, Th, and Pb (in the 10-500
ppb range), scatter in the data, small radiogenic growth of Pb because of the low concentrations of
U and Th, and, perhaps most important, questions related to the interpretation of the data (i.e. does
the calculated age represent a depositional (or diagenetic) age or were the isotopic systematics reset
by metamorphism?). In the Hartville uplift of eastern Wyoming, we have collected preliminary
data from a stromatolitic dolomite, currently at garnet metamorphic grade, that indicates an age of
1.9 £0.1 Ga (Fig. 1). This age is in conflict with interpretations of the regional geology (Fig. 2),
based on cross-cutting relationships and lithologic correlations, that suggest an age of >2.6 Ga for
the sequence ( cf. Hofmann and Snyder, 1985). At this time, we are unable to establish if the
regional interpretations are incorrect or if the date on the stromatolite is a metamorphic age. Two
other samples of stromatolitic dolomite (Kona Dolomite, MI and Nash Formation, Medicine Bow
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Mtns, WY), containing beautifully preserved algal structures, do not yield colinear data (Fig. 3).
Pb concentrations and isotopic compositions suggest addition of large quantities of Pb, obliterating
the subtle radiogenic signature. Thus, Pb-Pb dating of stromatolitic limestone and dolomite
appears to be a method of some promise for determining the age of sedimentary sequences;
however, with the wide variety of possible complications, the technique presently has limited
appeal.

The identification of provenances of Holocene eolian sands of the central Great Plains is critical
for developing models of regional paleoclimate changes and for understanding the origin and
evolution of midlatitude sand seas. Prevailing winds have deposited vast quantities of sand-sized
material in dunes (of several geomorphologic types) and sand sheets in northeastern Colorado and
the Sand Hills of western Nebraska (Muhs, 1985; Swinehart, J.B., 1990). As part of a
multidisciplinary effort by the U.S. Geological Survey to understand the relationships between
climatic variability, development of surficial deposits, and environmental changes in arid and semi-
arid regions (cf. Muhs and Maat, in press), we have attempted to determine the bedrock sources of
eolian sands using Pb isotopic ratios in detrital K-feldspar as a fingerprint. Interpretations of the
isotopic data will be combined with existing sedimentologic, geochemical, and meteorological data
to derive a model for prevailing wind directions in the recent past (up to about 5000 years BP).

The objective of this study is to identify the source of K-feldspar (and, by inference, quartz) in
Holocene eolian sands of the northern Great Plains. North of the Cheyenne belt in northern
Colorado and southern Wyoming, most of the crystalline rocks are Late Archean (~2.7 Ga),
whereas to the south throughout Colorado most of the igneous rocks are 1.7 and 1.4 Ga; the
basement rocks are intruded by small Cretaceous and Tertiary stocks. Sanidine, a significant
component of the K-feldspar in the Holocene eolian sands, probably was derived from a number
of Tertiary volcanic centers in the western U.S. The different provenances of the K-feldspars are
easily distinguished because Archean, Proterozoic and Tertiary rocks have distinctly different Pb
isotopic compositions.

In northeastern Colorado, Pb isotopic compositions from bulk fractions plot in a fairly tight
array, slightly more radiogenic than Pb in 1.4-Ga plutonic rocks from the Colorado province (Fig.
4a). Analyses of individual grains (distinguished by color and clarity) suggest that the bulk
fractions are composed of feldspars from 1.7- and 1.4-Ga igneous rocks, plus Tertiary sanidine,
with no obvious evidence for an Archean (Wyoming) component (Fig. 4b). We conclude that
materials in Holocene eolian sand dunes of northeastern Colorado were derived from Early and
Middle Proterozoic crystalline rocks of the Colorado province and from Tertiary voicaniclastic
rocks, were deposited along major fluvial systems, and were redeposited by prevailing
northwesterly (and sometimes southeasterly) winds (Fig. 5). In contrast, Pb isotopic
compositions of bulk K-feldspar fractions from the Sand Hills of northwestern Nebraska plot as a
broad field with ratios that are more radiogenic than ratios from Colorado sands (Fig. 6a).
Analyses of individual grains indicate that these eolian sediments had Archean, Proterozoic and
Tertiary sources (Fig. 6b). Thus, as previously suggested by sedimentologic studies, the materials
that comprise the Sand Hills were derived from both the Wyoming and Colorado provinces.
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Workshop on the Application of Isotope Systems to Geological
Problems

Pb-Nd-O ISOTOPIC COMPOSITIONS OF IGNEOUS ROCKS: IMPLICATIONS FOR
PETROGENESIS AND TERRANE CORRELATION, CAPE BRETON ISLAND, NOVA
SCOTIA, CANADA

AYUSO, R., U.S. Geological Survey, Reston, VA 22092, USA;
BARR, S., Acadia University, Wolfville, Nova Scotia, Canada
BOP 1X0; LONGSTAFFE, F., University of Western Ontario, London,
Ontario, Canada N6A 5B7; and HEGNER, E., Universitat Tubingen,
7400 Tubingen, Germany

The geochemical nature of the lower continental crust is
difficult to determine directly because for the most part these
rocks are not exposed. One important but indirect source of
information regarding the type and age of unexposed crustal
rocks, however, can be obtained by establishing the isotopic
compositions of igneous source regions (e.g., Zartman, 1974;
Farmer and DePaolo, 1983; Ayuso, 1986; Aleinikoff and others,
1987). In an effort to test whether Pb, Nd (Barr and Hegner,
1992), and O isotopic data of plutonic rocks in Cape Breton
Island can be used to correlate with plutons within terranes in
mainland North America (Ayuso and Bevier, 1991), the present
study uses isotopic data on 20 well-characterized (petrography,
major- and trace element geochemistry) felsic units ranging from
Precambrian to Paleozoic, and representing the pre-Carboniferous
tectonic blocks in Cape Breton Island proposed by Barr and
Raeside (1989). The Pb and Nd isotopic data in general show
variations in agreement with a subdivision of the Island into
magmatic source regions which may be related to unique terranes;
the O isotopic data do not allow for the definition of distinct
terranes.

In the New England and Canadian Appalachians, use of
geochemical data for characterizing crustal segments is
complicated by tectonic events which resulted in superposition

and juxtaposition of crustal blocks. This kind of structural
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complexity has led to the recognition that magmatic rocks exposed
at the surface may now be part of thrust slices or dismembered
blocks which have separated the magmatic rocks from their source
rocks (Ayuso and Bevier, 1991). Even in this case, however,
geochemical information can be of help to identify magmas that
had a common source region. In fact, the isotopic data can
assist in characterizing plutonic rocks within dismembered slices
which ultimately belonged to unique crustal blocks.

Pb isotope compositions in Cape Breton Island are consistent
with a source in the Northwest Highlands which resulted in a
relatively unradiogenic group of Grenville-age syenites and
anorthosites (Blair River Complex) (feldspar measured values of
206pb/204pPp = 17.408-17.850; 207Pb/204Pb = 15.504-15.522;
208pPb/204Pb = 36.689-37.329); this source is similar to that
inferred for plutonic rocks in northern New England. Plutons
from the Blair River Complex plot below the Pb evolution curve,
consistent with derivation from source rocks with generally low
U/Pb (and low i) and Th/Pb ratios (Fig. 1). Syenite from the
Blair River Complex has an initial eNd value of +0.4 (Fig. 2) and
a depleted mantle model age (TpM) of 1.66 Ga, reflecting a major
component of older crust during its evolution; initial eNd values
in the Complex at 400 Ma range from -6 to -1.5.

Highly variable 6180 values are found in granitic rocks from
Cape Breton Island, from about +2.3 to +10.8 permil; if all of
these values are magmatic, they would be consistent with an
origin from widely different source rocks (Fig. 3). The
narrowest range in 0180 values is in the Blair River Complex (~
+8 permil). A few of the plutons in the terranes to the south of
the Northwest Highlands-- Aspy, Bras D'Or, and Mira, have
exceptionally low 6180 values (as low as 2 permil), implying that
these are not magmatic, or alternatively, if the values are
magmatic, that the source rocks must have undergone hydrothermal
alteration prior to melting.

The Pb isotopic values of plutons from terranes to the south
of the Northwest Highlands are more radiogenic (206Pb/204pPb =
18.192-18.644; 207pPb/204Pb = 15.584-15.712; 208pb/204Pb = 37.815-
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38.495). In the Aspy and Bras D'Or terranes the plutons had
source regions containing more evolved components (higher U/Pb)
than in the Northwest Highlands, and virtually all of the results
plot higher than the Pb evolution curve. Granite and rhyolite
(Devonian?) associated with Grenville-age rocks in the Northwest
Highlands appear to have been derived from the same type of
crustal sources as Devonian plutons in the Aspy terrane which
contain initial values of eéNd from -1.2 to +2.8 (eNd at 400 Ma
from -1.8 to +2.4). In the Bras D'Or terrane plutonic rocks
(mostly 565-555 Ma) have values of eNd from -1.8 to +1.4 (eNd at
400 Ma from 0 to -3.8). The Nd isotopic data do not provide
clear evidence for distinction between the Aspy and Bras D'Or
terranes; the range in initial eéNd values (+2.8 to -1.8) and the
depleted mantle model ages (0.7 to 1.1. Ga) are similar.
Granitic rocks from the Bras D'Or terrane have a wide range in
0180 values (~+4 to +11 permil), overlapping the range in the
Aspy (~+7.5 to +9). In general, isotopic data for plutons from
the Aspy and Bras D'Or terranes reflect a source region similar
to that for plutons in the Central and Southern groups (Gander
and Avalonian zones) in mainland North America (Ayuso and Bevier,
1991).

Pb isotopic compositions of Devonian plutons from the Mira
terrane (206Pb/204Pb = 18.243-18.460; 207Pb/204Pb = 15.587-
15.640; 208Pb/204Pb = 37.922-38.174) overlap that of plutons in
the Aspy and Bras D'Or terranes. However, older granitic rocks
(Precambrian?) in the Mira terrane are distinctly more radiogenic
than in all the other units (206Pb/204Pb = 18.832-18.874;
207pb/204Pb = 15.590-15.608; 208Pb/204Pb = 38.155-38.200). In
the Mira terrane, the plutonic rocks (ca. 620 Ma and Devonian)
range in initial eNd values from +0.8 to +5 (eNd at 400 Ma from
-1.1 to +3.7). In the Mira terrane, the older plutons (ca. 620
Ma) previously distinguished by their relatively high 206pb/204Pb
values, also contain unusually low 6180 values (<6 permil?)
relative to the younger group of granites (ca. 380 Ma) (>6
permil). The isotopic data in the Mira terrane are consistent

with a source region for the granitic rocks similar to that in
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the Avalonian of Newfoundland and mainland North America (Ayuso
and Bevier, 1991; Whalen and others, 1989; Fryer and others,
1991).

Igneous rocks from Cape Breton Island, except for those in
the Blair River Complex, have relatively young Nd model ages
(<1.1 Ga), in agreement with the suggestion that the magmas do
not reflect merely the type of older component found in the Blair
River Complex. Pb and Nd isotopic data are consistent with a
source region characterized by generally unradiogenic Pb and with
ENA values < 0 in the Northwest Highlands (Blair River Complex);
the source region of the plutons in the terranes to the south
contained increasingly more radiogenic Pb and higher values of
ENd.- Pb and Nd isotope data are thus in agreement with the idea
that the Aspy and Bras D'Or terranes cannot be uniquely defined,
and that they may represent crustal reworking of mixtures
ultimately derived from unradiogenic Grenville-type sources and
more radiogenic Proterozoic Avalonian basement rocks. The fact
that both the Aspy and Bras D'Or terranes probably overlie the
same deep crustal block as suggested by seismic reflection data
(Marillier and others, 1989; Loncarevic and others, 1990) permit
the suggestion that the plutons may have had a common source
region.

The results imply that at least two blocks or terranes were
present in Cape Breton Island by the beginning of the Paleozoic:
the Grenvillian Blair River Complex, and the Avalonian Mira
terrane. Moreover, the Pb isotope data are not consistent with
the idea that the Blair River Complex is merely a different level
of exposure of the Mira terrane because the Blair River Complex
does not contain a 620 Ma granite or metamorphic event, and
because the Pb isotopic compositions of the 620 Ma granites do
not lie along the estimated Pb evolution from 1040 Ma to 620 Ma.
The isotopic contributions could have been made by including both
blocks (or sedimentary debris obtained thereof) in the source
region of the Bras D'Or magmas. In this case, the results imply
that by ~565 Ma the Blair River Complex and the Mira terranes had
already been amalgamated or that the two blocks were
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geographically close enough to have contributed sedimentary
material that ultimately melted to produce the granitic magmas.
Younger Devonian granitic magmas produced at ~400-360 Ma in the
Aspy terrane, and at ~380 Ma in the Mira terrane are also in
agreement with a process involving melting of similar source
materials as those in the 565 Ma granitic magmas or remelting of
the ~565 Ma rocks themselves previously derived from a
combination of the Grenvillian and Avalonian blocks. Pb, Nd, and
O isotopic compositions of plutonic rocks can help in delineating
regional characteristics of the magmas and this information can
be of assistance in more detailed terrane correlations in
conjunction with geological and geophysical observations.
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