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ABSTRACT

This thesis is made up of three separate studies, each using the Sm-Nd
and Rb-Sr isotopic systems to solve a problem of geologic interest.

In the first study it is shown that Sm-Nd and Rb-Sr analyses of tek-
tites and other impactites can be used to place constraints on the age and
provenance of the target materials which were impact melted to form these
objects. Tektites have large negative values of €Nd(0) which are uniform
within each tektite group, while the €5 (0) values are large positive and
show considerable variation within each group. The chemical, trace ele-
ment, and isotopic compositions of tektites are consistent with their

production by melting of sediments derived from old continental crust.

Nd
TCHUR ’

Each tektite group is characterized by a uniform Nd model age, in-
terpreted as the time of formation of the crustal segment which weathered
to form the parent sediment for the tektites: (1) ~ 1.15AE for Australasian
tektites; (2) ~ 1.9AE for Ivory Coast tektites; (3) ~ 0.9AE for moldavites;
(4) ~ 0.65AE for North American tektites; and (5) ~ 0.9AE for high-Si

irghizites. Sr model ages, TS are variable within each group, reflecting

T
UR’
Rb-Sr fractionation during weathering and sedimentation. In the favorable
limit of very high Rb/Sr ratios ng approaches the time of sedimentation of
the parent material which melted to form the tektites. Australasian
tektites are derived from ~ 0.25AE sediments, moldavites from ~ 0.0AE sed-
iments, and Ivory Coast tektites from ~ 0.95AE sediments. The parent
sediments of the other tektite groups have poorly constrained ages. The
isotopic data on the moldavites and Ivory Coast tektites are consistent

with their derivation from the Ries and Bosumtwi Craters, respectively.

Irghizites are isotopically distinct from the Australasian tektites and are
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probably not related. Sanidine spherules from an iridium-rich Cretaceous-
Tertiary boundary clay were heavily overprinted with seawater-derived Sr
and Nd during diagenesis. The inferred initial isotopic composition of the
sanidine itself is &y4(T) = +2 and &5 (T) = +5. These results show that
the spherules were not derived from old continental crust or meteoritic
potassium feldspar. These objects may represent an impact melt of a mix-
ture of basaltic oceanic crust and overlying sediments and are consistent
with an oceanic impact at the Cretaceous-Tertiary boundary. The isotopic
data are also consistent with an origin by authigenic growth of the
spherules from young detrital material.

The second study in this thesis uses the Sm-Nd and Rb-Sr isotopic
systematics of mafic rocks from the Appalachians to place constraints on
their origin. Isotopic analyses of modern oceanic basalts and ophiolites
have shown that both modern and ancient oceanic crust have a characteristic
Nd and Sr isotopic signature indicative of derivation from a depleted
mantle reservoir. It also appears that the Nd isotopic system is not
appreciably disturbed by metamorphism. These isotopic characteristics have
been extended to the Pt. Sal, Kings-Kaweah, and Josephine Ophiolites of
California. These characteristics are used in an attempt to identify
pieces of proto-Atlantic oceanic crust among the mafic and ultramafic rocks
of the Appalachians. Sm-Nd mineral isochrons for the Baltimore Mafic
Complex, Md (BMC) yield an age of 490+20 My which is interpreted as the
igneous crystallization age. BMC whole rock samples do not define iso-
chrons and have initial isotopic compositions of -6.4 < gg4(T) < -2.2,
+51 < €5 (T) < +115. €4(T) and €g (T) are anti-correlated. This is not
the signature of depleted mantle and oceanic crust, but is similar to old

continental crust. It is proposed that the BMC is a mafic continental
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intrusion, possibly subduction related, which was contaminated with old
continental crust during emplacement. Whole rock samples from the Thetford
Mines Complex, Qe (TMC) do not define isochrons and have -1.5 < €y (T) <
+4.2, +2.6 < ESr(T) < +114. These data do not in any way reflect the
signature of normal oceanic crust. These results are in contrast with
geologic relationships which show the TMC to have the characteristics of an
ophiolite complex. The TMC is chemically and isotopically similar to a
class of other ophiolites which have affinities to modern boninites. The
TMC may therefore represent an ophiolite formed under an arc complex. The
Chunky Gal Amphibolite, N.C., Lake Chatuge complex, N.C., and Hazen's Notch
Amphibolite, Vt., were found to have a depleted mantle signature with
+5 < €Nd(T) < +8 and may be fragments of oceanic crust. The Webster-Addie
body, N.C., has €Nd(T) ~ -1, €sr(T) ~ +30 and is not isotopically similar
to oceanic crust or the other North Carolina mafic bodies analyzed. From
these isotopic results it is clear that Appalachian mafic rocks have
diverse origins, some are continental intrusives (BMC), others are probably
fragments of oceanic crust (Vermont and N. Carolina amphibolites). Future
models for the development of the Appalachians must allow for these various
origins. The possibility that some ophiolites are not normal oceanic crust
but have an origin in a partially continental setting or as anomalous
oceanic crust will require further attention.

The final study is an exploration of the possibility of establishing
the Nd isotopic variations in seawater over geologic time by analysing a
marine sedimentary phase which records and preserves the ENd(T) value of
the seawater in which it formed. Apatite and CaC04 (calcite and aragonite)
are examined as possible such phases. Modern biogenic and inorganic
calcite and aragonite were found to have low REE concentrations:

Nd = 0.2 to 65 ppb. The €yq(0) values of Atlantic (-8.3 to -9.6) and
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Pacific (-0.1 to -1.3) carbonates are distinctly different and reflect the
isotopic composition of Nd in the seawater in which they formed. The high
concentrations of REE measured in limestones and carbonate fossils cannot
be primary but must be due to the presence of other phases in the carbonate
of the introduction of REE during diagenesis. Modern biogenic apatite also
has a low REE content (<150 ppb Nd), but appears to quickly scavenge REE
from seawater. Levels up to 1000 ppm Nd can be reached by this process.
Inorganically precipitated apatite from phosphorites also has high concen-
trations of seawater—derived REE. A seawater-like REE pattern with a char-
acteristic negative Ce—anomaly is often preserved by sedimentary apatite
and apatite samples of the same age from different localities bordering a
common sea record a common value of €Nd(T). These characteristics suggest
that apatite can be used to trace the evolution of €.4(T) in ancient sea-
water. The values of ENd(T) in seawater as inferred from analyses of con-
odonts and phosphorite apatite range between -1.7 and -8.9 over the last
700My. These values lie in the range of modern seawater values and show no
evidence for drastic changes in the sources for Nd in seawater during this
time. High values of seawater ENd(T) in the Triassic and latest Pre-
cambrian may correlate with the breakup of large continental landmasses.
The initial ENd(T) = -15.0 of the 2AE old Rum Jungle phosphorite requires
the presence of ~ 1.5AE old continental crust at 2AE ago. This demon-
strates how the &gy value of ancient seawater can be used to constrain the

age of the exposed crust as a function of time.
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CHAPTER I

I.1. Introduction

The last decade has seen a flowering of the use of isotopic system-—
atics in addressing problems of terrestrial geology, lunar geology, and
early solar system history. 1In large part, the growth of this field has
been spurred by the development of new laboratory techniques and the
accessibility of instrumentation which permit the precise measurement of
isotopic ratios for elements from hydrogen to uranium and beyond. Of
particular interest are the isotopic systems involving radioactive decay.
These systems are of interest because geology in its broadest sense is
history; it is the science aimed at understanding the processes which
have operated during the evolution of the solid bodies of our solar
system. Because evolution implies change over some period of time, the
ability to measure elapsed time is of fundamental importance to our
science. Once the short timescale of man's recorded history is exceeded,
the only chronometers that gauge absolute rather than relative time are
those provided by radioactive nuclei. It is this ability to record
chronometric information that sets the radioactive isotopic systems apart
from other tracers of geologic processes, however imperfectly we may be
able to extract the information contained there. In some applications
the role of time in the interpretation of the isotopic data may be
secondary. Nevertheless, the variations in the isotopic composition of a
radioactive parent-daughter system will always reflect the timing of
events in the evolution of the geologic system being studied.

This thesis presents the results of applying the Sm-Nd and Rb-Sr
isotopic systems to three different problems of geologic interest. A

brief discussion of these systems follows in section I.2. Each of the



problems uses the information provided by the isotopic systems in a some-
what different way and to a somewhat different end. Chapter II contains
an examination of the Sm-Nd and Rb-Sr isotopic systematics of tektites
and of sanidine spherules from an iridium-rich Cretaceous-Tertiary
boundary clay. Both of these types of objects are thought to be produced
by impact events. It will be shown that for tektites, the isotopic
systematics can be interpreted in a model in which continental crust is
weathered to form a sediment which is later impact-melted to form
tektites. The model provides both the average age of the weathered
crustal terrain as well as the time of sedimentation of the parent
material for the tektites. These ages can then be used to help identify
possible sites for the impact which produced the tektites. The
interpretation of the sanidine spherule data is less clearcut but the
data are consistent with impact melting of a mixture of continentally
derived sediments and basaltic oceanic crust to produce the spherules.
Alternatively, the spherules may be a product of late Cretaceous volcan-
ism. Chapter III discusses the isotopic constraints provided by Sm—-Nd
and Rb-Sr systematics on the origin of mafic complexes and associated
rocks of the Appalachian Mountains. In recent models of the evolution of
the Appalachians, these mafic rocks have been interpreted as ophiolites
or dismembered ophiolites. By comparing Nd and Sr isotopic data on these
rocks with published and new data on established ophiolites and modern
oceanic crust it will be shown that although some Appalachian mafic rocks
have an oceanic isotopic signature other mafic complexes show no oceanic
affinity, casting some doubt on the popular tectonic models for the
Appalachians. Chapter IV is an exploration of the possibility of estab-

lishing a record of Nd isotopic variations in seawater over geologic
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time. Such a record would contain information on the age of the exposed
continents as a function of time and would thus constrain a growth curve
for continental crust. The choice of a phase to analyze which records
and preserves the record of seawater Nd is by no means resolved; this
chapter presents results of analyses of modern and ancient marine carbon-
ates and phosphates aimed at determining their suitability for this

purpose.

I.2. Sm—-Nd and Rb-Sr isotopic systematics

I.2.1. Systematics and Notation

The naturally occurring radioactive isotopes 87Rb and 147 decay
with halflives T%?z = 49 AE and T??z = 106 AE to the respective daughter
isotopes 875r and 143Nd. Closed systems with differing parent-to-
daughter ratios will evolve over time and develop measurable differences
in the daughter element isotopic abundances. For Nd, these differences
are conveniently represented using epsilon notation [DePaolo and
Wasserburg, 1976a,b, 1977] in which ENd(T) is the deviation in parts in
104 of the sample isotopic composition from that of a nominal chondritic

reservoir (CHUR) at time T:

143 .

egg(T) = [{(TZZEEJSAMPLE(T)/ICHUR(T)} -1] x10 (1.1)
where

Topur(T) = Iogur(®) - (M*7sm/1%%Nd) e “lexp(AS™ - 1) -1]. (1.2)

Table 1.1 lists the values used for the various model system parameters.
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One can also reference the Sm/Nd ratios to this reservoir by defining the

enrichment factor

147 144

(SN o (((147g 164

Nd) / ( (1.3)

SAMPLE i)

Sm/ CHUR)—I}
Positive values of me/Nd thus indicate light rare earth element (LREE)
depletion relative to chondrites; negative values indicate LREE
enrichment. One can similarly define €5, With respect to a reservoir
corresponding to the undifferentiated mantle (UR) with nominal values as

given in Table 1.1 and with

87

e. (1) = [(=5 (T)/1._(T))-11x10% (1.4)
RE 865, sAMPLE R
Tyr(T) = Tyg(0) - (87Rb/86sr) o - [exp(ARPT) - 1]; (1.5)
b _
gRb/ST {((87Rb/865r)SAMPLE / (87Rb/865r)UR)-1} (1.6)

[DePaolo and Wasserburg, 1976b; O'Nions et al., 1977; Jacobsen and
Wasserburg, 1981]. There is good reason to believe that the earth has
approximately chondritic rare earth ratios. Although the 143Nd/lM’Nd
ratios of chondrites vary somewhat along a ~ 4.5 AE Sm-Nd isochron, the
Nd model system parameters are reasonably well established. The Sr model

system, on the other hand, is based on a correlation between Nd and Sr



Table 1.1. Model System Parameters.

A5 = 6.54x107 L 2yr L
147 bk =
Ioqur(0) = 0.511847

QNd = 25,13 AE”!

ARD = 1 49x107 lyr!

87p1. /86 _
(°'Rb/®°Sr)yp = 0.0827
Iyg(0) = 0.7045

Q5T = 16.67 AE"!

Refs. DePaolo and Wasserburg, 1976b;
0'Nions et al., 1977; Jacobsen and
Wasserburg;_T§81; Wasserburg et al.,
1981. -
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isotopic compositions in mantle-derived rocks and on the inference that
the bulk silicate earth has a chondritic Sm/Nd ratio. The Sr parameters
are therefore less well established. Nevertheless, the current estimate
of (87Sr/868r)UR = 0.7045 appears to be a reasonably close estimate of

the bulk earth value.

I.2.2. Observed Isotopic Variations and Mantle Reservoirs

Isotopic analyses of young rocks thought to have been derived
directly from the mantle in oceanic regions have shown that the present-
day mantle is isotopically heterogeneous. The largest volume of rock is
represented by mid-ocean ridge basalts (MORB) which have low values of
GSr(O) and high values of €.4(0), implying that these rocks are derived
from a large ion lithophile (LIL) and LREE depleted part of the mantle
which has existed for a significant fraction of the earth's history.
Other oceanic volcanics such as found on oceanic islands show a wide
range of isotopic composition. In particular, it appears that there are
at least two isotopically distinct, ancient mantle reservoirs capable of
yielding basaltic magmas and which give rise to the general inverse cor-
relation between €3(0) and €g_(0) known as the mantle array: 1) a
reservoir depleted of the LREE and LIL elements on an average of ~ 1.8 AE
ago and characterized by negative values of €5 (0) (~ -20 to -30) and
positive values of €g;(0) (~ +8 to +13) that is the source for present-
day basaltic oceanic crust, and 2) a reservoir yariously referred to as
primitive or undepleted mantle with € ~ fgr ~ O [DePaolo and
Wasserburg, 1976a,b, 1979b; DePaolo, 1983] or enriched mantle with
€sr > 0, &yq < O [White and Hofmann, 1982; McCulloch et al., 1983]. Mix-

tures of magma derived from these two sources together with other less
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clearly identified mantle sources appear to be responsible for the
isotopic variation seen today in mantle derived rocks. The concept of
endmember reservoirs is somewhat of an idealization; in actuality it is
likely that there is a continuum of sources in the mantle which span the
spectrum from depleted to enriched which were produced by fractionation
of a primitive mantle at a variety of times and which today give rise to
the spectrum of isotopic compositions observed in modern mantle-derived
rocks [cf. Jacobsen and Wasserburg, 1979].

0l1d, LREE and LIL-enriched continental crust forms a complement to
the depleted mantle reservoir and has characteristically negative values
of €y4q(0) and large positive values of €5.(0). Mixing of depleted mantle
with crustal rocks has also been proposed as a mechanism for producing
the parts of the mantle array populated by some continental flood basalts
which have been regarded by DePaolo [1978, 1983] and DePaolo and
Wasserburg [1979b] as being derived from a primitive mantle reservoir.
The former point of view has recently been emphasized by Carlson et al.

[1981, 1983].

I.2.3. Model Ages
The 143Nd/]‘M’Nd and 87Sr/86Sr ratios measured today in a sample
derived T years ago from a reservoir with initial isotopic ratios INd(T)

and Ig (T) are given by:

143, 144 ~ Smy . Sm .

N/ TN, = I (T (W) lexp(AS™ -T) -1] (1.7)
Nd M

87 86 87en Rb

("'sr/ Sr)M = ISr(T) + (86Sr)q [exp(A *T) -1] (1.8)

where M denotes the measured value.
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The model age is the time at which a sample last had the isotopic
composition of a model reservoir. For Nd this reservoir is taken as the
undifferentiated mantle (CHUR), and for Sr, the reference mantle
reservoir (UR) is used as the model system. The model ages ngUR
and TE; are found by setting I, (T) = Ioypr(T) and ISr(T) = IUR(T) and
solving for T, where Iquyp(T) and Iyp(T) are given by equations (1.2) and

(1.5). The resulting model ages are then given by [McCulloch and

Wasserburg, 1978]:

I (0) - (M3na/M4wa)
P 2 Ty [l e L ] (1.9)
CHUR Sm 147 . 144 147, 144 ’
A _
¢ Sm/~ " 'Nd) CHUR ( Sm/ Nd)M
1. (0) - (¥7sr/8sr)
T T T it -, (1.10)
UR Rb 87 . ,86 87 _. ,86 ‘
A c _
(°"Rb/ qr)UR ("'Rb/ Sr)M
For AT << 1, these equations have a particularly simple form when
expressed in €-notation:
o na'” (1.11)
CHUR Nd . _Sm/Nd :
Q £
e, (0)
5% = == (1.12)

UR QSr . be/Sr

The parameters QNd and er are constants which account for the evolution
of the model system, and their values are given in Table 1.1.

If the assumptions built into the model age calculation are ful-
filled (that the sample was derived from a reservoir with the isotopic

characteristics of the model reservoirs and that the isotopic systems
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have remained undisturbed since that time), then the model ages Tg;
and ngUR should be concordant and will give the age of formation of the
sample (i.e., the time at which the sample separated from the model

reservoirs with major chemical fractionation of parent and daughter

species).
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CHAPTER II

Sm—-Nd and Rb-Sr SYSTEMATICS of IMPACT PRODUCTS

II.1 Introduction

That major impact events have occurred on the surface of the
earth is inarguable. One need only look at the cratered surface of the
moon to infer that the earth must have been subject to a similar bombard-
ment history. Indeed, over 100 terrestrial craterform structures, dating
back to 2 AE, have been identified, all either associated with known
meteorites or having shock metamorphic effects suggesting a hypervelocity
impact origin [Grieve, 1982]. All of these structures are located on the
continents, largely owing to the difficulty of detecting such structures
given the low resolution of most bathymetric maps, but also due to the
geologically young age of the ocean floor.

One way of studying the processes which occur during a large impact
is to examine the material excavated from the impact site. This chapter
presents a study of the Sm—-Nd and Rb-Sr systematics of materials thought
to represent the ejecta of large terrestrial impacts. It will be shown
that the isotopic data can be used to infer some of the characteristics
of both the impact site and the processes leading to the formation of

the impact ejecta.

II.2 Tektites

II.2.1 Theories of origin

Tektites are naturally formed, siliceous, glassy objects, often
with aerodynamic shapes suggesting that they were sculpted by high ve-
locity passage through the earth's atmosphere. The first man known to

have shown interest in tektites was a Cro-Magnon man living about 30,000
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years ago in what is now Austria [0'Keefe, 1976]. Primitive man collected
and traded tektite glass for use as talismans as well as for a tool-making
material which could be chipped to a very sharp edge. The first scientific
reference to tektites is due to Darwin [1844], who thought them a form of
volcanic glass. Since that time, the origin of tektites has been the source
of controversy. Much of the early debate centered on the whether tektites
are naturally formed or were man-made objects. This debate was fueled by
the unfortunate fact that the tektite field of central Europe lies in an
area noted for considerable early experimentation in glassmaking. It was
finally shown in the early part of this century that the chemical compo-
s ition of tektites is unlike that of any early man-made glasses and
that the melting point of tektite glass exceeds the temperatures attainable
by early glassmaking furnaces [Suess, 1900; Johnsen, 1906]. It was thus
established that tektites must be formed naturally. This presents a
considerable problem, for in the thousands of years of man's awareness
of tektites, an outcrop of tektite glass has never been found. To account
for this, a variety of creative theories have been advanced to explain
their origin. An incomplete list includes: formation by lightning strikes
on soil or lightning strikes in a volcanic ash cloud; formation by fusion
of meteorites during passage through the earth's atmosphere; fusion of
meteors by passage too close to the sun; impact melting of terrestrial rocks;
impact melting of lunar rocks; terrestrial volcanism; lunar volcanism; and
collision of the earth with anti-matter. A full discussion of these and
other theories is given in O'Keefe [1976]. Most of these suggestions
have been examined and discarded, and today, most workers agree that the

bulk of the physical and chemical data on tektites strongly supports
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Figure 2.1. World map showing the locations of known tektite fields
and suggested source craters. Locations of deep sea cores containing
microtektites associated with the North American, Ivory Coast, and

Australasian tektites are indicated by the symbols. (After Glass, 1979)
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their formation by impact melting of terrestrial rocks or sediments by
the fall of a large meteorite or comet nucleus [Taylor, 1973, 1975]. Prior
to the return of the lunar samples, it was thought possible by many people
that tektites might represent either lunar impact melts or the product
of lunar volcanism. The results of analyses on returned lunar samples,
however, do not support a lunar origin for tektites. Nevertheless, the
lunar volcanic source retains some adherents [0'Keefe, 1976, 1981].

This chapter presents the results of a series of Nd and Sr
isotopic measurements made on tektites in order to gain new insight into
their origin. A model is then developed to explain the observed isotopic

systematics.

II.2.2 Samples

Tektites are known to occur in four areas on earth (Fig. 2.1).
Within each area, tektites have the same K-Ar or fission track age, pre-
sumably dating the time at which the tektites were last molten. These
four groups consist of (1) the North American tektites (Georgiaites,
Bediasites, and the Martha's Vineyard tektite), with ages of ~ 35 my
[Z4hringer, 1962; St&rzer and Wagner, 1971]; (2) the central European
moldavites which formed ~ 14 my ago [Gentner et al., 1963; StSrzer and
Wagner,1971]; (3) the Ivory Coast tektites of 1.3 my age [Z¥hringer,
1962; Fleischer et al., 1965]; and (4) the Australasian tektites (Aus-—
tralites, Indochinites, Philippinites, etc.) of ~ 0.7 my age [Z#hringer,
1962; Fleischer and Price, 1964; Gentner et al., 1969]. 1In addition,
the North American, Ivory Coast, and Australasian occurrences are asso-
ciated with microtektites found in deep sea sediments of the same age as

the land tektites [Glass, 1967, 1968; Glass et al., 1973]. It has been
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estimated [Glass et al., 1979] that the total mass of tektite glass
associated with the North American strewnfield, the largest of the four,
is on the order of 1010 pmetric tons. As shown in Fig. 2.1, this material
is globally distributed. For two of the tektite fields, impact structures
have been identified which are spatially associated with the tektites

and which have the appropriate age to be the site of a tektite-producing
impact. The Ries Crater of Germany is associated with the moldavites

and the Bosumtwi Crater of the Ivory Coast is associated with the Ivory
Coast strewnfield. Impact sites for the North American and Australasian
strewnfields have not been identified. Recently, glasses associated

with the Zamanshin impact structure have been described from the region
north of the Aral Sea, USSR [Florinskij, 1975, 1977; Taylor and McLennan,
1979; Bouska et al., 1981]. The tektite-like objects have been called
irghizites and associated impact glasses, zhamanshinite. Determinations
of the age of these objects range from 0.81 to 1.1 my [S8rzer and

Wagner, 1977; Florenskij et al., 1979].

Samples from each of the four tektite fields and several irghi-
zites have been analysed. In addition, a possible sedimentary parent
material for the moldavites from the area around the Ries Crater was
analysed. Work by Graup et al. [1981] has shown that this material,
the Tertiary Upper Freshwater Molasse (OSM sands) has the appropriate
chemical and Sr isotopic composition to be a precursor the the moldavites.

Details of the samples and procedures used are given in Appendix I.
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Table 2.1 Parameters for Nd,Sr isotopic evolution of tektites.
Sm /Nd Nd + Rb,Sr Sr
engo)* e R § TCHUR(AE) esgo) £52/9%# Tyr(AE)
Australasian Tektites
Thailand A -11.5%0.5 -0.4078 1.12+0.05 204.4%0.7 33.15 0.371+0.004
Thailand B -11.8+0.5 -0.4075 1.15+0.05 203.0%0.6 29.90 0.407+0.004
Cambodia A -11.8%0.4 -0.4047 1.15+0.05 199.8%0.4 32.82 0.365+0.004
Cambodia B -11.2%0.7 -0.3942 1.14$0.2 212.5%0.4 34.62 0.368+0.004
Cambodia C -12.2#0.4 -0.4129 1.17+0.07 207.6+0.4 35.72 0.348+0.003
HiCa Australite -11.5%0.5 -0.4050 1.1320.2 134.6+0.6 15.05 0.536+0.005
-11.4%0.4
HiMg Australite
USNM 2536 -10.9%0.5 -0.4095 1.06+0.05 166.8+0.7 20.17 0.496+0.005
Microtektites®
BG-1 — —-— — 174.6%9.9 17.48 0.59+0.05
BG-2 — — e 201.6%9.9 6.59 1.83+0.09
Moldavites
USNM 2051 -9.8+0.5 -0.4461 0.88+0.04 242.4%0.6 25.68 0.566+0.006
USNM 2233 — e — 247 .8%0.4 33.96 0.438+0.004
USNM 2226 === — = 261.4%0.5 35.56 0.441+0.005
USNM 2052 -9.8+0.5 -0.4077 0.96+0.04 268.60.7 41.09 0.392+0.006
OSM Sands
0SM 050 -10.4%0.5 -0.4437 0.93%0.2 276.3%0.5 53.51 0.310+0.004
OSM D2 -9.9%0.5 -0.4851 0.81%0.2 247.9+0.8 25.53 0.583+0.007
Ivory Coast Tektites
USNM 6011A -20.2%0.6 -0.4207 1.91+0.05 267 .420.4 6.58 2.44+0.62
USNM 6011B — - — 270.7%0.6 6.85 2.37+0.67
USNM 6011C -19.5+0.4 -0.4221 1.84+0.05 301.140.4 8.52 2.12+0.57
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* Sm ,Nd Nd + Rb,Sr St
ROLEE A HOMEEE S I e
North American Tektites
Bediasites
USNM 1880 -6.5%0.6 -0.3870 0.67+0.06 129.3%0.7 13.66 0.568+0.006
B-229
USNM 1880 -6.7%0.5 -0.3983 0.67+0.04 122.1%0.6 14.10 0.519+0.006
B-306
USNM 1880 -6.1%0.5 -0.3929 0.62+0.05 117.8#1.0 = —
B-312
Georgiaites
USNM 2339 -6.6%0.4 -0.3999 0.66+0.04 124.1#1.0 -_— —_—
USNM 6178 = - = 114.3%0.4 13.32 0.515+0.005
Martha's Vineyard
USNM 2082 -6.7%0.5 -0.4013 0.67+0.04 123.3+0.4 13.79 0.536+0.006
Irghizites
USNM 5939 +1.8%0.6 -0.2887 -0.25+0.09 7.25%1.6 0.32 1.34%0.30
GplV #12
low Si
USNM 5938 -8.5%0.6 -0.4063 0.84%0.05 139.4%0.8 13.70 0.61+0.006
GpIII 3-1
high Si
USNM 5938 -9.340.5 -0.4069 0.91+0.05 138.7+0.7 13.70 0.61+0.006
GpIIIl 3-6
high Si

*Referenced to (143Nd/144Nd)CHUR = (0.511847.

TReferenced to

(1é7sm/144

Nd)CHUR = 0.1967.

*Referenced to (87Sr/86Sr)UR = 0.7045.

0Referenced to (87Rb/86Sr)UR = 0.0827.

OData from Papanastassiou and Wasserburg, [1982]
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Figure 2.2a. Histogram of eyg(0) comparing the Nd isotopic composition

of tektites to other terrestrial materials. Tektites have the Nd isotopic
composition of old continental crust. Each tektite group is characterized
by a uniform value of eng(0).

b. Histogram of €g,(0) showing range of Sr isotopic composition
observed within a given tektite group. Tektites have the Sr isotopic
composition of old continental crust. Sr data for old continental crust
are not plotted but generally lie in the region eg,(0) > +50. Patterns
within histogram correspond to those used in Fig. 2.2a.

(Data on old continental crust, oceanic island arcs (ARCS),
mid-ocean ridge basalts (MORB), and continental flood basalts (CFB) from
DePaulo and Wasserburg, 1976a,b, 1977; Richard et al., 1976; O'Nions

et al., 1977; McCulloch and Wasserburg, 1978
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I1.2.3 Nd and Sr isotopic compositions

Unlike the chemical composition of an impact product, which may
be strongly modified or fractionated by the impact process, the isotopic
composition of an impactite will be identical to that of the target
material. Any isotopic fractionation caused by the impact will be
corrected for along with instrumental fractionation during routine pro-
cessing of the raw isotopic data. The isotopic composition of the impact
product can thus be used to fingerprint the target from which it formed.

The results of Nd and Sr analyses of tektites and related
materials are presented in Table 2.1. As shown in Fig. 2.2, the large
negative epng(0) and positive egp(0) characteristic of tektites are
clear signatures of old continental crust [McCulloch and Wasserburg, 1978].
These data exclude the possible derivation of tektites from material re-
cently derived from the mantle which has eng(0) and eg,(0) near zero
[DePaolo and Wasserburg, 1976a,b]. The data also rule out a basaltic
oceanic crustal source which would have eng(0) of +8 to +12 and eg.(0)
of 0 to -30 [DePaolo and Wasserburg, 1976a,b; Richard et al., 1976; O'Nions
et al., 1977]. High Si irghizites also have the characteristic isotopic
composition of old continental crust.

A plot of eNg(0) vs. egr(0) (Fig. 2.3) shows that the overlap
in Sr isotopic composition between the various tektite groups is spread
out in the second dimension provided by the Nd isotopic data. Each
tektite group is characterized by a distinctive range of isotopic variations
in eg,(0) at constant eyg(0). This is most clearly displayed by the
Australasian tektites. The uniformity of the Nd isotopic composition and

continuous range of Sr isotopic composition of the Australasian tektites
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Figure 2.3. Plot of eyNg(0) vs. eg,(0) for tektites. Each group has a

distinctive range in isotopic composition. Variation in isotopic compo-

sition is mainly due to variation in eg,.(0) at constant eyq(0). All the

tektites lie in the region of this diagram populated by old, LREE, and LIL

enriched upper continental crust.
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are hard to reconcile with the suggestion that the Indochinites and
Australites are due to different impact events [St&rzer and Wagner, 1980].
Instead, the Nd and Sr data support the interpretation that the entire
strewnfield is due to a single event.

The OSM sand samples from the Ries Crater have egyq(0) ~ -10 and
egr(0) = +250 to +280 and closely match the range in isotopic composition
of the moldavites. As suggested by Graup et al. [1981], this type of
material is the likely parent for the moldavites. This result eliminates
the long-standing problem of identifying a parent material for the mol-
davites in the Ries, a problem which has stood in the way of establishing
a genetic relationship between the two. It is important to note that
the OSM sands were a surficial deposit at the time of the impact. The
thickness of the deposit at the time of impact is unknown but is thought
to have been less than a few tens of meters, while the effects of cratering
extend to a depth of 2 km [Bolten and Muller, 1969; David, 1969].
Laboratory experiments on impact processes have demonstrated that direc-
tional, high velocity jets of surficial target material are often produced
upon impact [Kieffer, 1977]. The production of such jets could explain
the highly localized distribution of the moldavites [Bouska, 1964].

The isotopic composition of Nd in the irghizites is different
from that of the Australasian tektites. Although this does not completely
rule out the Zhamanshin structure as a possible source for the Australasian
strewnfield as suggested by Glass [1978], it does demonstrate that the high
Si irghizites have a different parent material that the Australasian
tektites despite their similarity in chemical composition [Taylor and

McLennan, 1979; Bouska et al., 1981], thus reducing the likelihood of
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there being a connection between these two groups. The higher Ni content
of the irghizites as compared with the Australasian tektites [Taylor and
McLennan, 1979] raises the possibility that the difference in isotopic
composition between these groups may be due to a greater component of
meteoritic component in the irghizites. Addition of projectile material
with chondritic elemental abundances and isotopic composition (eyngq(0)=0,
esr(0) > +500; Wetherill, 1975) to the parent material of the Australasian
tektites would displace eyg(0) towards zero but would greatly increase
egr(0), contrary to what is observed (Fig. 2.3). One concludes that

this mechanism cannot produce the irghizites and Australasian tektites
from a common parent. The difference in isotopic composition between the
high Si and low Si irghizites establishes that these two types have
distinct parent materials and did not acquire their differences in chem-
istry through selective volatilization, partial melting, or other geolog-
ically recent processes acting on a common, homogeneous parent material.
As described above, meteoritic contamination cannot explain the difference
between the high and low Si irghizites.

The Martha's Vineyard tektite, USNM 2082, is the only tektite ever
found at that locality and questions have been raised as to the authenticity
of the find. The Nd and Sr isotopic composition of the Martha's Vineyard
sample (Fig. 2.3, Table 2.1), is indistinguishable from the other North
American tektites and it clearly had the same parent material as the Bedia-
sites and Georgiaites, confirming its relationship to these groups. The
possibility of human transport of the Martha's Vineyard tektite to the

site of the find is unresolved, however.
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II.2.4 Model ages and multistage isotopic evolution

In addition to being useful tracers, isotopic systems can be used
to provide information on the timing of events in the history of an

object. Table 2.1 lists values of ng and TSL

HUR UR calculated for

tektites. Examination of Table 2.1 shows that although the ngUR

ages within each group are constant, the Tgﬁ ages are quite variable

and are generally less than ngUR for the same sample, indicating
that the model assumptions given in section I.2.3 are not fulfilled.

A plot of TSE vs 87Rb/86Sr using all the available isotopic
analyses of Australasian tektites [Schnetzler and Pinson, 1964; Compston
and Chapman, 1969; Papanastassiou and Wasserburg, 1981] defines a hyper-
bolic array with TS§ ranging from ~ 0.3 to 1.3 AE (1.8 AE if the
microtektite point is included) with the model ages decreasing with
increasing Rb/Sr ratio. This pattern is a result of the fact that on a Sr
evolution diagram, these samples lie about a correlation line (Fig. 2.4b).
A true isochronal relationship would correspond to a hyperbolic curve.
These two ways of looking at the isotopic systematics are equivalent;
however, a useful form of the alternate representation is developed below.
In the discussion which follows, the Sr isotopic system is used as the
example; an analogous development can be carried out for the Nd system.

It is desired to obtain an expression which will allow determina-
tion of the last time at which major chemical fractionation of the parent-
daughter isotopes occurred for the following history. At some time a

suite of samples with differing Rb/Sr ratios is derived from a homogeneous

reservoir. Each of these samples then evolves isotopically until some
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later time (or times) when major Rb/Sr fractionation again occurs. It
is the last fractionation event of this type which is to be dated and
the ability to date this event depends on large Rb/Sr fractionation
occurring at that time. The basis for what follows is that for samples
with very high Rb/Sr ratios, ages may be obtained even though the initial
isotopic ratio is poorly known. In the limit of infinite Rb/Sr ratio,
the initial isotopic ratio plays no part in determining the sample age
so long as the initial ratio remains finite. The problem is to determine
a method for extrapolating the Rb/Sr ratio of a suite of samples to
infinity, making the age determination less ambiguous for a suite of
samples which are correlated on an evolution diagram but which do not
lie on an isochron.

For AT<Kl, the isotopic composition of Sr today in a sample
which separated from a reservoir (not necessarily the model reservoir)
at time Ty and had an Rb/Sr ratio of Ry, and has been undisturbed

since that time, is given by:

b

157(0) = 15%(1)) + Ry « ARP LTy (2.1)
or in epsilon notation:
es (0) 2 g (T)) + Q5T £RV/ST o (2.2)

Now if that sample had undergone a disturbance at time Ty possibly changing
the isotopic composition by amount AIST and possibly changing the Rb/Sr
ratio to a new value Ry, the isotopic composition would today be given by
[Papanastassiou and Wasserburg, 1969]:

15T(0) = Isr(Tl) + AIST + R, ARD (T{-T,) + R, - ARD Ty (2.3)
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In general, for n-1 disturbances at times Ty « « « T, :
n-1

Sr ~ TOTr _ Rb Rb
I°H(0) = I°°(Ty) + Z 1[(rj Tj+1) . Rj e AP+ AIj+l] + R AT, (2.4)
J.——'

Dividing by RnARb and converting to epsilon notation one obtains:

i +1
€Sr(o) = 1 ESI‘<T].) o+l Rb/Sr _ As%r
St Rb/Sr . Rb/Sr S 1 (fj (I=Ty) + i +%
Q" fy £ Q" I Q"

(2.5)

where esr(Tl) is the initial isotopic composition, Aed is the change in

£q..(0)
isotopic composition at time Tj’ and St - TSr « Thus, in a plot
QSTERb/ ST A
n

of the quantity TSE versus l/fn a suite of samples which have under-—

gone multistage isotope evolution will lie in the wedge shaped region
defined by the lines having slopes given by the bracketed terms above,
and with common y-intercept T,. This intercept value gives the time at
which the suite last underwent parent-daughter fractionation. Note that
this formalism provides a connection between the calculated model age
TSE and the actual times of disturbance Ty » « &« T.s The y-intercept
value, however, gives a model-independent estimate of the age of last
disturbance and corresponds to the age determined by the slope of an
isochron. This analysis will now be applied to the model age patterns

observed in tektites.

II.2.5 Tektite model ages

IT.2.5.1 The model

The isotopic results presented here as well as studies of REE
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patterns [Taylor, 1966, 1973; Frey, 1977, and others] major, minor, and
trace element compositions [Taylor, 1966; Chapman and Scheiber, 1969;
Taylor and McLennan, 1979], and oxygen isotopic work [Taylor and Epstein,
1962, 1966, 1969] are all consistent with the formation of tektites from
terrestrial upper crustal rocks by impact melting. The data most closely
match the characteristics of sedimentary rocks, sediments and soils, or
meta-sediments. A three-stage model is postulated to explain the Sr and
Nd systematics of tektites. 1In the first stage assume the derivation of
a crustal segment with enrichment factors fTb/Sr and f?m/Nd from a
uniform mantle reservoir at time Tj. At some later time Ty this segment
may undergo weathering and sedimentation producing a sedimentary rock with
enrichment factors fgb/Sr and fgm/Nd, which is then impact melted to
form tektites at T3 ( 2= 0) at which time selective volatilization may
produce enrichment factors f%b/sr, fgm/Nd. The Sm—-Nd and Rb-Sr
isotopic systems will behave quite differently in response to these
processes. The major fractionation of Sm from Nd appears to occur during
partial melting of mantle sources to produce crustal rocks. There are
some data which indicate that the Sm—-Nd system is relatively undisturbed
by weathering and sedimentation [McCulloch and Wasserburg, 1978]. Further,
the REE are both refractory and geochemically coherent; Sm and Nd will not
be readily fractionated by differential volatilization upon impact melting.
For Nd, then, ffm/Nd = fgm/Nd =2 fgm/Nd and the equation reduces

to that of single stage growth: T%%UR Iy = eNd(O)/(QNd . ffm/Nd).

The T%%UR model ages thus correspond to the concentration weighted mean
model ages of the sources of the parent material of tektites (i.e., the

original time of formation of the crustal segments from the mantle). In

contrast, it is well established that sedimentary processes severely dis-
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turb the Rb-Sr system, generally by increasing the Rb/Sr ratio in the
sediment through preferential uptake of Rb relative to Sr in clays [Dasch,
1969; McCulloch and Wasserburg, 1978], or by decreasing the Rb/Sr ratio
through addition of Sr-rich phases. The Rb/Sr system may also be disturbed
by selective Rb volatilization upon melting. Depending on which process
dominates, the Sr model age Tﬁﬁ may be greater (Rb loss or Sr gain) or

less (Rb gain) than T%%UR for a given sample. It should be noted that the
term "sedimentation"” is used in a loosely defined sense; real sediments

may have been reworked many times. What is dated is the last major parent-
daughter fractionation event during which high Rb/Sr ratios were produced.

This may occur during weathering, transport, or diagenesis of a sediment.

IT.2.5.2 Australasian Tektites

Figure 2.4a is a plot of TSE Vs l/be/Sr for Australasian

tektites using the present data and data from the literature [Schnetzler
and Pinson, 1964; Compston and Chapman, 1969; Papanastassiou and Wasser-—
burg, 1981]. The TSE ages for the samples in Table 2.1 range from

~ 0.36 to ~ 0.50 AE. The literature data extend this range down to 0.33
AE and up to 1.3 AE. The data define a wedge-shaped, linear array with
a clustering in Iﬁa as l/be/Sr tends toward zero. The array has a
y-intercept of ~ 0.25 AE which is interpreted as the age of sedimentation
for the parent material for these tektites. This age agrees well with
the age of 0.1 to 0.3 AE calculated by Compston and Chapman [1969] from
the correlation line on the Sr evolution diagram (Fig. 2.4b). The data
point for one of the Indian Ocean microtektites falls within this array

indicating that this microtektite shares a common precursor with the
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Figure 2:4a. Plot of Tgﬁ vs 1/be/Sr for Australasian tektites.

The y-intercept value of ~ 0.25 AE gives the time of last Rb-Sr fraction-
ation and corresponds to the time of sedimentation of a sedimentary
parent material. Squares = macrotektites, crosses = microtektites.

b. Rb-Sr evolution diagram for Australasian tektites showing

correlation line. Symbols as in Fig. 2.4a.
(Data sources: Schnetzler and Pinson, 1964; Compston and Chapman,

1969; Papanastassiou and Wasserburg, 1981; this work.)
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macrotektites. The second microtektite is discrepant, having a higher
model age than expected for its Rb/Sr ratio. 0ddly, its isotopic charac-
teristics are much more similar to those of the Ivory Coast tektites
than the Australasian tektites. The general trend displayed in Fig. 2.4a
strongly suggests a two-stage model with major Rb-Sr fractionation at
0.25 AE corresponding to the age of formation of the sediments which
were the parent material. There is no evidence for significant Rb volatil-
ization during tektite formation as selective volatilization would have
produced an intercept of ~ 0 AE in Fig. 2.4a, corresponding to the time
of melting. An exception may be the discrepant microtektite as Rb loss
will increase the model age of a sample.

In contrast to the TSE ages, the T%%UR ages are quite
uniform with total range in ages of 1.06 to 1.17 AE (Table 2.1). The
uniformity of the Nd model ages suggests that the source terrains for
the parent sediment were of approximately the same age, or that transport
and sedimentation were effective at mixing material from sources of
different ages. The value of ~ 1.15 AE for the T%%UR ages implies
that the parent sediments were dominantly derived from a Precambrian
crustal segment.

T%gUR which is

The majority of these tektites have Tgﬁ <
compatible with a model of increased Rb/Sr ratios in sediments by Rb
uptake in clays. Four analyses from the literature, all high Ca Philip-
pinites [Compston and Chapman, 1969; Chapman and Scheiber, 1969] have Sr
model ages which exceed the Nd model age. These samples also have unusually

high Ca0 and Sr contents. For the samples with TSE > T%%UR the

Rb/Sr ratio must have decreased during sedimentation by addition
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of Sr, increasing the calculated model age. The strong correlation of
Sr with Ca0 in the Australasian tektites [Compston and Chapman, 1969]
suggests that the carrier of the Sr in the parental sediment was also a
Ca-rich phase. Calcite is a common Ca- and Sr-rich and Rb-poor phase in
terrestrial sediments and the observed correlations can be explained by
variations in the calcite content of the parent material as discussed by
Compston and Chapman [1969]. The initial Sr ratio for the high T%E
samples calculated for an age of 0.25 AE is ~ 0.710, thus the addition
of a small amount of Permian marine carbonate with a relatively evolved
875r/806Sr ratio of ~ 0.708 [Peterman et al., 1970; Burke et al. 1982]
as compared with (87Sr/86Sr)UR = 0.7045 to a detrital sediment with higher
875r/86Sr is not unreasonable on isotopic grounds and could account for the
high model ages.

These data demonstrate that the source crater for the Australasian
strewnfield lies in a target of late Paleozoic to early Mezozoic, contin-
ental sediment derived from a relatively young Precambrian cratonic
source. If the source of the sediments actually contains a substantial
amount of Archean crust, then the source area must also include a terrain
of much younger rocks so that on average the age of the terrain is 1.15 AE.
The data do not exclude the possibility that the impact structure is
located underwater on a continental shelf or deep ocean basin mantled
by continentally derived sediments of the above characteristics. Suggested
source craters for the Australasian tektites include the Zhamanshin
Crater [Glass, 1978] which was discussed and rejected above; the Elgygytgyn
Crater of NE Siberia [Dietz, 1977]; and an unnamed NE Cambodian crater-like

structure [Hartung and Rivolo, 1979]. The Elgygytgyn Crater is in a
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terrain of plutonic and volcanic rocks of Mesozoi: age [Nekrasov and
Riudonis, 1973, cited in Dietz, 1977]. Unless these rocks have a large
component of remelted Precambrian basement with negative eNd(O) then

it would not be possible to produce tektites with the negative eyq(0)

and Precambrian ngUR age observed for the Australasian objects.
Elgygytgyn Crater is therefore an unlikely source for the Australasian
tektites. Little is known about the geology in the area of the Cambodian
structure. In the absence of more detailed information on the age and

lithology of this site, little can be said of its merits.

IT1.2.5.3 North American Tektites

The North American tektites are characterized by a uniform T@%UR
age with a total range of from 0.62 to 0.67 AE (Table 2.1). This means
that the material which melted to form the North American tektites came
from a crustal segment which formed in very late Precambrian time. This
relatively young age eliminates most of the Precambrian shield areas of
North America as possible source terrains for the parent material of
these tektites as well as sediments derived from these areas. The North
American shale (NAS) composite [Haskin et al., 1966; McCulloch and
Wasserburg, 1978] has eNd(O) = -14.4 and ngUR = 1.5 AE, and is
and is thought to be representative of the average mid-continental region.
From a comparison with the tektite results it is clear that the Paleozoic
sediments making up the NAS composite are derived from older Precambrian
crustal material and cannot be typical of the parent material for the

North American tektites. Late Precambrian crust of ~ 0.6 to 0.8 AE age

in North America is largely restricted to the eastern and southeastern
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Figure 2.5. Plot of Tgﬁ vs 1/be/Sr for North American tektites

and moldavites. The intercept for the moldavite array is well defined

at ~ 0.015 AE and suggests that moldavites were formed from a geologically
young parent sediment. North American tektites do not yield any new

information.

(Data sources Schnetzler and Pinson, 1964; this work.)
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margin of the Appalachian orogenic belt and may underlie much of the Atlantic
and Gulf coastal plains and continental shelves. The parent sediment for the
North American tektites may have been derived from this terrain, however,
no impact structure of the appropriate size and age has been identified there.
The ngUR age may reflect a mixture of material from older and younger
source terrains so that an average model age of ~ 0.65 AE is obtained. Even
in this case, the older shield areas of North America are still excluded as
possible sources for a parent material because of the lack of young crustal
material within these areas to mix with detritus from the ancient crust.
Likewise, the Popigai astrobleme of Siberia could not be the source for the
North American tektites as suggested by Dietz [1977]. This impact occurred
on the Archean Anabar shield which gives K-Ar ages in the range of 2.7 to
1.9 AE [Rabkin, 1968] and is too old to satisfy the ngUR ages of the
American tektites.

The TS§ model ages for the North American tektites in Table 2.1
range from 0.52 to 0.56 AE (down to 0.42 AE if literature data is included);
in all cases slightly younger than the corresponding ngUR ages. Un-
fortunately, there is little spread in the Rb/Sr ratios for these samples and,
more importantly, the samples do not have the extreme Rb enrichments that
were observed in some of the Australasian tektites (Fig. 2.5). Because of
these characteristics, little significant time information can be extracted
from the Sr isotopic systematics. The Sr model ages are consistent with der-
ivation of the tektites from a sediment, but do not demand a sedimentary
parent. If the parent was a sediment, as suggested by other studies,
there was relatively little parent-daughter fractionation at the time of

sedimentation as reflected in the small differences between the TE&UR
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and TSE ages and the be/Sr values which are typical of old upper crustal
igneous rocks.

In summary, the Nd isotopic data suggest that the source terrain
of the parent material for the North American tektites was of ~ 0.65 AE
age and cannot be any of the major ancient shield areas of North America
or consequently from the areas covered by Paleozoic sediments derived
from these Precambrian terranes. The Sr isotopic data suggest slight

parent—daughter fractionation at some time after crustal formation in

very late Precambrian time.

I1.2.5.4 Ivory Coast Tektites

The T%%UR model ages for the Ivory Coast tektites are ~ 1.9 AE
(Table 2.1), which are in good agreement with whole rock Rb/Sr ages of the
rocks around the Bosumtwi Crater and much of western Africa which range
from 1.9 to 2.1 AE [Vachette, 1964; Schnetzler et al., 1966; Kolbe et al.,
1967]. The Sr model ages for these samples range from 2.1 to 2.4 AE. 1In a
plot of Tﬁﬁ vs 1/£RP/ST  these data and literature analyses of the Ivory
Coast tektites [Lippolt and Wasserburg, 1966; Schnetzler et al., 1966; Kolbe
et al., 1967] appear to define a linear array (Fig. 2.6). Although these
samples are not characterized by high Rb/Sr ratios, they are reasonably
well correlated and yield a y-intercept of ~ 0.95 AE. These analyses have a
range in TS§ from 1.9 to 2.8 AE, in all cases greater than the T%%UR
ages. In an evolution diagram the samples plot about a correlation line
corresponding to 0.95 AE age. Selective volatilization of Rb during the
melting of the tektite parent material, leading to increased values of
the Rb/Sr ratio and T%E could be the cause of the younger disturbance.

In this case, however, one would expect an intercept value of ~ 0.0 AE
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Figure 2.6. Plot of Tgﬁ Vs l/be/Sr for Ivory Coast tektites. The
intercept is reasonably well defined despite the lack of high Rb/Sr samples.
The time of last parent-daughter fractionation is given by y—-intercept
value of ~ 0.95 AE.

(Data sources: Lippolt and Wasserburg, 1966; Schnetzler et al.,

1966; this work.)
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in Fig. 2.6. Thus selective volatilization is not likely to have been an
important process for these tektites. Alternatively, the parent material
for the Ivory Coast tektites may be a sediment or a metamorphic rock in
which the Rb/Sr ratio decreased relative to the crustal source material
during sedimentation or metamorphism at ~ 0.95 AE. Taken together, the

Nd and Sr data are consistent with formation by melting of material orig-
inally derived from the rather ancient basement around the Bosumtwi Crater.

The actual target material has not been identified.

I1.2.5.5 Moldavites

The ngUR ages for the moldavite samples are ~ 0.9 AE (Table 2.1),
which agrees well with the age of the oldest known basement in the area
of the Ries Crater. This basement was remobilized and partially melted
at ~ 0.3 AE to form the terrain into which the Ries Crater was emplaced.
The Sm—-Nd isotopic systematics appear to be seeing through both this
orogenic event and the tektite forming event back to the original time
of formation of the crustal segment which was ultimately melted to form
the tektites at 14 my. The lower Sr model ages of 0.39 to 0.57 AE (Table
2.1) indicate that the Rb-Sr system has been disturbed subsequent to the
time of crustal formation. A plot of Tgﬁ vs l/be/Sr (Fig. 2.5) using
literature analyses of moldavites [Schnetzler and Pinson, 1964; Schnetzler
et al., 1969] yields a linear array with y-intercept of ~ 0.02 AE and
with a variation in Tﬁﬁ of from 0.37 AE to 0.58 AE. Similarly, in an
evolution diagram the data plot along a sub-horizontal array of this age.
Again the samples have a limited range of Rb/Sr ratios, but the intercept

in the model age vs 1/£Rb/Sr plot is reasonably well defined due to the high
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Rb/Sr ratios. The young Sr age implies parent-daughter fractionation in
the Sr isotopic system shortly before the tektite forming event leading

to high Rb/Sr ratios in the parent. These results imply an origin for

the moldavites by melting of a young sediment derived locally from the
rocks around the Ries Crater. This interpretation of the Rb-Sr systematics
is fully compatible with derivation of the moldavites from the Tertiary

OSM sands.

II.2.5.6 Irghizites
The two high Si irghizite samples, USNM 5938 3-1 and USNM 5938 3-6,

have Tg%UR model ages of ~ 0.88 AE and T%ﬁ model ages of ~ 0.61 AE,

(Table 2.1) the Nd data giving the original age of formation of the parent
material and the Sr data suggesting that this material was disturbed at
some later time. Florenskij et al. [1979] state that the Zhamanshin
structure is in an area of Cretaceous and Tertiary sediments and Quaternary
loess deposits underlain by Paleozoic metamorphic rocks. The data are
consistent with derivation of the high Si irghizites from any of these
materials if the crustal source(s) originally formed, on average, at

~ 0.9 AE ago. The low Si irghizite has a future ngUR model age of

=0.25 AE due to its positive eNd(O) but negative me/Nd values. In this
case the model fails. Future Nd model ages are not uncommon among

modern alkalic basalts of oceanic islands or continental rift settings.
These basalts are also characterized by positive gyng(0) and are LREE
enriched [0'Nions et al., 1977; Hawkesworth and Vollmer, 1979; Menzies

and Murthy, 1980]. It is clear that these basalts are not derived from

a mantle reservoir with the isotopic characteristics of CHUR, but instead
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have had a time integrated LREE depletion. The observed REE patterns in
the erupted basalts were imposed only shortly before eruption yielding the
future model ages. The low Si irghizite may have been derived from similar
basaltic material. Identification of the actual parent materials will
depend on further field and laboratory studies of the area around the

Zhamanshin structure.

I1.2.6 Conclusions

Tektites are characterized by negative eNd(O) and positive
esr(O), which are clear signatures of old terrestrial continental
crust. Each tektite group has a distinctive eNd(O) value and a range
of e€gr(0). Chemically and isotopically tektites are similar to terrestrial
sediments derived from old continental crustal material. These results do
not exclude the production of tektites by impact into an ocean basin or
continental shelf if the impact site was mantled by sediments of continen-
tal derivation. The fact that the moldavites were probably formed by
melting of the surficial OSM sands suggests more broadly that the tektite
forming process does not always sample very deeply at the impact site.
As a result, it may be possible to have an impact in an oceanic area which
could produce tektites from only surficial sediments and not involve
deeper mafic oceanic crust.

The recent discovery of live 10Be, a short lived radionuclide
( /2 ~1.5 my) produced by spallation reactions in the upper atmosphere,
in Australasian and Ivory Coast tektites [Pal et al., 1982; Tera et al.,
1983] also implies that tektites are formed from surficial deposits. Cal-
culations of impact dynamics indicate that it is the uppermost layers of

the target which are involved in the early high speed ejecta [0'Keefe and
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and Ahrens, 1982]. This ejecta consists of vaporized target, impact melt
droplets (tektites), and finely divided target and projectile material.
It is launched from the impact site at high velocity, along with the
surrounding atmosphere, during the initial interaction of the impactor with
the target. These calculations account for the fact that tektites are
derived from surficial material and also dispose of the problem of propelling
the tektites through the atmosphere to form a large strewnfield by using the
the atmosphere itself to propel the molten target droplets.

Studies of sediments suggest that their Nd model ages reflect the
age of their source terrain with major Sm—Nd fractionation occurring during
partial melting of the mantle to form new crust. Surficial processes such
as weathering do not appear to be effective in fractionating the rare
earths. Thus the uniform Nd model age of each tektite field is interpreted
as the age of formation of the crustal segment which weathered to form
the parent sediment for the tektites. In contrast, it is well known that
surficial processes severely disturb the Rb-Sr isotopic system generally
by increasing the Rb/Sr ratio during weathering and sedimentation. This
results in relatively young Tﬁﬁ ages which reflect more recent events
in the history of the tektite parent materials.

Inferences from the isotopic systematics as to the ages of the
source terrains and sedimentary precursors for the various tektite groups
are summarized in Table 2.2. In all cases the T%gUR ages imply a
Precambrian age for the crustal source terrains: ~ 0.6 AE for North
American tektites, ~ 0.9 AE for both the irghizites and moldavites, ~ 1.15
AE for Australasian tektites, and ~ 1.9 AE for the Ivory Coast tektites.

The TSL ages suggest ver oung Rb-Sr fractionation in the moldavite
UR gg yy
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Table 2.2 Summary of age and provenance of tektite parent materials.

Source Terrain Sedimentation
age (AE) age (AE) Target

Australasian tektites 1.15 0.25 middle-late Paleozoic
sediments derived
from p€ craton

North American tektites 0.65 <0.65 material derived from
latest p€ crust

Moldavites 0.90 0.01 very young sediments
derived from late p€
crust (Ries Crater)

Ivory Coast tektites 1.90 0.95 P€ materials derived
from old p€ craton
(Bosumtwi Crater)

High Si irghizites 0.88 ? sediments (?) derived
from late p€ crust
(Zhamanshin Crater)

Low Si irghizites ? = basaltic material
(Zhamanshin Crater)
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parent material, and imply that the moldavites were derived from a very
young sediment. The Tertiary OSM sands from around the Ries Crater have
the appropriate age and isotopic composition to be the likely parent
material for the moldavites. The Australasian tektites are characterized
by major parent-daughter fractionation in their Sr isotopic system at
~ 0.25 AE, which is interpreted as the time of formation of a sediment
which was melted to form these objects. The Nd isotopic composition of the
high Si irghizites rules out any possibility of a common parent with the
Australasian tektites. Parent—-daughter fractionation in the Sr system
of the Ivory Coast tektites last occurred at ~ 0.95 AE probably during
an ancient sedimentation or metamorphic event producing the parent material
which melted to form these objects. The data are consistent with derivation
of the Ivory Coast tektites from Precambrian sediments in the Bosumtwi
Crater. This is in consonance with conclusions about the origins of these
objects by previous workers [Schnetzler and Pinson, 1964; Lippolt and
Wasserburg, 1966; Schnetzler et al., 1966; Kolbe et al., 1967].

In summary, these data are consistent with tektite formation by
melting of terrestrial sediments during a meteorite or comet impact onto
a continent or continental shelf or ocean basin mantled by sediments of
the appropriate age and provenance as described above. The thickness of
the sedimentary cover may in some cases be rather modest (less than a
few hundred meters).

Although it may be possible to create an ad hoc model involving
a lunar origin for tektites, there is little in the way of positive

evidence for such an origin in the considerable data which have been
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gathered on these objects. In particular, it would be difficult to reconcile
the data presented here with a lunar origin, especially in view of the
agreement of the ages and isotopic characteristics of the Ries and Bosum-
twi Craters with the moldavites and Ivory Coast tektites. Together with
the discovery of live 10ge unaccompanied by live 26A1 in tektites [Raisbeck
EE.EEL’ 1983] these results should be the final blow to the lunar theories.
Instead, future research on tektites might profitably explore the processes
that occur to form the molten and vaporized impact ejecta in more detail.
Microtektites may hold some clues as to these processes. Microtektites
are known to have a much wider range of chemical composition than the
macrotektites of a given strewnfield [Glass, 1970; Glass and Zwart, 1979].
This greater variability may be due to either heterogeneities in the
target or to fractionation processes occurring during impact. The results

of Nd isotopic analyses may help in deciding between these options.

IT.3 Sanidine Spherules from the Cretaceous—Tertiary Boundary

II.3.1 An impact at the Cretaceous-Tertiary boundary?

Recently, attention has been drawn to the terrestrial record of
impacts by the discovery of anomalously high concentrations of iridium
and other noble metals in the sediments marking the end of the Cretaceous
period [Alvarez et al., 1980]. Iridium and the other siderophile noble
metals are strongly depleted in terrestrial crustal rocks relative to
their solar system abundances, occurring at levels of <<O.lppb in most
crustal rocks [Hertogen et al., 1980; Crocket, 1981]. Iridium concentra-
tions in most chondritic and iron meteorites are much higher, on the
order of 500ppm [Baedecker, 1971]. The Ir anomaly at the Cretaceous/Tertiary

(K/T) boundary has consequently been interpreted as being due to the
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infall of a large extraterrestrial body at that time. Following the
initial discovery of the Ir anomaly in K/T boundary sediments in Italy,
Denmark, and New Zealand [Alvarez et al., 1980], other workers have
found the anomaly to be a worldwide phenomenon, occurring in both marine
and non-marine sequences [Smit and Hertogen, 1980; Kyte et al., 1980;
Ganapathy et al., 1981; Nazarov et al., 1982; Orth et al., 1982];
Figure 2.7 summarizes the localities at which Ir anomalies have been
reported. On the basis of the observed noble metal concentrations amd
the concentrations in meteoritic material, Alvarez et al. [1980] calculated
minimum masses for the impacting body of between 2 and 6 x 1015 kg, corres-
ponding to diameters of 5-16 km. Such objects impacting at velocities of
~20 km/s have a kinetic energy of ~1030 ergs or ~108 megatons of TNT.
This may be compared with the global nuclear arsenal of ~10%4 megatons
[Levi, 1983]. Although the detection of evidence for such a large impact
is interesting in itself, an extraordinary amount of interest has been
generated in the possibility of an impact at the K/T boundary due to the
fact that the boundary marks a previously recognized major extinction event
in the fossil record. Given the coincidence in timing and the undoubtedly
severe ecological consequences of an impact of such magnitude, it was
immediately proposed that the impact and its subsequent effects caused
the extinction event [Alvarez et al., 1980]. This proposal has set off
a heated debate both as to the nature of the extinction event (whether
gradual, which would argue against a catastrophic cause, or abrupt)
[Clemens, 1982; Thierstein, 1982; Schopf, 1982], and as to the interpretation
of the Ir anomaly as being indicative of an impact [Rampino, 1982].

Little is known about the geochemistry of the noble metals during weathering,
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Figure 2.7. Reported occurrences of anomalous Ir abundances. Values
give an estimate of the integrated amount of Ir above the local background

value in units of 10"9g/cm2. After Alvarez et al., 1982a.
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transport, and diagenesis and it remains possible that the K/T Ir anomalies
may be due to some wholly terrestrial cause such as a shift to reducing
conditions in the oceans or an increase in global volcanism, both of which
would also affect the biota. Additional sampling and analysis should reveal
whether similar Ir anomalies are a common feature of the sedimentary
record, in which case it is likely that they have an origin in ordinary
sedimentary processes. Nevertheless, it is clear that impacts can and
do product geochemical signatures similar to that at the K/T boundary.
Kyte et al. [1981] have reported high Au and Ir abundances together
with meteoritic debris in Pliocene sediments off the coast of Antarctica.
They interpret these results as being due to the nearby fall of a small
meteorite. Other studies have reported an Ir anomaly associated with
sediments containing North American microtektites [Alvarez et al., 1982b;
Ganapathy, 1982; Glass et al., 1982]. There remains some question as
to whether the microtektites are found in the same layer as the Ir anomaly,
however. It is interesting to note that the North American tektite event
appears to coincide, or nearly coincide, with a significant though minor
extinction event at the Eocene/Oligocene boundary.

A major stumbling block to the impact hypothesis is the lack of
any identified crater of the appropriate size (~100 km diameter,
Schmidt and Holsapple, 1982) and age to be the impact site. This has led
to the suggestion that the impact occurred in an ocean basin, in which
case the crater may never be found as ~25% of the ocean floor existing
at the end of the Cretaceous has already been destroyed by subduction.

Given that there is a strong contrast in Nd and Sr isotopic composition
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between continental and oceanic crust, it was decided to examine material
from the K/T boundary to see if there is isotopic evidence for either
continental or oceanic impact as well as to see if there exists any

isotopic signature of extraterrestrial material.

II1.3.2 Samples and proceedures

In a study of the fossil assemblages across the K/T boundary,
Smit and Klaver [1981] found large numbers (50-300 em™3 of sediment) of
small (50-1000uym) spherules in the Ir-rich layer in the Barranco del
Gredero section, Caravaca, Spain. X-ray diffraction, electron probe and
neutron activation analyses of the spherules showed that the they are
dominantly sanidine with K/Na ~ 100, are rich in As, Se, Sb, Zn, and
contain dark inclusions rich in Fe, Ni, and Co [Smit and Klaver, 1981].
Unlike the glassy tektites, the spherules are very finely crystalline
and contain up to 207% void space which may have been occupied by another
phase at one time. Since their initial discovery in the K/T boundary
clay at Caravaca, similar spherules have been found in the boundary
sediments in Tunisia, Texas, Montana, and the Pacific Ocean [Smit, pers.
comm., 1982]. Smit and Klaver [1981] have argued that the sanidine
spherules have the texture of quickly cooled liquid droplets. Epstein
[1982] reported a very heavy oxygen isotopic composition of the spherules
(GISOSMOW = +27.5)and offered it as evidence of high temperature isotopic
exchange with atmospheric oxygen (518og§§Q ~ +24, Epstein and Mayeda,
1953). It is more likely, however, that low temperature exchange with
sea water or pore fluids during devitrification or authigenic growth is
reason for the heavy oxygen of the sanidine. It is the author's opinion

that the spherules are the result of devitrification of microtektites
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formed by the impact. It is clear from their chemistry, being nearly

pure KA1Si30g, that the devitrification process was not isochemical, as it
is unlikely that a precursor glass of pure sanidine composition can be
produced by impact onto any reasonable target material. The spherules
remain enigmatic and need not represent an impact product. They may well
be formed by authigenic growth from volcanic glass or other material. The
apparently unique occurrence of the spherules in K/T boundary sediments,
however, tends to argue for a rather special origin for these objects. As
with the Ir anomaly itself, additional work may show that the occurrence is
not unique and would invalidate this argument.

In order to remove secondary calcite as well as in an attempt to
strip away the effects of diagenesis, several leaching experiments were
performed on the spherules. Approximately 100 mg of sanidine spherules
were hand-picked from carbonate nanofossils, lithic fragments, and organic
matter in a concentrate of spherules from Caravaca. The spherules were
then crushed, leached in cold 0.5M HCl, and rinsed with H90. This
residue (residue 1) was spiked and analyzed. A sequential leaching
experiment was carried out on a second, 262 mg separate of spherules.

This separate was subjected to 4 acid leaches of increasing strength:

cold 0.1M, 0.5M, 1.5M, and hot 1.5M HCl. Aliquots of all 4 leaches and

the residue (residue 2) were spiked and analyzed. A 7.5 mg aliquot of
residue 2 was subjected to a final leach in hot 3M HCl and the resulting
residue (residue 3) analyzed. The Sr isotopic composition and concentration
have also been measured in a hand-picked separate of carbonate fossils

from the boundary clay. The results of these measurements are given in

Table 2.3.



Table 2.3 Sanidine spherule data.

87Rb 88gr 147 g 144yg
87 86 % 147 144 t
ppm Sr nmoles nmoles Rb/°°Sr esr(O) ppm Nd pmoles pmoles Sm/ Nd ENd(O)

Residue 1 60.1 - - 3.10 +66.0 0555 - - - -
i-]..4

0.1 M leach - 0.515 886.3 0.005 +44.8 - - 43.9 - -6.93

(1.08%) (73.64%) 0.7 (7.76%) +.50

0.5 M leach - 0.254 148.5 0.014) - - 253.0 - -

(0.53%) (12.34%) ) +43.7 (44.74%)

) 0.7

1.5 M leach - 0.262 68.4 0.033) - - 149.0 - -5.56

(0.55%) (5.687%) (26.35%) +.49

hot 1.5 M leach - 1.400 43.8 0.267 +45.3 - - 5546 — -4.14

(2.93%) (3.64%) 0.6 (9.83%) +.46

Residue 2 24.9 45.3 56.6 6.70 +98.4 0.16 12.3 64.0 «192 +1.93

(94.97%) (4.:70%) +0.e7 (11.327%) +.50

Residue 3 18.0 - - 8.86 +106 .4 0.11 - - - -
+2.5

Carbonate 997 .6 - - 0.012 +45.3 o e == S et
fossils +0.6

*Referenced to (87Sr/86Sr)UR = 0.7045.

TReferenced to (143Nd/144Nd)CHUR = 0.511847.

Numbers in parentheses refer to the percentage of the element released in a sequential leaching experiment.

K49
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II.3.3 Results and discussion

In Fig. 2.6 the isotopic composition of Sr for the sequential
leaches and residue 2 is plotted against the cumulative percent Sr released
in the sequential leaching experiment. The bulk (~ 75%) of the Sr was
removed in the first leach and ~ 96% removed in the combined leaches.

The isotopic composition of the Sr in the leaches is eSr(O) ~ +45

which is indistinguishable from that in the carbonate fossils (Table 2.3)
and within the range of Cretaceous seawater Sr [Peterman et. al, 1970;
Burke et al., 1982]. The residue has a significantly different isotopic
composition of egp(0) = +98.4. The data for the carbonate fossils,
residue 1 and residue 2, lie on a straight line mixing line in a plot of
egr(0) vs. 1/Sr (Fig. 2.9), showing that the bulk spherules have a Sr
isotopic composition which is a mixture of Cretaceous seawater Sr repre-
sented by the fossils and a sanidine Sr endmember at higher eg,(0).
Residue 3, the most strongly leached residue with eg.(0) = +106.4 and

~ 18 ppm Sr does not lie on this mixing line, having lower eg,(0) than
predicted from the mixing line. This represents the onset of Sr leaching
from the sanidine itself. It is thus inferred that eg.(0) of the sanidine
endmember is +106 as measured in residue 3. Residue 2 closely approached
this value in the sequential leaching experiment. This value is higher
than that reported by DePaolo et al. [1982] for an acid leached residue

of spherules with 111 ppm Sr. It is clear that both their sample and that
which was reported on by Shaw and Wasserburg [1982] were insufficiently
leached and do not represent the sanidine endmember. It is the initial
isotopic composition, however, which is of interest because that is what

will reflect the isotopic composition of the source of the spherules.
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Figure 2.8a. Plot showing measured 87Sr/86Sr vs. cumulative % Sr released
in sequential leaching of sanidine spherules. Seawater data from Peterman

et al., 1970; Burke et al., 1982.

b. Plot of cumulative % Rb vs cumulative % Sr released during

sequential leaching of sanidine spherules. Sr is easily leached from the

bulk spherules but Rb is strongly fixed in the sanidine lattice.
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Figure 2.9. Plot of 87Sr/86Sr vs 1/Sr for Cretaceous-Tertiary boundary
clay materials. Sanidine spherules lie on a mixing line between marine Sr
and a sanidine Sr endmember. The inferred sanidine endmember isotopic com—
position is given by a horizontal extrapolation from the residue 3 value

back to the mixing line.
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In order to determine the initial eg,(0) one must look at the behavior
of Rb relative to Sr in the leaching experiment. Table 2.3 and Fig. 2.8b
show that although ~ 967% of the Sr was removed in the 4 leaches, only 57
of the Rb was extracted. The bulk of the Rb remained in the residue and
is associated with the high e€g.(0) material. Rb in the bulk spherules
is strongly fixed in the sanidine unlike Sr which must reside in easily
acid leachable phases. If the Sr mixing relationship is used to determine
the Sr concentration in the sanidine endmember (~ 22 ppm Sr) and assuming
that all of the Rb in the bulk spherules is in the sanidine, then one can
calculate a lower limit of egp(T) = +1.1 at 65 my. Similarly, using
the same Sr concentration but assuming a Rb concentration equal to that
in the most strongly leached residue one calculates an upper limit of
egr(T) = +11.0. The parent material for the spherules must therefore
have had sSr(T) between +1 and +11 (87Sr/86Sr = 0.7045 to 0.7052).

Figure 2.10 shows eyg(0) vs. the cumulative percent Nd released by
the leaching. Only 12% of the Nd remained in residue 2 which has a very
low Nd concentration of 0.16 ppm and approximately chondritic Sm/Nd
(Table 2.3). As a consequence of the chondritic Sm/Nd ratio, there is no age
correction necessary for the eyng data. The isotopic composition of
residue 2 at eyg(0) = +1.9 is significantly different from any of the
leaches and is a lower limit on the endmember composition. On the basis
of the Sr results it is argued that this value is close to the true isotopic
composition in the sanidine endmember. The value of eng(0) = -6.9 for
the isotopic composition of the most easily leached Nd is identical to the
value found in a late Cretaceous phosphorite from Morocco [this work,

Chapter IV] and suggests that, like the leachable Sr, this Nd is derived
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Figure 2.10. Plot of eyNg(0) vs. cumulative Nd released in sequential

leaching of sanidine spherules.



62

pmoles '44Nd
O 283

566

+2f

Caravaca Sanidine
Spherules

[ (2)

Residue

O 20 40 60
% Nd

80

100



63

from seawater. DePaolo et al. [1982] reported a value of eng = —6.0
for acid leached spherules with 1.2 ppm Nd. As noted above, their sample
and the sample which was initially reported on by Shaw and Wasserburg
[1982] were insufficiently leached.

The value of eyg ~ +2 and relatively unevolved initial egy(T) of
~ +5 inferred to be characteristic of the sanidine clearly indicate that
unlike tektites, the sanidine spherules could not have been derived from
typical LREE enriched, high Rb/Sr old continental crust. Neither could they
have been derived from meteoritic potassium feldspar [Smit and Klaver, 1981]
as €gr(T) is too low. Strong chemical fractionation during spherule
formation is required to explain their present high Rb/Sr ratio and
other chemical characteristics (high K/Na, essentially pure sanidine, etc.).
This means that simple‘impact melting resulting in a total melt of the
target material could not have produced the spherules as they exist today.
An impact process which could provide the necessary chemical fractionation
is recondensation of volatilized target material. However, authigenic
growth of these objects from either impact or volcanic material at low
temperatures could also explain both the extremely low Na and Sr contents
as well as the oxygen results of Epstein [1982]. In either case, the Sr
and Nd results are consistent with an oceanic impact in which oceanic
crust was a major component of the parent material for the spherules.
Oceanic crust alone does not satisfy the isotopic constraints which require
a mixture of oceanic crust with enyg ~ +8.0, egr ~ -25.0 and a compounent
with higher eg,(T) and lower eng(T) such as continentally derived marine
sediments. The isotopic results are also consistent with derivation of

the sanidine spherules from crustal material which was relatively young
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at 65 my. Thus a volcanic origin for the spherules is not ruled out by
these data. Impact induced volcanism would not be an unexpected feature
of an impact the size inferred for the K/T event; rapid, adiabatic rebound
of the mantle beneath the impact site would cause extensive partial melting
of the mantle and attendant volcanism. If volcanism continued for a signif-
icant period of time, the resulting volcanic edifice might obscure the

craterform structure of the impact site, making recognition difficult.
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CHAPTER III
Isotopic Constraints on the Origin of

Appalachian Mafic Rocks

IIT.1 Introduction

The Appalachians have been called the '"most elegant mountain chain on
earth" [Rodgers, 1970]. Doubtless there are many who would dispute this
assessment. Nevertheless, studies of this chain have played a significant
role in the evolution of geological thinking about the nature of orogenic
belts. It was in the Appalachians that the details of a major fold belt
were first worked out [Rogers and Rogers, 1843], and the term geosyncline
coined [Dana, 1843]. It was thus natural for Wilson [1966] to apply the
then newly revived and revitalized concepts of plate tectonics to explain
the evolution of the Appalachians. A key feature in the development of
these ideas is the existence of a belt or series of parallel belts of mafic
and ultramafic bodies which runs the length of the Appalachians from New-
foundland to Alabama. These bodies are largely restricted to the latest
Precambrian to Ordovician eugeosynclinal rocks lying to the east of the
chain of anticlinoria cored by Grenville age (1.0 - 1.3 AE) Precambrian
basement. The majority of the bodies making up the belt are relatively
small (<1 km), apparently rootless pods of peridotite which have been
serpentinized to varying degrees. Also found within this belt are larger
complexes of mafic and ultramafic rocks which range from relatively
complete allochthonous sheets such as the Bay of Islands Ophiolite in
Newfoundland, through bodies in which metamorphism and deformation have
partially obscured an ophiolite stratigraphy, to bodies which have little

if any recognizable stratigraphy, but because of their location in the belt
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and mafic to ultramafic composition, have recently been described as
dismembered or fragmented ophiolites.

Historically, the mafic and ultramafic rocks of the Appalachians have
been interpreted as intrusive bodies, emplaced into an ensialic eugeo-
synclinal pile [Pratt and Lewis, 1905; Hess, 1939, 1955; Chidester and
Cady, 1972], and which reached their present rootless stratigraphic posi-
tion by diapiric rise of serpentinized peridotite. More recently, in light
of the plate tectonic interpretation of ophiolites as fragments of obducted
oceanic crust, the mafic and ultramafic rocks of the Appalachians have been
interpreted as large and small fragments of proto—Atlantic oceanic crust
and mantle which were incorporated into the Appalachian Orogen during the
closure phase of a Wilson cycle [Church and Stevens, 1971; Williams, 1971;
Dewey and Bird, 1971; Upadhyay et al., 1971; St. Julien, 1972; Laurent,
1975, 1977; Crowley, 1976; Morgan, 1977; Williams and Talkington, 1977;
Malpas, 1977]. The objective of this study is to use the Sm-Nd and Rb-Sr
isotopic systems to place constraints on the origin of several Appalachian
mafic bodies in which either extensive metamorphism, or tectonism, or both
has made their origin uncertain. Using criteria to be discussed below, it
will be shown that the Baltimore Mafic Complex, Md and the Thetford Mines
Complex, Qe, two large Appalachian mafic/ultramafic complexes, do not have
the isotopic signature of oceanic crust. Several smaller mafic/ultramafic
bodies from Vermont and N. Carolina, on the other hand, do have isotopic
compositions which are consistent with an oceanic origin. Figure 3.1 shows

the location within the Appalachians of the bodies studied.
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Figure 3.1. Map of the Appalachians showing the locations of the
mafic/ultramafic complexes studied. BMC=Baltimore Mafic Complex; BQI=
Bay of Islands Ophiolite; TMC=Thetford Mines Complex; LC=Lake Chatuge
Complex; CG=Chunky Gal/Buck Creek; W-A=Webster-Addie; Belv. Mtn.=

Belvidere Mountain.



- N o~
~ o
\\ > R K . _/ -
\ -~ SN //’ .\ o TMC L !
PR —-—,\ .r'\( N L~ \\ "/ e ’\//\,_‘, -
S N NS D o /»/ BELV/
/ 3 P v Tl ‘-'}"‘\§ ( 3 / e = MT/“"

\,
/ b ~ N, . . ]
/’ Lc .“),bﬁ{i%&\ ﬁ“\1;.""/;1"“"/“'}\\\BMC \.\ S o — ,// \(’/ /
=N - A, .
T N — s WA ey - G
Ba. &

COASTAL PLAIN SEDIMENTS

B MAFIC / ULTRAMAFIC COMPLEXES

[ p€ BASEMENT

7 WESTERN LIMIT APPALACHIAN
DEFORMATION

89



69
1I1.2 Ophiolites

1II.2.1 Geologic relationships

As originally introduced by Steinmann [1927], the term ophiolite
carried no tectonic or genetic connotation, but simply referred to the
common association of peridotite, serpentinite, gabbro, diabase, spilite,
and deep-water marine sediments in the Mediterranean Alpine belts. This
concept of a kindred relationship between diverse rock types was largely
ignored by American geologists until the advent of plate tectonics. It was
then realized that the ophiolite association consisted of the basic ele-
ments making up oceanic crust and that plate tectonics provided a means of
incorporating segments of oceanic crust into orogenic belts [Coleman, 1971;
Dewey and Bird, 1971; Moores and Vine, 1971; Church, 1972]. The idea that
ophiolites represented fragments of oceanic crust and mantle overthrust or
obducted onto continental margins at convergent plate boundaries has gained
rapid acceptance. Although strictly speaking, an ophiolite must contain
all the elements of the "Steinmann Trinity", (serpentinized ultramafic
rocks, diabase-spillitic pillow basalts, and deep-water sediments), it has
become common to talk of partial or dismembered ophiolites when one or more
of the elements of the stratigraphy is missing. This is somewhat dis-
tressing as it has led to a tendency to identify every mafic or ultramafic
rock in an orogenic belt as part of an ophiolite sequence. Furthermore,
the word ophiolite has taken on the originally unintended genetic con-
notation of an oceanic origin. As will be shown in this chapter, these
developments are not entirely warranted. 1t has also become clear that the
original plate tectonic paradigm of ophiolites as obducted oceanic crust
formed at a mid-ocean ridge cannot explain all ophiolites. It is likely
that ophiolites can also form in other tectonic settings such as island

arcs or marginal (back-arc) basins.
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111.2.2 Isotopic systematics of ophiolites

Well characterized ophiolites such as the Bay of Islands Ophiolite,
Newfoundland, and the Samail Ophiolite, Oman, have been found to have the
characteristic isotopic signature of a depleted mantle source (see 1.2.2)
Figure 3.2 is a histogram of €g,(T) values for ophiolite samples. It can
be clearly seen that in general, these values lie in the range of modern
day MORB and island arc rocks.

In order to extend the isotopic observations on geologically well-
characterized ophiolites, samples from three California ophiolites of
Mesozoic age have been analysed: the Josephine Ophiolite [157 My, Harper,
1980; Harper and Saleeby, 1980], the Point Sal Ophiolite [160 My, Hopson
and Frano, 1977] and the Kings-Kaweah Ophiolite [200 My, Saleeby, 1982].

In addition to the Sm-Nd and Rb-Sr analyses performed by the author, a
joint study of the U-Th-Pb systematics of the same samples was initiated by
James Chen [Chen and Shaw, 1982]. The results of this study are incor-
porated here. The Josephine Ophiolite and Kings-Kaweah Ophiolite have
metamorphic histories comparable to that inferred for many of the Appa-
lachian mafic complexes; both were metamorphosed to greenschist or am-
phibolite facies during regional metamorphic events after their emplacement
onto the continental margin. The data for the California ophiolites are
given in Tables 3.1 and 3.2 and Figs. 3.2-3.4. These rocks clearly have
the Nd isotopic signature of the depleted mantle source characteristic of
modern oceanic crust or oceanic island arcs, especially when allowance 1is
made for the evolution of the source. For a depleted mantle with me/Nd

~ +0.2 one would expect this reservoir to evolve by ~ +0.5 Bd units every

100 My. The present-day range of +8 to +13 €yq for the MORB derived from
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Figure 3.2. Histogram of €y (T) values comparing mid-ocean ridge
Figutre 5-°2-
basalts, (MORB), oceanic island arcs and ocean island basalts [Carlson et

al., 1978; Cohen et al., 1980; DePaolo, 1978; DePaolo and Wasserburg,

1976b, 1977; Dosso and Murthy, 1980; Hawkesworth et al., 1977; 1979a,b;
Jahn et al., 1980; McCulloch and Perfit, 1981; Menzies and Murthy, 1980;

0'Nions et al., 1977; 1978; Richard et al., 1976; Zindler et al., 1979]

and ophiolites (key to ophiolites: Tr - Troodos, V - Vourinos, BC -
Bett's Cove, BOI - Bay of Islands, S - Samail, PS - Pt. Sal, Jo -
Josephine, KR - Kings-Kaweah, U - Kempersai, Urals, To - Toba, Japan)
[Chen and Shaw, 1982; Coish et al., 1982; Edwards and Wasserburg, 1983;

Hannah and Futa, 1982; Jacobsen and Wasserburg, 1979; McCulloch et al.,

1981; Richard and Allegre, 1980].
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depleted oceanic mantle would thus correspond to a range of +5.5 to +10.5
at ~ 500 My ago. The effect of the evolution of the source is shown in Fig.
3.3. The value of ENd(T) = +12.4 for the Kings-Kaweah sample deserves some
comment. This value is among the highest reported for samples from a
depleted mantle reservoir and implies that the Kings-Kaweah Ophiolite was
derived from mantle which was either more highly depleted than average or
was depleted at a much earlier-than-average time. Ophiolite localities
showing such high €yq values will require more attention in the future.

The Pb isotopic compositions of the California ophiolites are given 1in
Table 3.2. As can be seen in Fig. 3.4, these and other ophiolites have the
characteristic Pb isotopic composition of oceanic crust. The Kings-Kaweah
sample again stands out as having among the least radiogenic Pb found in
present day MORB. Unlike the Nd isotopic systematics which do not clearly

207Pb/zoan ratio for

differentiate between MORB and island arc rocks, the
a given 206Pb/zoan ratio of many arc rocks is distinctly higher than that
defined by the main trend of oceanic basalts (Fig. 3.4). This has often
been suggested to be due to the involvement of subducted oceanic sediments
in the genesis island arc lavas. It may thus be possible in some cases to
discriminate between ridge and arc generated ophiolites according to their
Pb isotopic composition. Of the California ophiolites studied, the Point
Sal Ophiolite appears on this basis to have island arc affinities, while
the Kings-Kaweah sample is clearly derived from a strongly depleted
reservior typical of MORB. The Josephine Ophiolite lies between these two
extremes.

The Sr isotopic compositions of ophiolites range from depleted mantle

values typical of fresh MORB to relatively radiogenic values. This dis-

persion is due to the relative ease with which the Sr isotopic system 1is



Table 3.1. Rb-Sr and Sm—-Nd isotopic results:

California ophiolites.

Sample 1438d*  ppm Nd  147sm*  £SWNd o ()@ g7sc* ppm St 87Rb* fRO/Sr o (1)@
144Nd 144Nd 86Sr 86Sr
California Ophiolitesb
P=59 0.51229 1.25 0.223 0.134 +8.2 0.70333 298.7 0.0061 -0.926 -14.2
Pt. Sal Gabbro 4 +0.9 4 +0.6
JP-042 0.51238 0.74 0.275 0.396 +8.8 0.70349 88 .4 0.0686 -0.171 -13.9
Josephine Gabbro %2 +0.4 13 +0.4
Y-13b 0.51238 1.14 0.257 0.305 +8.4  0.70342 214.7 0.0470% -0.431 -14.2
Josephine Gabbro 12 +0.4 3 +0.4
Ca-10 0.51254 1.57 0.243 0.237 +12.4 0.70232 131.6 0.0061 -0.926 =27 .9
Kings R. Gabbro 13 +0.5 3 +0.4

L7 A

*
Errors are 2s of the mean;

86Sr/88Sr = 0.1194.

*Uncertainty = 0.2%
+Uncertainty = 1.0%.
#Uncertainty = 0.4%.
b

Kings R. Ophiolite =

143Nd/144Nd normalized to 146Nd/142Nd = 0.636151;

Rb measured on aliquot only--except as noted.

Rb measured on separated sample.

200 My.

Initial e values calculated using the ages: Pt. Sal = 160 My; Josephine Ophiolite

157 My;

87Sr/86Sr normalized to



Table 3.2 Pb isotopic results: California Ophiolites.
Conc (ppm) Isotopic ratio
206 207 208 238 232
Sample Pb U Th Pb Pb Pb Y Th
204Pb 204Pb 204Pb 204Pb 204Pb
Kings-Kaweah Ophiolite
Ca-10 #1 0.088 0.0039  ————- 17.438 15.385 36.935 A
Ca-10 #2 0.058 0.0049 0.0116 17.545 15.406 37.102 o2 2.4
Josephine Ophiolite -
w
JP-042 0.095 0.0029 0.0064 18.248 15.519 37.867 1.95 2.26
Y-13b 0.109 0.0029  -————- 18.242 15.519 37.864 1.68 S
Point Sal Ophiolite
JS-PS-8-plag. m———— smmmee e 18.407 15.575 38.132 S ————
P-59 #1 0.155 0.0031  —-————- 18.612 15.:557 38.034 1.26 ————
P-59 #2 T 18.609 15.566 38.100 — ——
JS§-P5-9 0.0355 0.00038  —--———- 18.379 15.562 38.119 0.60 ——

All ratios have uncertainties of ~ 0.1%Z and are uncorrected for U, Th decay.

Data from Chen and Shaw,

[1982], Chen, unpbl. data.
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Figure 3.3. Plot of &gy vs. &g, showing the fields occupied by
MORB, island arcs, and oceanic islands. Ophiolite data are superimposed
on these fields. The solid symbols are the initial isotopic compo-
sitions. The open symbols indicate where the depleted mantle from which
the ophiolites were derived would plot today assuming reasonable values
for the depleted mantle of me/Nd = +0.22, be/Sr = -0.9. Representative
analyses of the Bay of Islands Ophiolite [Jacobsen and Wasserburg, 1979]
and Samail Ophiolite [McCulloch et al., 1981] are plotted to avoid
cluttering the diagram. Nd-Sr relationships clearly show an oceanic
affinity for ophiolites but are unable to clearly distinguish between

MORB and island arc materials.
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Figure 3.4. 208py,/204py, _ 206py,/204py, ang 207pp/204py -~ 206pp,/204py,
plots of modern oceanic basalts, island arc magmas, oceanic sediments and
ophiolites. The initial Pb isotopic compositions of ophiolites plot
within the fields for MORB and arcs. The Point Sal Ophiolite is more
similar to arcs than typical MORB. Note the primitive Pb isotopic
composition of the Kings-Kaweah samples.

Oceanic data from Tatsumoto, [1978]; Cohen et al., [1980]; Dupre et
al., [1980]; Sun et al., [1980]. Ophiolite data from Chen and Pallister,
[1980]; Chen et al., [1981]; GOpel et al., [1982]; Chen and Shaw, [1982];

Chen, unpbl. data.
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disturbed by exchange during both regional metamorphism and metamorphism on
the seafloor [Jacobsen and Wasserburg, 1979; McCulloch et al,, 1981]. This
fact has limited the utility of the Sr isotopic system for constraining the
origin of mafic rocks in complex orogenic terrains. In contrast, the Nd
isotopic system appears to be relatively immune to such disturbances, sug-
gesting that the distinctive Nd isotopic signature of oceanic crust is
preserved during hydrothermal alteration on the sea floor and during
obduction and regional metamorphism. Although the susceptibility of Nd and
the REE in general to disturbance in response to different types of
metamorphism is not well known, the available data suggests that the REE
are quite robust. This feature could be of great importance in the
Appalachians where metamorphism has obliterated the original mineralogy and
modified the major element chemistry of most of the mafic and ultramafic

rocks.

III.3 Baltimore Mafic Complex

III1.3.1 Geologic setting

The Baltimore Mafic Complex (BMC) is made up of a discontinuous
association of mafic and ultramafic bodies extending at least 150 km from
southeastern Pennsylvania across Maryland into northern Virginia. As such,
it represents the largest known Appalachian mafic complex south of
Quebec. The Complex has a long history of studies dating back to the
classic papers of Williams [1884, 1886, 1890] on the petrography of
metamorphosed gabbros. A report by Hopson [1964] culminated the pre-plate
tectonic studies of the geology of the Maryland Piedmont (see also Hertz,
1951; Southwick, 1970). 1In his interpretation, the ultramafic and gabbroic

rocks of the BMC were to have intruded the sedimentary precursor of the
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Wissahickon Formation late in the depositional history of a eugeosynclinal
basin and prior to tectonism and regional metamorphism, the Wissahickon
Formation being the latest deposited sediment in a deepening Cambro-
ordovician trough underlain by the Precambrian Baltimore Gneiss. The tran-
sition to deeper water in this interpretation is marked by the strati-
graphic change from the older shallow water formations, the Setters
Quartzite and Cockeysville Marble to the deep-water pelitic and psamitic
sediments of the Wissahickon [Hopson, 1964].

More recent studies have shown that the Wissahickon in fact has little
in the way of internal stratigraphy which can be traced. The current in-
terpretation is that the Wissahickon is a terrain of broken blocks f{loating
an incoherent matrix of similar material [Crowley, 1976; Morgan, 1977].
What appeared to be a continuous stratigraphic succession 1is now believed
to be due to overthrusting of deeper water sediments onto a shelf se-
quence. The BMC has been emplaced into this terrain. Crowley [1976] has
argued that the Complex is allochthonous and this interpretation fits well
with the chaotic nature of the enclosing rocks. His arguments rest on the
following observations:

1. Mafic and ultramafic rocks are found only within the
Wissahickon Fm.; no dikes, sills or evidence of intrusion
are seen in the underlying rocks.

2. Internal layering of the complex is truncated at contacts
with the Wissahickon Fm.

3. There is no evidence for a high temperature metamorphic
aureole around the Complex.

On this basis, together with the fact that the BMC lies within the belt of

mafic/ultramafic rocks extending the length of the Appalachians, the

in
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Ccomplex has been reinterpreted as a fragment of proto-Atlantic oceanic
crust, 1.e., an ophiolite. [Crowley, 1976; Morgan, 1977; Drake and Morgan,
1981].

In terms of ophiolite stratigraphy, the BMC consists only of a
cumulate dunite-chromitite base overlain by cumulate pyroxenites which
grade into cumulate and non-cumulate two-pyroxene gabbros, norites, and
quartz gabbros. The BMC does not include tectonized harzburgite, a dike
complex, pillow basalts or overlying marine sediments. Strictly speaking
it is not an ophiolite as it does not contain all the elements of the ophi-
olite stratigraphy. The inferred order of crystallization of the gabbro
and ultramafic cumulates is: olivine (+ chromite), olivine + ortho-
pyroxene, olivine + orthopyroxene + clinopyroxene, two pyroxenes, two
pyroxenes + plagioclase, two pyroxenes + plagioclase + hormblende
(+ quartz). The entire complex has been metamorphosed to variable ex-
tent. On an outcrop scale one can follow the transition from a nearly
pristine gabbro to a metagabbro in which pyroxene has been completely
replaced by amphibole and calcic plagioclase by zoisite and sodic
plagioclase.

Samples of a variety of lithologies and degrees of metamorphism have
been analysed. Brief sample descriptions and a discussion of procedures is

given in Appendix II.

ITT1.3.2 Age of the Complex

Results for the Baltimore Mafic Complex are presented in Table 3.3 and
Figs. 3.5-3.7. Figures 3.5a-c show Sm-Nd data on minerals separatea from
three samples of the BMC. The age and initial values are reported with 20

errors calculated using the regression routine of Williamson [1968].



Table 3.3. Rb-Sr and Sm-Nd isotopic results:

Appalachian matic complexes.

Sample L4 3ng™ ppm Nd 147 ¥ gSm/Nd ENd(T)a 87g,* ppm Sr 87gpp* gRb/ St ESr(T)a
1L+'+Nd ll+'+Nd 86Sr 865r
Baltimore Mafic Complex
Md-32 0.51132 16.1 0.131 -0.334 =6 .2 0.71209 302.9 0.o104% -0.874 +114.9
Norite +2 +0.5 4 +0.6
0.51131 16.3 0.130 -0.337 -6.4 0.71214 302.9 == -- —-
+3 £0.5 t4
Md-32 0.51120 6.7 0.093 -0.526 == 0.71254 494 .4 .0042% 0.949
Plagioclase 12 4
Md-32 0.51140 4.0 0.152 -0.228 —— 0.71272 8.55 .1161% 0.404 -
Orthopyroxene +2 4 X
Md-32 0.51135 796.9 0.135 -0.314 = 0.71214 205.6 .0100# 0.879 -
Apatite 2 +3
Md-3 0.51183 0.68 0.227 0.516 -2.2 0.70756 93.6 .0089 -0.893 +50.8
Feldspathic +2 +0.4 +2 0.3
websterite
Md-3 0.51130 0.12 0.068 -0.656 == == —= = = =
Plagioclase +2
Md-3 0.51188 0.21 0.253 0.285 —= —= == == = ==
Orthopyroxene 2
Md-3 0.51186 1.86 0.253 0.285 — == == — == ——
Clinopyroxene £3




Table 3.3 (Continued).

Sample L43ng* ppm Nd L47gn ¥ gSm/Nd €Nd(T)a 87g,* ppm St 87gp* gRb/ St ESr(T)a
ll+‘+Nd ll+‘+Nd 8681‘ 8681‘

Md-44 0.51152 1.16 0.190 -0.035 =6..0 0-71052 131.0 0.0125 -0.849 +92.5
Gabbro +2 +0.4 +8 +1 .1

Md-44 0.51160 1.:55 0.220 0.119 - - - -— - -
Pyroxene +2

Md-44 0.51114 0.38 0.076 -0.612 —= —— - - - -
Plagioclase +2

Md-40 0.51152 5.36 0.168 -0.143 -4.5 0.70970 85.1 0.0133 -0.839 +80.7
Metagabbro +3 +0.6 13 +0.4

Md-30 0.51147 2.48 0.168 -0.144 =5 4.9 0.70950 180.0 0.0146 -0.823 +77 7
Gabbro 1 +0.3 +0.3 13 0.4

Md-15 0.51171 (R | 0.250 0.273 -6.1 0.71047 25 .8 0.0193 -0.767 +91.0
Orthopyroxenite 12 +0.4 +3 0.4

Md-39 0.51156 4.84 0.159 -0.194 -3.1  0.70916 142.5  0.0230" -0.721 +72.1
Hornblende Gabbro 13 0.7 +4 +0.6
Thetford Mines Samples

Qe-18 0.51194 0.86 0.178 -0.097 +3.0 0.70763 53 .5 0.1009 -0.220 +42.5
Lower Pillow +2 +0.4 +3 +0.4
Basalt
Qe-13A #3 0.51181 1.94 0.178 -0.097 +0.4 0.70761 723 0.0101 -0.878 +51.5
Lower Pillow 3 +0.6 =4 +0.6

Basalt

w8




Table 3.3 (Continued).

Sample 143yng* ppm Nd I 7gn ¥ gSm/Nd ENd(T)a 87g* ppm Sr 87Rp* gRb/ St eSr(T)a
l‘+L§Nd 1‘+'+Nd 8681‘ 8651‘
Qe-40 0.51197 1.05 0.201 0.022 +2.2
Upper Pillow 2 +0.4
Basalt
Qe—-8B 0.51209 1.43 0.205 0.044 +4.7 +71.287 98.6 0.3957 3.784 +87.2
Metadiabase 12 +0.5 t4 +0.6
Qe-12A 0.51205 0.96 015211 0.072 +3.2 .71202 94.5 0.0106 -0.872 +114.0
Metagabbro tl 0.3 43 +0 .4
Qe-30A 0.51172 0.11 1813 -0.078 =1.5 .70412 88.4 0.0039 -0.953 +2.6
Metagabbro +2 +0.4 4 +0.6
Qe-24 0.51242 0.11 0.326 0.655 +2 .9 .70936 6.58 0.2457 1.971 +52.6
Clinopyroxenite 12 0.4 15 +0.7
Vermont Sample
VJL-360C 0.51232 6.9 0.217 0.101 +8.0 .70412 63.1 0.1509# 0.824 =12 .3
Hazens Notch +3 +0.5 +3 +0 .4
Amphibolite
North Carolina Samples
CG 12-1 0.51241 3.42 0.248 0.259 S T .70543 952 0.0143% -0.827 +20.1
Chunky Gal +2 +0.4 +6 +0.8

Amphibolite

68



Table 3.3 (Continued).

schist

Sample land* ppm Nd 147Sm¢ me/Nd ENd(T)a 87Sr* ppm Sr 87pb* be/Sr ESr(T)a
1‘+'—+Nd l‘+'—+Nd 8651‘ 86Sr

CG 2-18 0.51210 12.7 0.182 -0.073 +6.0 .70680 340 .4 0.0290 -0.649 +38.1
Chunky Gal +3 0.5 +5 +0.7
Amphibolite

Cc-1 0.51220 2.09 0.226 0.137 +5.1 .70320 162.0 0.0258# -0.688 -12.7

Lake Chatuge 2 +0.5 4 +0.6
Amphibolite
XTC-127 0.51190 0.57 0.231 0.176 1,1 .70691 8.13 0.1323" 0.599 +29.2
Webster—Addie +2 10. 14 0.6
websterite
XTC-127 0.51207 0.31 0.278 0.414 -0.9 .70654 7.30 - - -
leached +1 +0.3 14
residue
Baltimore Gneiss, Wissahickon Schist Samples

Md-7 0.51119 2% .6 0.117 -0.407 -7.8"  0.72947 199.0 1.363" 15.48 +227.41
Biotite Gneiss +2 +0.4 +3 +0.4

Md-11 0.51117 69 .8 0.115 -0.415 *8.2T .75406 128.8 3.225# 37.99 +393.2T
Augen Gneiss +2 +0.4 +6 +0.9

RL 80-7 0.51120 22.4 0.102 -0.484 ~6.67 0.71773 123.6  0.6253" 6.561 +134 .27
Wissahickon 12 +0.3 +3 +0.4
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Table 3.3 (Continued).

*Errors are 2s of the mean; 143Nd/144Nd normalized to 146Nd/142Nd = 0.636151; 87Sr/86Sr normalized to
86Sr/88Sr = 0.1194.

*Uncertainty = 0.2%
+Uncertainty = 1.0%. Rb measured on aliquot only-—-except as noted.
#Uncertainty = 0.4%. Rb measured on separated sample.

TInitial e values calculated for 490 My.

3Errors on initial e values reflect only the analytical uncertainty and do not include errors due to age
estimates.

L8
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Figure 3.5a. Sm-Nd evolution diagram showing internal isochron
JFABULT —enge

relationship for Raltimore Mafic Complex feldspathic websterite sample

Md-3.

b. As above, two-pyroxene gabbro sample Md-44.
S As above, norite sample Md-32.
d. Rb-Sr diagram showing mineral data for Baltimore Mafic

Complex norite sample Md-32. Note the lack of an isochron relationship

in contrast to the Sm-Nd data.
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The large error on the age for the isochron for Md-32 is due to the rel-
atively small spread in Sm/Nd ratios which in turn is probably caused by
small amounts of apatite in the plagioclase and orthopyroxene mineral
separates. It is important to note that the initial €g,(T) values for
these isochrons are different from one another and all are negative.
However, the ages obtained for these three samples agree within error at ~
490 my. This age is in good agreement with zircon U-Pb ages for the BMC
[Sinha, pers. com, 1983]. An igneous crystallization age of 490420 my is
therefore assigned to the BMC. This places the time of magmatism prior to
or at the earliest stages of the Taconic Orogeny. Samples from both the
Susquehanna block (Md-32, Md-44) and the Baltimore block (Md-3) have ages
that are identical within error, confirming the close relationship of these
two exposures.

The results of Rb-Sr analyses on minerals from sample Md-32 are
plotted in Fig. 3.5d. In contrast to the Nd isotopic system, the mineral
data fail to define an Rb-Sr isochron with several different mineral
phases. The slope is defined only by the orthopyroxene point and the
cluster of points with low Rb/Sr ratio. A linear fit to the data yields an
age of 386+28 My and a high initial &g (T) = +114 (0.7121). Although it is
tempting to identify this age with the time of metamorphism of the BMC, no
age significance should be attached to these results unless further work

produces a true isochron.

ITT.3.3 Whole rock data and discussion

The results of Sm-Nd analyses of whole rocks from the BMC are plotted
in Fig. 3.6a and Rb-Sr results for the same samples in Fig. 3.6b. As can

be seen from these figures, the whole rock data define neither Sm-Nd nor
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Figure 3.6a. Sm-Nd evolution diagram with data for whole rock samples
of the Baltimore Mafic Complex. Reference isochrons are drawn for 490 My
and €Nd(T) = -3 and -6. Note the implied range in €Nd(T) and general

correlation about the 490 My isochron.

b. Rb-Sr evolution diagram with the data for whole rock
samples of the Baltimore Mafic Complex. Reference isochron is drawn for

490 My and initial €g (T) = +75. Note the implied range in €g (T) and

limited range of Rb/Sr ratios.
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Figure 3.7. €ya(T) vs. €g (T) diagram with data for Vermont, North
carolina Thetford, Baltimore and Bay of Islands (BOI) [Jacobsen and
Wwasserburg, 1979]. Vermont, North Carolina and Bay of Islands samples
have the isotopic signature of oceanic crust. The Baltimore (BMC)
samples fall on a trend suggesting contamination with continental
crust. The Thetford Mines samples (TMC) do not show any obvious trend.

Compare with Fig. 3.8.
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Rb-Sr 1isochrons, as could have been anticipated from the variation in
gNd(T) among the mineral isochrons. Instead, the Nd data vary from ENd(T)
= =6.4 to -2.2 and the Sr data from €Sr(T) = +115 to +51 (0.7120 to 0.7075)
for an age of 490 My. The Nd data show a general correlation between
eNd(O) and Sm/Nd about the 490 My reference isochron (Fig. 3.6a.) There is
no obvious correlation in the Sr data (Fig. 3.6b).

These isotopic results clearly indicate that the BMC was not derived
from depleted oceanic mantle. In particular, the negative values of ENd(T)
and positive values of €Sr(T) are most like the isotopic signature of old
continental crust. The variation in initial isotopic composition of both
Nd and Sr does not appear to correlate with stratigraphic position in the
complex, rock type, or degree of metamorphism. Hanan [1980, 1981] has

shown that 87Sr/86

Sr ratios are shifted to higher values in metamorphic
minerals along late stage fractures in the gabbro. These fractured rocks
were avoided in the present study. It is clear from the attempt at an Rb-
Sr mineral isochron (Fig. 3.5d) that there has been redistribution of Rb or
Sr on a mineral scale during post-crystallization metamorphism. Never-
theless, for reasons which will be shown below, it is believed that the
variation in whole rock initial Sr isotopic composition is a magmatic
characteristic, and that on the scale of several centimeters, the whole
rocks have remained largely closed systems since crystallization. That the
variation in initial Nd isotopic composition is a magmatic characteristic
is clearly demonstrated by the different initial values obtained for the
Sm-Nd mineral isochrons. This interpretation rests on the assumption that
the Sm-Nd mineral isochrons record both the time of crystallization from a

melt and the melt's isotopic composition. It is possible that the mineral

isochrons record a metamorphic event and that the initial isotopic composi-
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tions are a result of large scale introduction of Nd and Sr from the sur-
rounding rocks. Such a metamorphic event would have had to have occurred
shortly after crystallization in order to account for the agreement between
the Sm—Nd mineral isochron and U-Pb zircon ages. In addition, the samples
chosen for isochron work have anhydrous, apparently igneous mineralogy (see
Appendix II) implying granulite grade metamorphism. Without a hydrous
fluid phase to mediate the process, it is unlikely that isotopic exchange
can occur over a scale of kilometers. Furthermore, as will be shown below,
amphibolite grade metamorphism, presumably in the presence of abundant
fluid, did not appreciably disturb the Nd isotopic signature of mafic rocks
from North Carolina and Vermont. Therefore, it is not believed that the Nd
systematics of the BMC samples record a metamorphic event. The discussion
which follows assumes that this is the case. 1In Fig. 3.7 the results for
the BMC are plotted in an € (T) vs. €sr(T) diagram. The data define an
array lying to higher €g (T) than the mantle array with ENd(T) inversely
correlated with ESr(T). It is this coherence, together with the assumption
that the €y (T) values are magmatic, that leads to the conclusion that the
variation in €Sr(T) is not due to later metamorphism. The trend in the
€Nd~ Esr diagram is exactly what one would expect for contamination of a
mantle-derived magma with high €g . and low &y, old continental crust.
Fig. 3.8 schematically illustrates this along with other contamination
trends and the isotopic characteristics of endmember rock types. Hanan
[1980] suggested that the radiogenic Sr isotopic compositions of the BMC
are due to interaction with seawater. This is almost certainly not the
case for two reasons: 1) Cambro-Ordovician seawater had &g~ +72 (0.709)
[Peterman et al., 1970; Burke et al., 1982] a value lower than the initial

isotopic composition of several of the samples analysed here;

2) interaction with seawater is not expected to shift the Nd isotopic
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composition by a significant amount until extremely high water/rock ratios
are reached (~ 105) due to the extraordinarily low concentration of Nd in
seawater (~ 2x107!% g/g) [Goldberg et al., 1963; Hggdahl et al., 1968;
DePaolo and Wasserburg, 1977]. The mixing line between oceanic crust and
seawater is shown in Fig. 3.8. This process is thought to account for the
spread of €5 (T) at essentially constant €yg(T) seen in Fig. 3.7 for the
Bay of Islands data [Jacobsen and Wasserburg, 1979]. The data for the BMC
rocks in Fig. 3.7 do not show this relationship. Instead, it appears that
the Baltimore Complex magma was contaminated by or partially derived from
older crustal material. Possible candidates for the contaminant are the
Grenville age basement rocks exposed in several mantled gneiss domes in the
Baltimore area, and the overlying metasediments. The results of analyses
of the Baltimore gneiss and Wissahickon schist are plotted on Fig. 3.7 at
the isotopic composition they would have had 490 My ago. It is clear from
;his figure that the Gneisses are suitable candidates for the contaminant
in terms of their isotopic composition, as would be sediments or metased-
iments largely derived from Grenville age basement. The particular sample
of Wissahickon schist analyzed appears to have too low a value of ESr(T) to
be a reasonable bulk contaminant. Undoubtedly there exists a wide var-

iation in both Rb/Sr and €q, within the Wissahickon schist and it is likely

£
that assimilation of portions of this formation could lead to the observed
isotopic pattern.

Several other lines of evidence support the idea that the BMC magma
was contaminated with older crustal material. Brown primary amphibole 1is
common in the gabbro, suggesting a relatively high szo as might result

from the assimilation of hydrous phases, and partially assimilated mafic

xenoliths of uncertain origin are present in the upper portions of the
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Figure 3.8. €nd VS- Egrp diagram showing contamination trends and
(F1gULe 2.9«
possible endmembers for mixing relationships. Isotopic composition of

Cambro-Ordovician seawater from Peterman et al. [1970], Burke et al.

[1982] and Hooker et al. [1981].
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gabbro [Hanan, 1980]. Further evidence is the observation originally due
to Bowen [1928] that assimilation of aluminous rocks by basaltic magma
should bring orthopyroxene onto the liquidus and increase the anorthite
content of the crystallizing plagioclase at the expense of clinopyroxene

crystallization according to the generalized reaction:

(810, + Al,04) + CaMgSi,0¢ = CaAl,Si,Og + MgSiOj

Aluminosilicates + Diopside = Anorthite + Enstatite

More recent experimental work by Irvine [1975] has substantiated Bowen's
observation. Both the early appearance of orthopyroxene in the crystal-
lization sequence and high anorthite content of the plagioclase are char-
acteristics of the BMC. Taken to its extreme, this mechanism should pro-
duce norites. Note that Md-32, a norite sample, is also the most enriched
in incompatible elements of the samples analyzed, as evidenced by the
presence of zircon and apatite. This sample also has the highest €Sr(T)
and lowest €Nd(T) and would thus represent the most contaminated sample
analyzed. The ngUR model age for this sample is 1.2 AE, close to that
calculated for the samples of Baltimore Gneiss (~ 1.26 AE, see III.4),
suggesting that assimilation of the Baltimore Gneiss or a rock with similar
isotopic characteristics caused the variation in initial isotopic compos-

ition of the BMC. A calculation for simple mixing between a magma with

e = €, = 0, and 5 ppm Nd, 100 ppm Sr and a contaminant with €ng = 8>

€5y = +300, 50 ppm Nd and 200 ppm Sr shows that > 25% bulk assimilation is
Necessary to account for the most contaminated samples. This is a rather
large amount. This calculation is clearly an oversimplification but serves
to give a sense of the magnitude of the effect. A more realistic calcu-

lation would include the effects of combined assimilation/fractionation and
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gselective melting in the contaminant as well as incorporating other iso-
topic and trace element constraints. In the absence of information on
liquid compositions during the evolution of the BMC magma, however, such a
detailed calculation is not warranted. Furthermore, the lack of cor-
relation between isotopic composition and rock type or position in the
crystallization sequence suggests that the BMC magma chamber was chemically
and isotopically heterogeneous and that the magma was therefore not well-
mixed, thus this basic assumption of most mixing models cannot be justified
in the case of the BMC.

Having documented the probable role of continental crustal material in
the genesis of the BMC, one may now ask in what tectonic settings such a
process might operate. From the preceding arguments, it appears that the
complex did not form at an oceanic spreading center and is therefore not an
ophiolite if that term is considered to mean obducted oceanic crust. The
remaining possibilities include oceanic island volcanism, subduction-zone
related volcanism and continental mafic intrusion of an unspecified nature
(not related to a subduction zone). Oceanic island volcanism is an un-
likely candidate on the basis of these isotopic data. Although oceanic
island basalts are often derived from less depleted mantle sources than
normal MORB or a mixture of depleted and enriched mantle, the large neg-
ative €Nd(T) together with large positive €Sr(T) characteristic of the BMC
have not been found among oceanic island rocks. The most enriched oceanic
island alkali basalts measured to date have Ea = ~5+7, Egp = #17 [Dosso
and Murthy, 1980] while the BMC has €g (T) ~ +100 for€gy ~ -6. This is
simply a statement of the fact that in an €Nd VS Egp plot, the BMC data

lie far to the right of the mantle array (Fig. 3.7).
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Subduction related magmas have two mechanisms whereby interaction
with continental crustal material may occur: by subduction of continent-
derived sediments and by intrusion into continental crust. Although sub-
duction and subsequent melting of sediments has often been called upon to
explain some features of andesitic magmas and is probably an important
mechanism in their genesis [Brown et al., 1982], it is unlikely that
sufficient sediment could be carried down with the subducting plate to
produce the strong continental signature seen in the BMC. This possibility
cannot be ruled out, however, as the work of Whitford [1975] and Whitford

et al. [1977, 1979] has shown that some andesites of the Sunda-Banda Arc,

Indonesia, have strongly positive values of ESr(O) and negative values of
ENd(O), probably due to large amounts of continental detritus from Aus-—
tralia being subducted beneath the arc. In general, however, only those
arcs which are built upon thick continental crust, such as the Andes, have

negative €yy and positive €g. similar to the Baltimore samples. Studies by

r
DePaolo and Wasserburg [1977] and James [1982] of Andean volcanics and
Nohda and Wasserburg [1981] of Japanese volcanics have also appealed to
contamination by continental material during intrusion in order to explain
the observed isotopic and trace element compositions. The last case,
continental mafic intrusion of an unspecified nature, is no different in
contamination mechanism from the case of a continental arc. Studies of the
Stillwater Complex of Montana [DePaolo and Wasserburg, 1979], the Shabogamo
Intrusive Suite of Labrador [Zindler et al., 1981], the Kalka Intrusion of
Central Australia [Gray_gEugl;3 1981] and the Cortlandt Complex of New York
[Domenick and Basu, 1982] have similarly suggested on the basis of Nd

isotopic evidence that crustal contamination played a role in the genesis

of these mafic intrusions.
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It is emphasized that the negative values of ENd(T) for the BMC
samples rule out a depleted mantle source for the complex, and that the
Complex 1is therefore not a fragment of typical oceanic crust. On the basis
of these isotopic data it appears likely that the BMC was intruded into
continental crust, possibly as part of a Cambro-Ordovician arc complex, and
was contaminated by old LREE enriched crustal material with €Nd << 0 during
emplacement. Its present allochthonous nature [Crowley, 1976] must be due
to post-cryvstallization tectonic movements not related to obduction of
oceanic crust. Deep seismic profiles across the Appalachians in Georgia
have shown that the entire Piedmont and the Blue Ridge there is alloch-
thonous, having been thrust up to several hundred kms westward over an

essentially flat-lying shelf sequence [Cook et al., 1979; Cook and Oliver,

1981]. 1In addition to the master thrust surface, the profiles also show
that the Piedmont is made up of many thrust sheets separated by smaller
faults, some of which splay off from the master thrust. Although it is not
clear that this structural style can be confidently extrapolated to the
Maryland Piedmont, similar thrusting may account for the present position

of the BMC.

IIT.4 Baltimore Gneiss and Wissahickon Formation

It is worthwhile to digress slightly and examine the isotopic results
obtained on the Baltimore Gneiss and Wissahickon Fm. in more detail. The
samples of basement gneiss Md-7 and Md-11 (Table 3.3) are typical of old
upper continental crust and have negative €Nd(0) and large positive €Sr(0)
reflecting the upper crust's LREE- and LIL-enriched nature [McCulloch and
Wasserburg, 1978]. The TNd model ages for these samples are 1.25 and

CHUR

1.27 AE which are quite reasonable for Grenville age crust [Tilton_gg_al.,
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1958, 1970; Grauert, 1974], and appear to accurately reflect the time of
crustal formation. Previous isotopic work on the Gneiss has pointed up the
complex history of the basement complex: K-Ar and Rb-Sr mineral systems
were reset by metamorphic events in the interval 300-500 My ago [Wasserburg

et al., 1957; Wetherill_EE_al., 1968], and the U-Th-Pb systematics of

pa———

zircons show complex patterns of discordance due to episodic and continuous
lead loss as well as possible inheritance of older Pb [Tilton et al., 1958,
1970; Grauert, 1974]. The ngUR model ages appear to be able to see past
these later disturbances to the original time of crustal formation of the
Grenville Province at ~ 1.25-1.30 AE. Note that there is no evidence for
recycling of much older continental crust to form the Baltimore Gneiss.

T3; ages (at 1.37 AE and 1.11 AE) are generally less reliable but in

this case are close to the ngUR ages. The sample of Wissahickon schist
d Sr

N : .
= 1. = 1, . d d
has TCHUR 1.04 AE, TUR 1.72 AE The Nd model age implies that the
Wissahickon sediments were dominantly derived from Grenville age basement
such as the Baltimore Gneiss. The Wissahickon schist is known to have

been metamorphosed at ~ 330 My from K-Ar studies [Lapham and Bassett,

1964].

III.5 Thetford Mines Complex

III.5.1 Geologic setting

The ophiolites of southern Quebec lie at the southern end of the Baie
Verte-Brompton line [St. Julien et al., 1976], a narrow zone of mafic and
ultramafic rocks extending from northwest Newfoundland to northern Ver-
mont. Throughout much of its intermediate portion, in the Gaspe Peninsula,
the zone is covered by younger Siluro-Devonian metasedimentary rocks

(see Fig. 3.1). In Quebec, where the Baie Verte-Brompton line reappears
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from under its cover, the backbone of the mafic/ultramafic exposures is
formed by the large ophiolitic complexes near Thetford Mines, Asbestos, and
orford. These rocks lie sandwiched between a Cambro-Ordovician shelf se-
quence to the west and a chaotic ophiolitic melange (St. Daniels Fm. ) to
the east [Laurent, 1975, 1977]. The Quebec ophiolites are strongly de-
formed, however, at least at Thetford Mines, the entire ophiolite stra-
tigraphy is present in one more or less continuous package of rocks. The
lowermost unit consists of tectonized harzburgite cut by dunnitic dikes and
is underlain by a thin, discontinuous sole of amphibolite with a meta-
morphic gradient increasing toward the ophiolite [Clague et al., 1981].
Above the harzburgite are layered dunites, chromitites, pyroxenites and
gabbros. In the intrusive portion of the Complex, the crystallization
sequence appears to be: olivine (+ chromite), olivine + clinopyroxene,
olivine + clinopyroxene + orthopyroxene, olivine + clinopyroxene +
plagioclase, clinopyroxene + plagioclase (+ hornblende). Lying on top of
the cumulates is a zone of static gabbro intruded by mafic dikes and
sills. Although similar to dike complexes described from other ophiolites,
these shallow intrusives do not form a sheeted dike complex. Finally, the
sequence is capped by two groups of pillowed basalts separated by a zone of
red chert and argillite. The lower lava group is characterized by high Mg,
Cr, Ni and 1is very poor in K, Ti, and P [Laurent, 1977]. The upper pillows
are generally smaller and are set in a matrix of epidotized pyroclastic
debris. Chemically, the lavas range from basaltic to andesitic [Laurent,
1977]. The entire Complex has been metamorphosed to greenschist facies.
Preservation of the original igneous mineralogy varies considerably.
Samples of each of the major lithologies with varying degrees of meta-
morphism have been analysed. Petrographic descriptions of the samples are

given in Appendix II along with a description of procedures.
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II1.5.2 Whole rock data and discussion.

The results for the Thetford Mines Complex (TMC) samples are presented
in Table 3.3 and Figures 3.7 and 3.9. It was impossible to obtain a min-
eral isochron for the TMC due to the pervasive low-grade metamorphic over-
print throughout the Thetford area. Conventional K-Ar and 40Ar/39Ar
incremental heating techniques have yielded an age of ~ 490 my for the
metamorphic aureole underlying the TMC [Clague et. al, 1981]. This age
presumably dates the time of emplacement of the ophiolite and places a
younger limit on the crystallization age of the Complex itself. For the
purposes of calculating initial isotopic ratios, an age of 500 my has been
assumed. With the exception of Qe 24 (a cumulate clinopyroxenite), all the
samples analysed have approximately chondritic Sm/Nd ratios. The calcu-
lation of eNd(T) values is therefore nearly independent of the assumed
age. As can be seen in Fig. 3.9a, the whole rock samples from Thetford do
not define an isochron in either the Sm-Nd or Rb-Sr evolution diagrams.
Using the assumed age, one calculates very variable initial isotopic com-
positions with €y (T) = +4.2 to -1.5, €5 (T) = -2.6 to +114 (0.7041 to
0.7119). Furthermore, as can be seen in this Figure 3.7, there is no clear
correlation between €Nd(T) and €Sr(T). Like the BRMC, the isotopic com-
position of the Thetford samples does not appear to correlate with rock
type, position within the complex, or degree of metamorphism. The range in
isotopic composition characteristic of the TMC is not the signature of
oceanic crust. Neither can the variations in isotopic composition be
generated by simple mixing of oceanic crust with old continental crustal or
seawater Sr and Nd. More complicated processes appear to be involved. The

TMC is unquestionably an ophiolite sensu stricto in that the complex
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Figure 3.9a. Sm-Nd evolution diagram with data for whole rock samples
BABMEE ey
of the Thetford Mines Complex. Reference isochrons are drawn for 500 My

and €Nd(T) = +4 and 0. Note the implied range in ENd(T).

b Rb-Sr evolution diagram with data for whole rock samples
of the Thetford Mines Complex. Reference isochron is drawn for 500 My

and €5 (T) = 0. Note the implied range of €g,(T) and wide variation in

Rb/Sr ratios.
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includes all the elements of the ophiolite stratigraphy. It thus appears
that the isotopic and field geologic relationships are in opposition. It
is not thought that metamorphism is the primary cause of the variations 1in
isotopic composition in the Nd system. Ophiolites with similar metamorphic
histories such as the Josephine Ophiolite and the Kings-Kaweah Ophiolite of
Ccalifornia, which have metamorphic assemblages similar to the TMC, preserve
the Nd signature and, to a lesser extent, the Sr isotopic signature of
oceanic crust (Table 3.1) [Chen and Shaw, 1982]. Furthermore, as will be
shown below, relatively high-grade amphibolites from North Carolina and
Vermont also preserve the Nd isotopic characteristics of their depleted
mantle source. The present data, however, do not exclude the possibility
that metamorphism has altered the primary Nd isotopic composition of the
TMC On the other hand, the case for the observed Sr isotopic compositions
being primary is rather poor. Sr isotopic exchange during metamorphism is
a well-documented process [Lanphere et al., 1964, and many later studies]
and interaction with metamorphic fluids derived from dehydration reactions

87Sr/868r ratio in

in metasedimentary rocks will generally increase the
mantle-derived rocks. Unlike the Baltimore samples, there is no apparent
correlation between €,4(T) and €g.(T), suggesting that the behavior of
these systems is decoupled. Several of the samples analyzed contained
secondary calcite which might be expected to have a large effect on the Sr
isotopic composition of the bulk rock, although the presence of calcite
does not appear to correlate with &g (T) or €g (0). In addition, the
samples have quite a wide range of Rb/Sr ratios, possibly indicating rather
large Rb-Sr fractionation during metamorphism. In short, the Sr isotopic
System cannot be counted upon to preserve primary isotopic composition in

complex metamorphic terrains and the following discussion will concentrate

on the significance of the Nd data.
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Although the isotopic composition of the TMC is unusual for an
ophiolite, it is not unique. Recent studies of the Vourinous Complex,

Greece [Noiret et al., 1981; Richard and Allegre, 1980], the Troodos

ophiolite, Cyprus [Hannah and Futa, 1982], and the Bett's Cove Ophiolite,
Newfoundland [Coish et al., 1982] have shown that, in part, they are also
characterized by rocks with ENd(T) between 0 and +4 and with relatively
radiogenic Sr, although the latter is usually attributed to interaction
with seawater. Both the Troodos and Bett's Cove ophiolites were also found
in these studies to include rocks with a more normal oceanic signature of
Eyg ~ *8, a characteristic not seen in the Thetford samples analyzed. The
significance of these results for ophiolite genesis is not clear. The
implication is that there are ophiolites of varying ages which were derived
from a mantle source with modestly positive €y or from a blend of magmas
derived from normal depleted oceanic mantle and an enriched reservoir such
as enriched mantle, undepleted mantle or continental crust. These charac-
teristics have been attributed to the source for many oceanic island bas-
alts [0'Nions et al., 1977; Dosso and Murthy, 1980]. A mixture of sources
might also be expected for arcs and the magmas intruded during the initial
stages of continental rifting to form an ocean basin or marginal basin.

The latter cases would also allow for interaction of the mantle-derived
magma with continental crust.

Church [1977] has pointed out that the TMC is chemically similar to
the Bett's Cove ophiolite of Newfoundland [Coish and Church, 1979] in that
they are characterized by the presence of orthopyroxene-bearing cumulates
and relatively low Ti-basalts, among other features. He contrasts these
complexes with ophiolites characterized by dunite-troctolite cumulate

sequences and relatively Ti-rich basalts with olivine and plagioclase
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phenocrysts such as the Bay of Islands Ophiolite. He further identifies
these two endmembers with the ophiolites of the internal and external
sones, respectively, of the Tethys region [Rocci_ggnil;, 1975]. The iso-
topic data presented here and the previously mentioned studies seem to
indicate that there is a fundamental difference in origin between the two
endmembers as defined by Church, but it is unclear what this difference
signifies. Clearly, more work is needed to establish the links between the
variations in major and minor element geochemistry and isotopic systematics
of these ophiolites and to attempt to relate these to modern analogues.
Among modern rocks, these complexes have isotopic and chemical affinities
to boninites, which are olivine, orthopyroxene, and clinopyroxene-phyric
island arc basalts with high MgO and SiO2 contents but low TiO, contents
[Kuroda and Shiraki, 1975; Shiraki and Kuroda, 1977]. Recent Nd isotopic
data obtained by Hickey and Frey [1982] has shown that boninites, like the
Thetford Mines samples, are characterized by a large range in €Nd(0) (-0.3
to +6.2) which they attribute to mixing between a strongly depleted mantle
peridotite and an enriched component; either subducted sediments or meta-
somatized, LREE enriched mantle. The TMC may, in part, represent the
ancient intrusive and extrusive counterpart to modern boninites and would
thus represent an arc complex. Ongoing field and geochemical studies by
Laurent and co-workers now sugges® that this may indeed be the case
[Laurent, pers. com., 1983].

In summary, the Nd and Sr isotopic data from the TMC are not easily
reconciled with the geologic relationships. At face value, they preclude
the formation of the complex at a normal mid-ocean spreading center.
Nevertheless, it is possible that the metamorphism and alteration was so

severe that all primary isotopic memory has been erased.
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111.6 Mafic rocks from Vermont and North Carolina.

ITII.6.1 Geologic setting.

In contrast to the large mafic/ultramafic complexes discussed above,
this section presents the results of analyses on what are perhaps more
typical occurrences of mafic rocks in the Appalachians. By far the
majority of the mafic/ultramafic rocks in the orogen occur as small
bodies. Samples from four such bodies have been analysed: the Hazens
Notch Amphibolite from the Belvidere Mountain Complex, Vt. [Laird, 1977;
Chidester et al., 1978; Laird and Albee, 1981]; websterite from the type
locality at Webster-Addie, North Carolina [Miller, 1953; Stueber, 1969];
the Chunky Gal Amphibolite from the Buck Creek dunite body, N. C. [Hadley,
1949; Sailor and Kuntz, 1973; McElhaney and McSween, 1983]; and amphibolite
from the nearby Lake Chatuge complex, N. C.-Georgia [Hartley, 1973; Jones
et al., 1973]. Sample descriptions are given in Appendix III.

The Hazens Notch Amphibolite at Belvidere Mtn. is associated with an
extensively serpentinized and rodingitized ultramafic body approximately
3.4 x 1.8 km in size located ~ 200km south of the Thetford Mines Complex on
the extension of the Baie Verte-Brompton line. Due to metamorphism and
deformation, the genetic relationship between the amphibolite and
ultramafic, if any, is unclear. The amphibole in the sample analysed is
strongly zoned with barroisitic cores and actinolitic rims [Laird and
Albee, 1981], recording a high pressure (> 8 kb) Ordovician metamorphic
event followed by a lower temperature and pressure retrograde event,
probably during Devonian time.

The amphibolites from North Carolina occur within a belt of mafic and

ultramafic rocks in the eastern Blue Ridge province. At the Buck Creek and
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Lake Chatuge bodies (each about 7 km in diameter), cores of serpentinized
dunite and corona troctolite are enveloped by amphibolite, apparently
derived from a troctolitic or gabbroic protolith [McElhaney and McSween,
1983]. As in Vermont, two metamorphic events, probably of Ordovician
(granulite to upper amphibolite facies) and Devonian (greenschist facies)
age are recorded by the amphibolites. Portions of the contacts between
these complexes and the surrounding gneisses are interpreted as major
thrust faults.

The Webster-Addie ultramafic body consists of a ring-shaped outcrop
pattern of websterite, dunite, and orthopyroxenite ~ 3 x 2 km in size. The
maximum width of ultramafic outcrop is ~ 0.7 km. The present outcrop
pattern is apparently due to doming of an originally sheet-like mass of
ultramafic rocks. Contacts with the enclosing gneiss are faulted and the

rocks surrounding the contact strongly granulated [Miller, 1953].

II1.6.2 1Isotopic results.

Isotopic results for the North Carolina and Vermont samples are pre-
sented in Table 3.3 and Figure 3.7. An age of 500 My is again assumed for
the purpose of calculating €(T) values for these samples. Although this
may be in error by as much as 100 My, in the worst case (XTC-127, leached
residue) this corresponds to a shift of only *1 €-unit in €g4(T) and does
not affect the conclusions.

The samples of amphibolite from the Lake Chatuge district and Chunky
Gal amphibolite have initial €y4(T) in the range +5.1 to +7.7. The €5 (T)
values for the Chunky Gal amphibolites are moderately radiogenic at +20 and
+38 (0.7053 and 0.7066) while the Lake Chatuge Sample has €5 (T) = -13

(0.7030). These samples do not define Sm-Nd or Rb-Sr whole rock
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jsochrons. The Hazens Notch amphibolite sample is similar with &g (T) = +8
and €g,.(T) = -12.

In contrast to the results for the Baltimore Mafic Complex and
Thet ford Mines Complex, these amphibolites clearly have the isotopic sig-
nature of ancient oceanic crust. In Fig. 3.7, these data generally fall
within the field defined by the Bay of Islands complex [Jacobsen and
Wasserburg, 1979] although the Lake Chatuge sample has a somewhat lower
value of €Nd(T) than the other samples. The sample of Hazens Notch am-
phibolite from Vermont also plots within this field. These samples all
have characteristically oceanic values of € (T) > +5 for T = 500 My but
extend from the mantle array to more radiogenic values of €g (T). The
dispersion in €Sr(T) may be due to either hydrothermal interaction with
seawater or continental metamorphic fluids or both. Previous Sr isotopic
work by Stueber [1969] and Jones et al. [1973] has shown that the Sr iso-
topic composition of ultramafic and mafic rocks from North Carolina is in
some cases considerably more radiogenic than plausible seawater values. In

87Sr/868r ratios was

addition, these studies suggested that the increase in
correlated with the degree of metamorphism; samples of unmetamorphosed
troctolite and dunite had lower isotopic ratios than their metamorphic
equivalents, amphibolite and serpentinite. If true, this would clearly
indicate exchange of Sr during metamorphism. It is important to note,
however, as has been observed in other studies of ophiolite complexes
[Jacobsen and Wasserburg, 1979; McCulloch et al., 1981; Chen and Shaw,
1982], that even though the Sr system shows evidence for substantial post-
crystallization isotopic exchange, the Nd system appears to preserve the

Primary isotopic composition, even at the relatively high grade of meta-

morphism represented by the Vermont and North Carolina amphibolites. This
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fact encourages the belief that the Nd isotopic variations observed in the
BMC and TMC are primary and not due to later exchange processes.

The results on the Vermont and North Carolina amphibolite samples are
significant in that they demonstrate that there are mafic rocks in the
Appalachians which are derived from a depleted mantle source and which, at
least on isotopic grounds, are good candidates for being fragments of
oceanic crust. The isotopic evidence, however is only permissive; mafic
rocks derived from a depleted mantle reservior also occur in continental
flood basalt provinces [Carlson et al., 1981]. However, when considered
together with their association with ultramafic rocks and the general
tectonic setting of these amphibolites, an oceanic origin appears likely,
perhaps as blocks within an ophiolitic melange.

In order to assess the possibility of contamination along grain
boundaries during serpentinization and metamorphism, a split of the
powdered Webster—Addie sample was leached briefly in cold 0.1M HCl, rinsed
in water, then leached for one hour in sub-boiling 1.5M HCl. The insoluble
residue was then analysed. The unleached websterite has ENd(T) = =].1,
€5, (T) = +29.2 (0.7060) and is slightly LREE depleted. Approximately half
of the REE were removed by leaching the sample and the leached residue was

strongly LREE depleted (Table 3.3). The measured 143Nd/144

Nd value,
however, increased from the unleached to the leached sample so that the
calculated €Nd(T) is identical within error for both samples. Leaching the
sample has apparently selectively dissolved a relatively LREE enriched
phase. No evidence was found for a component with a high value of

€vq(T). This sample is clearly different from the nearby amphibolites and

does not have the signature of the depleted mantle source typical of

Oceanic rocks. The leaching experiment shows that the low €y (T) is not
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due to the presence of Nd derived from surrounding metamorphic rocks on
grain boundaries. It is difficult to draw any firm conclusions about the
origin of the Webster-Addie body on the basis of this single sample:
however, the isotopic data do not support an origin at a mid-ocean

spreading center.

III.7 Conclusions.

From Sr and Nd isotopic analyses it appears that there is no single
origin for the mafic and ultramafic rocks of the Appalachians. The
isotopic data support the earlier notions of ensialic mafic intrusions in
the case of the Baltimore Mafic Complex, while clearly supporting an
oceanic origin for the Bay of Islands Ophiolite, the Belvidere Mountain
Complex, and some of the North Carolina bodies. The Thetford Mines Complex
appears to belong to a class of ophiolites with peculiar isotopic, and
possibly chemical, characteristics, which have affinities to modern-day
boninitic rocks found in oceanic arcs. The isotopic data would tend to
rule out the formation of these complexes at a mid-ocean spreading
center. These conclusions are critically dependent on the observation that
the Nd isotopic system appears relatively immune to disturbance during
metamorphism and thus preserves the original igneous isotopic signature.
Nevertheless, even if the observed isotopic systematics represent a
metamorphic effect, these data provide no supportive evidence for an
oceanic crustal origin for the Baltimore Mafic Complex, Thetford Mines
Complex, or the Webster-Addie body. In contrast, the Sr isotopic system
alone is relatively undiagnostic as to the origin of rocks in metamorphic

terranes due to the relative ease with which Rb and Sr are mobilized during
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metamorphism. The Nd isotopic system can readily be exploited in favorable
cases to obtain ages on mafic rocks. When applied to samples of the BMC,
this technique yields an age of 490+20 My for this body which is inter-
preted as the time of crystallization. Old continental crust has a dis-
tinctive isotopic signature and combined Nd-Sr isotopic studies provide a
sensitive test for the presence of assimiliated crust in igneous bodies.
The results on the BMC indicate that a significant fraction of the Nd and
Sr in the Complex was derived from old continental material such as the
Baltimore Gneiss.

In summary, studies of Appalachian geology have reached a point where
the diversity in origins for the mafic and ultramafic rocks of this
mountain belt must be recognized and explained. It would appear that
simple models involving only obduction of ridge-generated oceanic crust are
inadequate to explain the observations. Finally, it is cautioned that not
every mafic and ultramafic rock in an orogenic belt is part of an ophiolite

nor are all ophiolites formed at mid-ocean spreading centers.
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CHAPTER IV
Sm-Nd and Rb-Sr Isotopic Systematics of

Marine Phosphates and Carbonates

1v.l Introduction

The oceans, by receiving the dissolved and suspended load of rivers
and by being cycled through hydrothermal circulation systems at oceanic
ridges, are constantly imprinted with a record of the upper continental and
oceanic crusts. This record can be read in both the detrital sediments
filling the ocean basins and in the chemistry of the phases which form from
seawater by direct precipitation or by biologic production. This chapter
is an attempt to find and read a portion of that record which contains the
history of the Nd isotopic composition of seawater as a function of time.
If such a record exists, it would reflect the Nd isotopic composition, and
hence something about the age of the exposed crust, particularly con-
tinental crust as will be shown below. Knowing this would place important
constraints on the growth history of the continents. It may also be pos-
sible to use the differences in Nd isotopic composition between different
ancient oceans to constrain plate reconstructions and as a paleo-
oceanographic tool. Although not the main thrust of this work, the
analyses presented here also have application to the problem of the
transport of REE in the marine environment.

In order to construct the record of Nd isotopic composition in
seawater over time, a phase must be identified which contains Nd with the
same isotopic composition as seawater at the time of its formation,

Preserves that composition through sedimentation and diagenesis, and which
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is relatively common on the sedimentary record. CaCO4 (calcite and
aragonite) and apatite are examined as possible such phases in this
chapter.
There have been two previous attempts at establishing the isotopic
composition of Nd in past ocean water [Hooker et al., 1981; Chyi et al.,
1982]. Both of these studies based their estimates on analyses of metal-

liferous sediments associated with ophiolites. Their results will be

discussed 1in sections IV.4.4. and IV.5.

IV.2 REE in modern seawater: Implications for ancient seawater.

IVv.2.1 Nd isotopic composition.

In order to understand the significance of the Nd isotopic composition
of ancient seawater, it is, of course, necessary to have an understanding
of the Nd isotopic systematics of modern seawater. This section is a
summary of recent work in this area.

Analyses of the isotopic composition of Nd have shown that modern
seawater encompasses a wide range of €g4(0) values. Water within each
major ocean basin, however, has a relatively limited and characteristic
range of Nd isotopic composition. Figure 4.1 is a histogram of ENd(O)
values measured both in ferromanganese nodules and seawater. It is clear
from this figure that the ferromanganese nodules record the same Nd
isotopic composition as the seawater in which they form [Piepgras et al.,
1979; Piepgras and Wasserburg, 1980]. As can be seen in Figure 4.1, the
modern oceans have the following ranges of ENd(O) values: Atlantic, -15 to
-8; Indian, -10 to -7; Pacific, -4 to -1. Much of the variability within a
given ocean can be attributed to the existence of distinct water masses

with individually characteristic €Nd(0) values within that ocean. The Nd
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isotoplic composition of seawater can therefore be used as a tracer for
modern oceanic circulation [Piepgras et al., 1979; Piepgras and Wasserburg,
1980, 1982].
This inter-ocean variability in €y4(0) is markedly different from the
analogous case of the Sr isotopic composition of seawater which today has a
uniform value of €Sr(0) = +64.5 + 2.0 (0.70905) in all the oceans [Faure et

al., 1965; Murthy and Beiser, 1968; Piepgras and Wasserburg, 1980]. The

key to the difference between Sr and Nd lies in the residence times of
these elements in seawater. The residence time of an element in seawater
is defined at steady state as:

. - Mass of element in seawater _

Res Mass flux into seawater

(4.1)
Mass of element in seawater
Mass flux out of seawater

The concentration of Sr in seawater is ~ 8 ppm [Holland, 1978] and its
residence time in seawater on the order of lO6 years [Turner and Whitfield,
1979]. Nd on the other hand has a very low concentration in seawater,

~3 x 1070 ppm [Goldberg et al., 1963; Hpgdahl et al., 1968] and an oceanic
residence time of tens to hundreds of years [Goldberg et al., 1963;
Piepgras et al., 1979; Elderfield and Greaves, 1982]. There is
considerable uncertainty in these estimates for the residence time of Nd
(and the other REE) because of our lack of knowledge of the fluxes of the
REE into and out of seawater. These residence times should be compared
with the time required to mix the oceans. Again, this is not a well
constrained parameter but 14C studies of deep ocean circulation suggest
that mixing of deep water with surface water takes ~ 103 years [Broecker et

al., 1960]. A minimum mixing rate between oceans is set by the ~ 150 years
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Figure &.1. Histogram of ENd(O) values for ferromanganese nodules and
seawater samples from various oceans. Note that each ocean is character-
ized by a relatively distinct and limited range of ENd(O). Ferromanganese
nodules and metalliferous sediments accurately record the €Nd(0) value of
the seawater in which they form. Typical ranges of ENd(O) for possible
crustal sources of the Nd in seawater are indicated in the lower panel.
Modern Seawater is dominated by contributions from old continental crust
with negative values of €Nd(0). Figure modified from Piepgras and
Wasserburg, 1982. Data sources: Piepgras et al., 1979, Piepgras and
Wasserburg, 1980,1982; 0'Nions et al., 1978; Goldstein and O'Nions, 1981;

Elderfield et al., 1981b; Piepgras, unpbl. data.
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it would take to empty the Pacific Ocean by flow of the circum-Antarctic
current through the Drake Passage into the Atlantic Ocean [Piepgras and
Wasserburg, 1982]. Because the residence time of Sr is so much longer than
the oceanic mixing times any isotopic differences in the sources of Sr in
seawater can be erased by mixing, resulting in the observed uniform Sr
isotopic composition of modern (and ancient) seawater. On the other hand,
because of the relatively short residence time of Nd, isotopic differences
in the sources for Nd should be manifested by variations in seawater
eNd(O), as is observed. In particular, the more negative values of €y4(0)
in Atlantic seawater as compared with the Pacific must reflect the
dominance of old LREE enriched continental crust as the source for Atlantic
seawater Nd. This is in consonance with the fact that ~ 70% of the world's
continental runoff flows into the Atlantic Ocean. The modestly negative
values of ENd(O) in Pacific waters must reflect the relatively young age of
the continental crust surrounding that ocean. Indeed, ~ 80% of the world's
sediment load delivered to the oceans is generated by erosion of the young
island arc and oceanic island volcanics with €Nd(0) averaging ~ +7 in the
southwest Pacific [Milliman and Meade, 1983]. Alternatively, the ENd(O)
values of Pacific water may reflect a greater injection of Nd with gg4 ~ +10
from hydrothermal activity at spreading centers. In either case, it is the
fact that young crust is a major source for the Nd that results in the
modestly negative or even positive values of ENd(O) in Pacific seawater.

One may calculate a model age for the Nd in seawater if it is assumed
that all the Nd in seawater is derived from continental crust with a typi-
cal value of me/Nd = -0.4 [McCulloch and Wasserburg, 1978]. The concen-
tration weighted mean age of the crust contributing Nd to an ocean is then
given by (SNd(T)/(QNd -0.4)). 1In this way, one calculates that the age

of the Atlantic drainages is ~ 1.2AE while that of the Pacific drainages is
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~ 0.2AE. One should be able to make similar statements about the age of
the sources for Nd in ancient oceans and thus constrain the age of the
exposed crust as a function of time. Note that this calculation yields a
minimum estimate for the age of the crust by assuming that all the crust
which supplies Nd to the oceans was derived from a mantle reservoir with
end = 0. If in fact much of the Nd in seawater is ultimately derived from
depleted mantle with €g4 > 0 then the calculation will underestimate the
age of the crust.

Today the different oceans are characterized by different values of
€Nd(0). Consequently one must expect the same to be true in the past and
one cannot expect to be able to generate a single isotopic composition vs.
age curve for Nd in the world's oceans as has been done for Sr [Peterman sk
al., 1970; Veizer and Compston, 1974; Burke et al., 1982]. 1f it is possi-
ble to construct a sufficiently detailed record of the Nd isotopic
variations in seawater then this apparent complexity may turn out to be a
useful paleo-oceanographic tool for tracing the circulation in ancient
oceans. At times in the past, however, such as during the existence of
Pangea, there was really only one ocean. The Nd isotopic composition of
seawater should be relatively uniform during such times.

The existence of isotopic variations within a given ocean basin is
another complication which must be addressed. The carbonate and phosphate
samples which will be discussed in the following sections were all formed
in relatively shallow water (less than a few hundreds of meters depth).

The surface waters of an ocean are quite well mixed by seasonal thermal
overturn and wave and current action. The carbonates and phosphates should
sample this well mixed reservoir. The isotopic composition of these

surface waters, need not, however, be equal to the average isotopic
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composition of the whole water column. For example, the isotopic com-—
position of surface water in both the Atlantic and Pacific Oceans today 1is
~ 3 €-units less negative than the estimated averages for these oceans

[Piepgras and Wasserburg, 1982].

IV.2.2 REE patterns.

Seawater has a distinctive REE pattern which is a useful guide for
determining which phases in the sedimentary record derived their REE from
seawater. Although the REE as a group have quite low concentrations in
seawater, Ce is lower in concentration by up to a factor of 10 than would
be predicted from the abundances of its neighboring elements [Goldberg et
al., 1963; Hggdahl et al., 1968; Elderfield and Greaves, 1982]. This
deficiency of Ce in seawater is generally agreed to be due to the prefer-
ential uptake of Ce relative to the other REE by ferromanganese nodules.
Analyses of nodules show that they are indeed the major complementary
reservoir with a large excess of Ce [Piper, 1974a; Glasby et al., 1978;
Elderfield et al., 198la]. The Ce appears to be preferentially concen-
trated by the Fe-rich phases in nodules [Elderfield et al., 198la]. The
reason for the anomalous behavior of Ce must involve the ability of Ce to
be relatively easily oxidized to a tetravalent ion, unlike the other tri-
valent rare earths. Theoretical calculations predict, however, that Ce3+
should be the stable species in seawater [Turner et al., 1981]. The
negative Ce—anomaly of seawater can be inherited by phases which derive
their REE from seawater. This characteristic can then be used as a finger-
print to identify those phases which preserve their seawater-derived REE.

There is some evidence that the seawater Ce—anomaly may have been

smaller or nonexistent at times in the past [Wright-Clark, et al., 1982].
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I1f marine conditions were more reducing at times in the past, ferroman-
ganese sediments would be less likely to form, Ce would not be prefer-
entially extracted from seawater, and the Ce-anomaly would thus dis-
appear. There is also recent work which demonstrates the existence of pos-
itive Ce-anomalies in the surface waters (< 150 m.) of the northwestern
Atlantic [DeBaar, et al., 1983]. The same study also found evidence in
bottom waters for the re-injection of Ce from the sediments, probably due
to the reduction of Ce-rich Fe-hydroxide phases in the sediment. Extensive
operation of this process in shallow, nearshore sediments could produce the
observed positive Ce—anomalies in surface waters. These complications not-
withstanding, the presence of a negative Ce anomaly in a marine sedimentary
phase can be taken as good evidence for the derivation of the REE in that

phase from seawater.

IV.3 Carbonates.
IV.3.1 Results.

The results of measurements of Sm and Nd concentrations in a variety of
modern biogenic CaCOq samples are presented in Table 4.1 and Figure 4.2.
The Nd concentrations range from 0.2 to 9.6 ppb. A sample of inorganically
precipitated aragonite in the form of o0liths has 65 ppb Nd. The me/Nd
values of these modern carbonates range from -0.16 to -0.45 and are similar
to seawater values. Measurements of the Nd isotopic composition of Atlan-
tic samples yield ENd(O) = -8.3 and -9.6 and are distinctly different from
those of the Pacific samples which have €g4(0) = -0.1 and -1.3 (Table 4.1
and Fig. 4.3).

Three extremely well preserved carbonate fossils were investigated and

3

found to have Nd concentrations of 37 ppb, 680 ppb and 31X10~ ppb with

FSm/Bd ;o188 batween -0.54 and -0.45 (Table 4.2).

A description of the analytical procedures is given in Appendix III.
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1v.3.2 Discussion.
The concentrations of REE in modern biogenic calcite and aragonite
reported here are ~ 102 times lower than previously reported values for
biogenic carbonates [Turekian et al., 1973; Scherer and Seitz, 1980], and

up to 10° times lower than that reported in the acid soluble portion of

limestones [Haskin et al., 1966; Parekh et al., 1977]. Given that the Ca

concentration in seawater is ~ 1><10—2 moles/kg and the Nd concentration is
~ 2%x107° moles/kg then the Nd concentration would be ~ 3 ppb in a CaCO4
phase formed from seawater with no fractionation of Nd and Ca. The Nd
concentrations in the biogenic carbonates are of this order of magnitude
(Fig. 4.2). Measured Nd concentrations in seawater vary by about an order
of magnitude, between ~ 0.4 to 4.0 X 10-12g/g [Piepgras and Wasserburg,
1982; Elderfield and Greaves, 1982], and it is likely that much of the
observed scatter in the biogenic carbonate concentrations can be accounted
for by local variations in the concentration of Nd in seawater. Super-
imposed on this may be possible biologic fractionation.

Although the o0lith sample with 65 ppb Nd has significantly higher REE
concentration than the biogenic carbonates, the concentration is still much
lower than that reported in the literature for carbonate in equilibrium
with seawater [Parekh et al., 1977; Scherer and Seitz, 1980]. TIndividual
06liths are composite objects consisting of an inner nucleus and outer
shell of concentric rings of nearly pure aragonite. The nucleus may be
composed of a variety of materials, most commonly shell or coral fragments,
fecal pellets, lithic fragments, and phosphatic fish debris. It is likely
that the bulk of the REE in the o6liths reside in the relatively '"dirty"
nuclei. Careful partial dissolution experiments could test this assess-

ment. Even at 65ppb Nd, the ooliths have a low REE concentration. This



Table 4.1. Modern Carbonates and Phosphates.

143Nd T
Sample Locality Nd (ppb) gSm/Nd —_— )
144 Nd
Nd
Cc-01 Palau 1.37 -0.373 = —mm—————— e
Cressostrea Sp.
Ar-01 Palau 0.47 =0.449 ==z mmmemm=— s
Tridaena Sp.
Ar-02 Bermuda 1.96 -0.419 = 0mmmm———— e
Strombus Gigas
Ar-03 Heron Isl., 0.44 =0.162 0.51184 =0.1
Acropora Sp. Great Barrier Reef +.00003 +0.6
Ar-05 Bermuda 9.58 -0.249 0.51142 8.3
Sidereatrae Radians +.00002 +0.4
Ar-06 Palau 0.22 -0.294 0.51178 -1.3
Trochus Nilotus +.00002 +0..3
Ar-07 Voulter Cays, 64 .98 -0.184 0.51136 -9.6
0cliths Bahamas +.00002 0.4

Ph-02 Mazatlan, Mexico 5.00 @ ==———— emm————— e
Bull Shark Teeth

Ph-15 Bahia de Los Angeles, 150.00 = ———==—— = ———————=  ——————
Lingula Sp. Baja California

Errors on aliquot concentration data are ~ 10%, errors on separated sample concentrations are <l7%.

t Normalized to 142Nd/lM*Nd=1.138305, errors are 20 of the mean.

8¢C1



Table 4.2 Fossil carbonates.

Sample Locality Age Nd (ppb) gSm/Nd Sr (ppm) gRb/Sr
Ar-04 Punta San Jose, 1. Cret. 3.09x10% ~0.453 4744 -0.999
Baculites Baja Calif.
Inornatus
Ar-08 Coon Crk., Maestrictian 6.80%102 —— 2053 —_—
Tenn.
Cc-02 Sweden Campanian 37.0 -0.543 1422 —_——

Belemnites Sp.

Errors on concentrations are ~ 10%.

6CI
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Figure 4.2. Nd concentration in modern CaCO3 and biogenic apatite. Note
logarithmic scale. Indicated are the Nd concentrations in seawater
[Nd/S.W.], the Nd concentration in the total dissolved solids in seawater
[(Nd/T.D.S.)g .1, and the Nd concentration expected in CaCO5 or apatite
which forms with the Nd/Ca ratio of seawater [(Nd/CaCO3)S.w.]. Also shown
is the range of Nd concentrations typical of shales. The Nd concentration
in modern carbonates and biogenic phosphate have approximately the Nd/Ca
ratio of seawater indicating that there is little tendency for the REE to

be concentrated in these phases over seawater.
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Figure 4.3. Histogram of ENd(O) values for ferromanganese nodules and
seawater from Fig. 4.1 with data on €Nd(0) in modern carbonates. The
isotopic composition of Nd in the carbonates falls in the range of surface
seawater 1sotopic compositions for both Atlantic and Pacific samples. This

demonstrates that the REE in the carbonates are derived from seawater.
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indicates that biologic effects are not the primary cause of the low con-
centrations in the biogenic carbonates; biologic fractionation, if active,
does not lower the REE concentration in carbonate hard parts by more than a
factor of ~ 0.05 over that of inorganically precipitated carbonates. These
results are significant in that they demonstrate that the bulk of the REE
found in limestones and other carbonate rocks were not present in the
primary carbonate materials produced in the marine environment.

Even though the concentration of Nd in the modern carbonates is quite
low, the measured ENd(O) values accurately reflect the isotopic composition
of Nd in the surface waters in which the shell, coral, or oodlith formed.
Thus, the Atlantic samples have ENd(O) values of ~ -8 to -10, in the range
of Atlantic surface water values, and the Pacific carbonates have ENd(O)
values of ~ 0 to -2, similar to Pacific surface waters (Fig. 4.3). This
shows that the REE in the carbonates are derived from local seawater.

In contrast to the uniformly low REE concentrations in modern biogenic
carbonates, fossil carbonate material spans an enormous range of councentra-
tions (Table 4.2). The samples analysed in the present study were chosen
for their excellent state of preservation. Sample Ar-04, a bacculite, is
still aragonite and contains primary amino acids [H. Lowenstam, pers.
comm., 1983], yet it contains 31 ppm Nd, some 10% times the average modern
carbonate shell. On the other hand, sample Cc-02, a bellemnite preserving
concentric growth rings and primary oxygen isotopic composition, contains
only 37 ppb Nd, close to the levels found in the modern samples. As will
be discussed in the following section, the high REE concentrations are

likely to be a result of diagenesis.
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1V.3.3 Occurrence and origin of the REE in carbonates.

Both the origin and mode of occurrence of the REE in the fossil car-
bonate samples is unclear. These questions also apply to the high REE con-

centrations reported in some modern biogenic carbonates [Turekian et al.,

1973; Scherer and Seitz, 1980], and limestones [Haskin et al., 1966; Parekh
fﬁifﬁ:J 1977]. Based on the low concentrations measured in the modern
carbonates in this study, one may confidently state that the REE are not
present in the primary marine carbonates. There are several possible
reasons for the higher concentrations, among them are adsorption of the REE
on grain boundaries, or the presence of a REE-rich minor phase within the
carbonate. This section is a review of the literature which bears on the
problems of both the location and origin of the REE in carbonates.

Haskin et al. [1966] found that precipitation of a small amount of
CaCO4 from a solution of trichloroacetate spiked with radioactive EuCl, was

3+

accompanied by nearly complete removal of the Eu from solution. The

radioactive Eu was readily brought into solution by placing the precipitate

in a dilute EuCl solution. Continued precipitation of calcite from the

spiked solution did not affect the exchangability of the Eud*. calcite

- from a dilute

prepared in the absence of Eu tracer similarly removed Eu
solution of EuClB. It appears that in this situation, at least, the REE
are scavenged from solution and adsorbed on the surface of the carbonate

2+

and that the Ca and CO32_ necessary for continued growth are able to

3* from the surface. Thus, one possible explanation for the

displace the Eu
high REE concentrations in ancient carbonates reported in the literature
and in this work is that the REE are adsorbed on the surfaces of the
carbonate crystals. The carbonate fossils in particular have a very large

surface area on which to adsorb as they are made up of micron-sized crys-—

tals of carbonate set in a relatively permeable organic matrix.
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The REE may also be located in a minor included phase within the
carbonate. In a study of the REE in modern pteropod tests (aragonite),

Turekian et al. [1973] found a strong positive correlation between the REE

and Fe concentrations. Tt is well known that Fe-hydroxides efficiently
scavenge the REE. Indeed, that property is exploited in the technique used
to make the measurements presented here (Appendix III). In the marine
environment the most obvious manifestation of this is the high concen-
trations of seawater—-derived REE found in ferromanganese nodules [Piper,

1974a; O'Nions et al., 1978; Piepgras et al., 1979; Elderfield and Greaves,

1981; Elderfield et al., 198la]. In addition, surfaces of particles in

seawater are commonly coated with Fe-hydroxides. Turekian fﬁif&;_[1973]
proposed that the REE resided in sub-microscopic Fe-hydroxide or hydrous
Fe-phosphate flocs which were incorporated into the tests as they grew.
Fe-hydroxide coatings and particles could also form within and on carbonate
fossils and limestones in an oxidizing sedimentary environment. These
coatings could then scavenge the REE from pore fluids. This explanation is
perhaps more likely than direct scavenging of the REE by carbonate surfaces
given the ubiquity of Fe-hydroxides in the marine environment. Although no
determinations of the Fe content were made on the samples analysed in this
study, it was noted that the solutions containing samples Ar-04 and Ar-08
(30 and 0.7 ppm Nd) were yellow in color, presumably due to the presence of
(FeClA);q complexes, while the Cc-03 (37 ppb Nd) solution was colorless.
Qualitative energy dispersive X-ray fluorescence analysis of sample Ar-04
revealed the presence of only Ca, Sr, K, and Fe. These results are
consistent with an Fe-hydroxide phase being the carrier of the REE in the

high concentration samples Ar-04 and Ar-08.
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Finally, the high REE concentrations reported for acid soluble
portions of limestones [Haskin et al., 1966; Jarvis et al., 1975; Parekh et
al., 1977; McLennan et al., 1979] must be considered with some caution. In
addition to the REE which may be present as adsorbed species on carbonates
and Fe-hydroxides, the REE may also be leached from detrital minerals such
as clays, or be present in biogenic or authigenic phosphates.

It is clear from the low REE concentrations inferred to be charac-
teristic of modern carbonates that foraminiferal tests and other carbonate
debris per se must play a minor role in the transport of the REE in sea-
water. Carbonate debris, however, may play an important role as a passive
carrier for other REE-rich phases. Such particles would accumulate REE in
near-surface water and sink. Upon sinking, if the carbonate dissolves, it
will release the REE-rich phase to deeper water or to the sediments. This
may be an important mechanism in generating the observed REE concentration
gradients in seawater [cf. Turekian et al., 1973; Piepgras and Wasserburg,
1982]

The relative abundances of the REE in carbonates can help to determine
whether the REE are derived from seawater or from pore fluids during dia-
genesis. Modern biogenic carbonates, even those with much higher REE
contents than the samples reported on in the present study, generally have
the negative Ce—anomaly of characteristic of seawater REE pattern [Piper,
1974b; Elderfield et al., 1981a)]. The carbonate REE patterns closely
mirror the seawater pattern but tend to have somewhat lower LREE

me/Nd values in Table 4.1) and are markedly depleted in

enrichments (see
the HREE relative to seawater [Piper, 1974b; Elderfield et al., 198la].
Overall, the data strongly suggest that the REE in present day biogenic

carbonates are derived directly from seawater. The Nd isotopic data



138
presented here certainly require this interpretation. The differences
petween the carbonate and seawater REE patterns requires that there be some
fractionation of the REE by whatever mechanism they are incorporated into
the carbonates. There are no published REE patterns of modern inorganic
carbonates such as the o0liths analysed here. However, the agreement
between the Nd isotopic composition of the o0liths and Atlantic seawater
implies that they too derive their REE from seawater.

Rare earth patterns of limestones do not have the characteristic
negative Ce-anomaly of seawater [Haskin et al., 1966; Jarvis et al., 1975;
Parekh EE_EQ;J 1977; McLennan EEHEE;J 1979]. 1Instead, the limestone
patterns are relatively flat when normalized to shales, implying that the
REE in the limestones are not derived directly from seawater. These REE
must either be located in detrital materials or are introduced during

diagenesis by pore fluids carrying REE derived from detrital materials.

IV.3.4 Conclusions

From the foregoing it is apparent that carbonates are unlikely to be a
good choice of a phase to analyze to establish the Nd isotopic composition
of ancient oceans. The very low REE concentrations in the primary car-—
bonate makes it susceptible to post depositional exchange with Nd from
other sources. This Nd may be from a source which also reflects seawater
isotopic composition, however, there is no guarantee that this will be the

case.
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IV.4 Phosphates
IV.4.1 Samples

Two samples of modern biogenic apatite, a shark's tooth and the shells
of a species of inarticulate brachiopod, were analysed for Nd concen-
tration. Two types of old phosphate were analysed for Nd and Sr isotopic
composition and concentration: biogenic apatite in the form of conodonts,
and largely inorganic apatite from phosphorite deposits. These samples are
documented in Appendix IV. Procedures are given in Appendix IIT.

Conodonts are the carbonate-fluorapatite hard parts of an extinct
animal that lived from Cambrian to Triassic time. Individual conodont
elements range in size from ~ 50 Mm to > 1 mm and many elements were
grouped together in a single animal to form a functional apparatus. Only
recently have fossil impressions of the soft tissue of the organism been
found [Briggs et al., 1983]. The animal was a wormlike creature
approximately 5 cm long. The conodont apparatus was located in the head
and apparently functioned either as teeth or as a structural support for a
feeding structure.

Phosphorites are defined as marine sedimentary rocks containing >15
wt., % P,0s and are found in the sedimentary record from the present to
~ 2 AE ago. Carbonate-fluorapatite is the only phosphate mineral found in
unaltered phosphorites. The origin of these rocks remains enigmatic. Most
of the phosphorite exposed today on the seafloor has been shown to be older

than 700,000 yrs. by studies of the 23%y/238

U activity ratio [Kolodny and
Kaplan, 1970]. Phosphorites are forming today in only a few, limited

geographic areas: off the west coasts of Peru and South Africa [Veeh et

al., 1973; Burnett and Veeh, 1977] These are areas of intense coastal



140
upwelling of deeper waters. Surface waters are essentially devoid of
dissolved P (< 3 ppb) because of biologic uptake. Deeper waters (>250
meters) contain 50-100 ppb P and upwelling of this water appears to play a
vital role in the formation of phosphates [Bentor, 1980]. Experimental
work on the solubility of apatite in seawater has produced conflicting
results, but it is clear that seawater with 100 ppb P is not saturated with
apatite [Roberson, 1966; Martens and Harriss, 1970; Atlas, 1979].
Furthermore, no one has been successful at precipitating apatite fr m
seawater in the laboratory by addition of P, however, apatite is readily

2

precipitated from Mg *-free seawater by addition of P. It appears that the

2+

Mg“" in seawater poisons the further growth of apatite nuclei by substi-

2* in the growing crystal [Martens and Harriss, 1970]. The

tuting for Ca
situation is quite different in interstitial pore fluids, however, which

may contain up to 7500 ppb P [Brooks et al., 1968; Sholkowitz, 1973; Bray

et al., 1973; Burnett, 1977]. These high levels are a result of

regeneration of soluble P by the breakdown of organic material in the
sediment. Interstitial waters are also often depleted in Mg2+ by the
diagenetic formation of Mg-bearing minerals such as palygorskite,

sepiolite, glauconite, and dolomite [Brooks et al., 1968, Bentor, 1980].

Thus, although direct inorganic precipitation of apatite from open seawater
seems to be ruled out by the Mg-inhibition effect, formation of apatite in
interstitial waters appears to be a reasonable possibility. Upwelling is
important insofar as it provides a source of P for organisms which are
eventually incorporated into the sediment. Mechanical enrichment of the
phosphate by winnowing of lighter minerals by bottom currents may be
important for producing the high grade phosphorites one finds in the

sedimentary record.
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One must be careful when making inferences about the processes which
led to the formation of phosphorites in the past from the study of younger
deposits. There are considerable differences between relatively young
(pre-Miocene) phosphorites and more ancient deposits. The young phosphor-
ites are generally nodular bodies on the order of 10 cm across with con-
centric layering [Bentor, 1980]. Older deposits have varying textures but
are rarely nodular [Trueman, 1971]. Modern phosphorites form only on the
continental shelf or upper continental slope; ancient phosphorites formed
in a variety of depositional settings, from nearshore to eugeosynclinal
[Bentor, 1980]. Finally, there are major differences in the size of the
deposits; the older occurrences are by far the larger. The phosphate
deposits of the western US (Phosphoria Fm.) contain in excess of 7XlO17 g
of P [British Sulphur Corp., 1973]. The present oceanic reservoir of P
contains ~ 9x1010 g P [Bentor, 1980]. Under present conditions, ~ 10% of
the current annual P-flux to the oceans would have to have been pre-
cipitated continuously for 10 My within an area 0.17% of the total ocean
floor to form a deposit of this size [Bentor, 1980]. It thus appears that
there were times in the past which were more favorable for phosphorite
formation [Cook and McElhinny, 1979]. In the case of phosphorites, the
present may not be the key to the past.

Although the origin of these rocks is not well understood, using
criteria to be discussed below, it will be shown that the REE in phosphatic

sediments are largely derived from seawater and may thus contain a record

of Nd isotopic variations in ancient seawater.
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IV.4.2 Results

The modern biogenic apatite samples have low to very low Nd concen-
trations (Table 4.1, Fig. 4.2). The shark's tooth has only 5 ppb Nd and is
similar in concentration to the modern carbonate samples. The brachiopod
shells have higher concentration, 150 ppb, but are still quite low when
compared with old apatite samples (see below).

The conodont and phosphorite samples have Nd concentrations between 14
and 876 ppm (Table 4.3, Fig. 4.4). The majority of these samples are LREE

enriched with values similar to modern seawater, though the phos-—

phates show a greater range in than is evident in published seawater

analyses. The Sr concentration in all the samples is quite high, between

be/Sr values

637 and 7734 ppm. Rb contents are generally low resulting in
near -1.0. The &g4(T) values in Table 4.3 range from -15 to -1.7. The
€5.(T) values vary from +48 to +79 (0.7078 to 0.7103) and are in excellent
agreement with published curves of seawater 87Sr/86Sr vs. time (Fig.4.5).
These isotopic results are discussed in detail below.

Individual conodont elements, hand-picked from a conodont rich quartz-
ite, were analysed in order to determine the variability in concentrations,
isotopic compositions, and parent-daughter ratios in a single deposit.
Samples JWC-5-1 numbers I-IV in Table 4.3 are the individual conodont
elements. As shown in the Table, the weights of these samples varied
between 106 and 528 Hg each. Concentrations were also measured in a ~ 5 mg
split from 100 mg of hand-picked conodonts (JWC-5-1 bulk). There are
significant variations in the concentrations of Sm, Nd, and Sr between the

four individuals. The €Nd(T) and Eqr(T) values, however, are identical

within error for all four samples.



Table 4.3 1Isotopic Results: Ancient Phosphates.
143 i ° 87. #
+
Sample Locality Age Na' me/Nd TZZBE- ENd(T)§ srl be/Sr 86sr ESr(T)§
(My.) (ppm) Nd (ppm) Sr '
Phosphorites
N-33-2 Brewster, Fla. 14 13.9 -0.365 0.51147 ~7 . 1122 -0.938 .70896 63.
+9 +.00002 10. .00019 2.
N-33-1 Gafsa, Tunisia 52 117.6 -0.395 0.51136 -8. 1503 -0.973 .70783 48.
12 +.00002 10. .00004  +0.6
Mor-15 Oulad-Abdaun Basin, 68 99.1 -0.335 0.51150 -6. 1326 -0.950 .70782 48.
Morocco +3 +.00002 0. .00006 0.9 =
w
Ph-03 Negev, Israel 210 876.2 -0.398 0.51166 -1, 744 -0.932 .70770  48.
15 +.00002 10. .00009 +1 .
N-33-3 Cokeville, Wy. 250 40.5 -0.530 0.51142 =D 1233 +0.126 .70751 42,
+30 +.00002 0. .00006 0.
NBS-56b Tennessee 460 34.0 -0.327 0.51134 -6. 728 -0.696 .70838 60.
15 +.00002 0. .00003 10.
Ph-09 Hazara, Pakistan 610 39.0 =0.382 0.51116 7 997 -0.812 .71026 90.
+30 +.00002 10. .00003 10.
Ph-12 Guizhou, China 610 16 .9 -0.277 0.51129 -6. 637 -0.866 .70944 78.
+30 +.00002 0. .00003 0.




Table 4.3 (continued).

+
Sample Locality Age NdT me/Nd Tidr g eNd(T)§ srt be/Sr 86sr ESr(T)§
(My.) (ppm) Nd (ppm) Sr
Ph-05 Parc, Niger 660 49 .4 -0.317 0.51146 -2.2 mmm—— e e ——
+10 +.00001 +0.3
Ph-08 Kodjari, U. Volta 660 28.8 =0.,313 0.51150 =1 .5 1186 -0.838 70681 42 .0
+10 +.00001 +0.3 00003 #1.0
Ph-04 Rum Jungle, 2000 14.9 +0.209 0.51162 =15.0 = =—=== emmmse ceeee- —_——
Australia +200 +.00002 +1.6
Conodonts ﬁ
JWC-35 Bighorn Co., Wy 342 183.8 -0.321 0.51134 -7l 3640 -0.991 .70802 55.6
+3 +3.6 +.00002 +0.4 +9 .00005 +0.8
JWC-5-1-12 Missouri 347 210.8 -0.203 0.51137 =7 oD 4070 -0.998 .70816 57.8
(521.8ug) +3 +0.2 +.00001 +0.3 +15 .00003 0.4
JWC-5-1-112 " " 215.9 -0.142 0.51140 -7.6 4272 -0.999 .70818 58.1
(266 .4ug) +0.8 +.00002 0.3 £16 .00003 0.4
JWC-5-1-1112 " " 220.8 -0.107 0.51139 -8.0 3932 ———mmm —meee e
(278 .8ug) 0.3 +.00002 0.3 +7
JwWc-5-1-1v2 " H 184.0 -0.137 0.51140 -7.5 7734  —————— e ——-
(106 .6ug) +1.9 +.00002 0.4 99




Table 4.3 (continued).

Sample Locality Age Nat gSm/Nd 144Nd ENd(T)§ sr' gRb/St 86sr esr(T)§
(My.) (ppm) Nd (ppm) Sr
JWC-5-1-bulk  Missouri 347 227 .4 —=m== meeee S e e e S
+3 +0.1
JWC-37 Crawford Mtns., 347 166.2 -0.352 0.51138 -6.0 2856 -0.981 0.70807 56.3
Wy. *3 £3.3 +.00002 0.4 +9 +.00003  £0.5
JWC-32 Nevada 352 81.3 -0.390 0.51132 -6.8 4080 -0.997 0.70812 57.2
+3 +0.5 +.00002 +0.4 +10 +.00004 +0.6
JWC-30 Erie Co., N.Y. 357 171.4 +0.059 0.51152 -6.9 2656 -0.981 0.70784 53.2 '~
+3 £2.0 +.00002  £0.4 +13 +.00004 0.6

# Errors are 20 mean. 143Nd/ll‘l‘Nd normalized to 142Nd/144Nd=l.138305;

Uncertainty < 0.2%.

o + =+

°

Uncertainty < 0.4%.

Uncertainty < 1% except as noted.

87Sr/86Sr normalized to 86Sr/885r=0.1194.

Errors are 20 mean and include the effects of uncertainties in the ages.

a Analyses of individual conodont elements. Weights are given in parentheses.
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Figure 4.4, Nd concentration in phosphorite and conodont apatite. Note
logarithmic scale. Indicated are the Nd concentration expected in apatite
which forms with the Nd/Ca ratio of seawater [(Nd/APAT)s'w.], and the range
of Nd concentrations typical of shales. Phosphorite and conodont apatite

has a high to very high concentration of REE.
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The other conodonts used in this study were isolated from limestones
by dissolving the carbonate with dilute (10%) acetic acid. This is a
commonly used procedure for the separation of phosphatic fossils from the
host rock. As the conodonts were not originally separated with trace
element analysis in mind, no special precautions were taken .o avoid
contamination (i.e. reagent grade acids were used in ordinary plastic
buckets). In order to assess the effects of this acetic acid bath, a
series of tests was done using ultrapure acetic acid and hand-picked cono-
donts which had not previously been exposed to acetic acid. The conodonts
used in these experiments were representative splits made from ~ 100 mg of
crushed, separated conodonts.

In the first experiment, ~ 5 mg of conodonts were covered with 2 ml of
10% acetic acid for 24 hrs. At the end of this time, the conodonts were
rinsed with distilled water and the rinses added to the acid. The sample
was partially dissolved by this treatment as there was a white residue left
after drying down the acid+rinse solution. Approximately 127 of the Nd and
Sm originally in the conodonts was found to be in solution. No fractiona-
tion of Nd from Sm was effected by this procedure.

The second experiment involved the addition of ~ 495 ng of 150yq as
NdClg to 2 ml of 107% acetic acid which was then left to react with 4.51 mg
of conodonts (containing ~ 1011 ng Nd) for 29 hrs. At the end of this
time, the conodonts were rinsed repeatedly with distilled water and clean
5% acetic acid in an ultrasonic cleaner. Both the conodonts and the so-
lution were analysed. From mass balance considerations it was determined
that ~ 6% of the Nd originally in the conodonts went into solution and that
45% of the 1°0Nd tracer originally in solution was adsorbed by the cono-

donts. These experiments indicate that the conodonts are attacked to some
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extent by acetic acid. The fact that there was no fractionation of Sm from
Nd in the first experiment, however, means that this will have no effect on
the calculated initial isotopic compositions. More serious 1is the fact
that a large fraction of the 150Nd in solution was picked up by the
conodonts. This raises the possibility that similar scavenging may occur
during dissolution of limestones to separate conodonts. In practice this
does not appear to be a significant problem as will be shown in the

150Nd was adsorbed onto the

following section. It is likely that the
surface of the conodonts; true isotopic exchange is ruled out by mass
balance between the amount of Nd in solution and in the conodonts.
Typically, conodonts contribute a small fraction to the total surface area
of the insoluble residue in a limestone (abundances are usually on the
order of a few tens of conodonts per kg. of limestone). When dissolving a
limestone, most of the adsorbable cations in solution are probably taken up
by the far more abundant clays, goethite, glauconite and other insoluble
phases. Further experiments using radiotracers are being undertaken to

clarify the processes involved and whether they will affect the isotopic

composition of the conodonts.

IV.4.3 Discussion
Apatite, unlike calcite and aragonite, readily accepts the REE into

its lattice. The trivalent rare earths presumably substitute for caZ*

2+ 4r co2-

accompanied by a charge-balancing substitution such as Na® for Ca
for OH™ or F~. The modern biogenic apatites analysed in this study, how-
ever, have very low Nd concentrations. Sample Ph-15 with 105 ppb Nd has a

concentration some 103-10% times lower than typical fossil apatite (shark's

teeth, fish debris, etc.) [Arrhenius et al., 1957; Bernat, 1975; Dymond and
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Eklund, 1978; this work]. The largely inorganically derived apatite in
phosphorites also contains REE at 102-10% times the levels found in the
modern biogenic apatites [Altschuler, 1980; this work]. It is clear that
an enormous enrichment in REE must occur at some time after the organism's
death.

Two related questions are thus raised. How quickly are the REE in-
corporated into the apatite, and from where are the REE derived? As to the
first question, which applies only to the biogenic apatite, there is some
evidence that uptake of the REE can occur quite rapidly while the apatite
is at the sediment-water interface. A study by Bermat [1975] showed that
phosphatic fish debris in the upper 5 mm of sediment from the equatorial
Pacific has ~ 1000 ppm of Sm. Assuming a sedimentation rate of 0.0l mm/yr
then only 500 years were required to develop this high concentration.
Bernat [1975] also found that there was no systematic change in the REE
concentration in similar phosphatic material to a depth of 6 meters.

Uranium is also scavenged by biogenic apatite and Kovach and Zartman
[1981] have shown that U-Pb ages can be obtained on conodont apatite which
are in good agreement with the known stratigraphic age. These studies
imply that the trace element enrichment occurs rather rapidly upon sed-
imentation. This process is likely to be a complicated one. The trace
elements are probably first adsorbed onto the surface of the apatite.
Incorporation of the adsorbed species into the crystal lattice must take
place over a longer period of time during burial and diagenesis. In many
cases there is little evidence for recrystallization of the primary
microcrystalline biogenic apatite implying that incorporation of the trace

elements may be controlled by diffusion.
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No analyses are available of the REE in the modern seafloor phosphor-

ite nodules that have a disequilibrium 234U/238

U activity ratio indicating
that they are forming today [Veeh et al., 1973; Burnett et al., 1977; Birch
EE_EQJJ 1983]. It is expected, however, that like ferromanganese nodules,
the phosphorite nodules would scavenge and incorporate the REE as the
apatite forms.

The question of the origin of the REE in marine apatite applies
equally to both biogenic and phosphorite apatite. To the author's
knowledge, all published REE analyses of the apatite in phosphorites show a
negative Ce-anomaly [Goldberg,fzijg;J 1963; Altschuler et al., 1967; El-
Kammar et al., 1979; Altschuler, 1980]. This is strong evidence that in
general, the REE in phosphorite apatite are dominantly derived from
seawater. It was not possible to obtain REE patterns for the phosphorites
analysed here, however, there are REE analyses in the literature for the
Florida (N-33-2), Moroccan (Mor-15), and Wyoming (N-33-3) deposits
[Altschuler et al., 1967; Altschuler, 1980]. The fact that phosphorite
apatite retains a REE abundance pattern with a seawater signature indicates
that there has been little exchange with REE derived from detrital com-—
ponents in the phosphorite during diagenesis. This is to be expected as
the apatite is the major reservoir for REE in this type of rock. This may
be contrasted to the limestone case in which, although the detrital com-
ponent may be volumetrically insignificant, it is still a major reservoir
for REE in the rock.

The evidence that biogenic apatite derives its REE from seawater
follows similar reasoning. The REE patterns of the phosphatic fish debris
studied by Bernat [1975] all have negative Ce-anomalies. No differences in

REE patterns were noted in samples from 0 to 6 meters depth, indicating
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that burial and early diagenesis do not disturb the REE in the apatite. A
large number of conodont REE patterns have recently been measured by
Wright-Clark et al., [ms.]. Conodonts from late Paleozoic (post-Silurian)
and Mesozoic sediments all have negative Ce—anomalies. Ordovician through
Silurian conodonts from sites around the world have very small to non-
existent Ce—anomalies. Lower Ordovician and Cambrian conodonts again show
a negative Ce-anomaly. The absence of a Ce-anomaly is correlated with the
presence of a negative Eu anomaly. These findings have been interpreted as
evidence for reducing conditions and an absence of a Ce-anomaly in the
world's oceans during parts of the Paleozoic as discussed in a previous
section [Wright-Clark_Egnii;, ms.]. The conodonts analysed here are splits
of samples analysed by Wright-Clark et al. and do not have Ce-anomalies.
Unfortunately, no phosphorite apatite has been analysed from a time during
which the Ce—anomaly disappears from the conodonts. Until they can be
independently verified by analyses of some other marine phase, the con-
clusions regarding reducing oceans provided by the conodonts must be con-
sidered tentative. Thus, although the conodonts with a modern seawater-
like negative Ce—anomaly must certainly have derived their REE from sea-
water, the conodonts without an anomaly may have been disturbed by post-
depositional processes. Several lines of evidence provided by the data
presented here, however, suggest that the conodonts without Ce-anomalies do
record and preserve seawater—-derived REE.

A necessary but not sufficient condition to show that the conodonts
reflect seawater &gy values is that individual conodonts in the same rock
formation must have the same ENd(T) value. Samples JWC-5-1-1 through IV in
Table 4.3 are individual conodont elements from a single formation. The

initial Nd isotopic compositions of these samples are identical within



153
error as are the initial Sr isotopic compositions, indicating that all the
conodonts in this formation equilibrated with an isotopically uniform
reservoir.

Further evidence that the the isotopic composition of sedimentary
apatite reflects that of the seawater in which it formed is that the
initial Sr isotopic compositions of the conodont and phosphorite apatite
samples are in excellent agreement with previous estimates of seawater Sr
isotopic composition. Figure 4.5 is a plot of the Sr data obtained in this

87Sr/868r vs. time showing this

study superimposed on a curve of seawater
agreement. Kovach [1980] has previously shown that the Sr isotopic compo-
sition of conodonts defines a closely constrained curve of 87Sr/86Sr var-
iations in seawater which agrees with similar curves based on analyses of
carbonates. If the phosphates did not preserve seawater Sr isotopic com-
positions, then there would be good reason to suspect that the Nd isotopic
composition was also disturbed in some way. The fact that the Sr in the
apatite has not been disturbed by diagenesis, however, does not guarantee
that the REE have been similarly unaffected. Samples older than 600 My
show larger deviations from the Sr curve than younger samples. In part,
this is due to the fact that the curve is poorly defined for times > 600 My.
Perhaps the most important test of whether the Nd isotopic composition
of phosphorite apatite and conodonts reflects that of ancient seawater is
to compare the isotopic composition of samples from widely separated local-
ities which bordered on a common sea. These samples should record the same
initial isotopic composition. This has been done for four different times
(Fig. 4.6). Conodonts from localities in Wyoming, Nevada, Missouri and New

York of 340-360 My age all have ENd(T) values equal to -7+1. Both

conodonts separated using acetic acid and conodonts which were separated
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Figure 4.5. Isotopic composition of Sr in seawater vs. time (after
Hlpurls Ted e

Peterman et al., 1970; Veizer and Compston, 1974; Burke et al., 1982,

Veizer et al., 1983). Curve is poorly constrained for times > 500My.
Symbols show the Sr isotopic composition of the apatite samples analysed in
this study. There is good agreement between these samples and previous

estimates of seawater 87Sr/86Sr. There is no obvious long term trend in

the Sr curve over the time period shown. Short term variations in

87Sr/86Sr must be a consequence of the time-varying relative importance of

Sr inputs to seawater from old marine carbonates (~ 0.7080), old silicate
continental crust (~ 0.7130), and young continental and oceanic, mantle

derived volcanism (~ 0.7030).
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without the use of acetic acid yield the same value of &y (T) (see
1V.4.2). Ordovician phosphorite from Tennessee has an €Nd(T) value that
overlaps the range of Nd isotopic composition inferred for Cambro-
ordovician seawater from analyses of metalliferous sediments from the
southern uplands of Scotland [Hooker fﬁnﬁl;) 1981]. The lower end of the
range given by Hooker et al. [1981] is likely to best reflect seawater
values; they found evidence for exchange of the metalliferous sediments
with the enclosing ophiolitic basalts (ENd(T) ~ +8), a process which would
raise the €Nd(T) values in the sediments. Two samples of phosphorite of
610£30 My age, one from southern China, the other from Pakistan have ENd(T)
~ -7+1. Finally, 660x10 My old phosphorite samples from U. Volta and Niger
have €y4(T) ~ -2.0£0.5. This agreement among samples of approximately the
same age 1s encouraging and suggests that sedimentary apatite can be used
to establish variations of ENd(T) in seawater through time. Conodonts are
especially attractive for this purpose because the detailed biostra-
tigraphies which have been worked out using conodonts offer the possibility
of very good time resolution.

Clearly, much more work is needed to elucidate the mechanism of incor-
poration of the REE into marine apatite and its resistance to exchange
during diagenesis. Ideally, any samples which are to be used for isotopic
work should also be analysed to obtain a REE pattern. This would aid in

selecting samples which are most likely to reflect seawater.

IV.5 1Isotopic composition of Nd in ancient oceans

Figure 4.6 summarizes the available data on the isotopic composition
of Nd in seawater as a function of time. The majority of the data points

plotted in this figure represent the analyses of phosphates presented in
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Figure 4.6. Isotopic composition of Nd in seawater as a function of
time. Separate curves are drawn for the Pacific and Atlantic oceans back
to ~ 200My. Panthalassa (see text) existed between ~ 200 and ~ 275 My so a
single curve for the world's oceans is drawn for this period. From ~ 275
to at least 400 My an open seaway to the south of N. America allowed mixing
between the "Pacific" and proto-Atlantic oceans and a single curve is also
drawn for this period. These curves are speculative and will certainly be
modified with the acquisition of new data.

Note that there is no evidence for values of ENd(T) in seawater
outside of the range observed in modern oceans for the time period
portrayed.

Boxes indicate uncertainties in age and ENd(T). These quantities are
correlated. Dashed boxes in the Jurassic and Ordovician are estimates of
seawater €gy from Chyi et al. [1982] and Hooker et al. [1981] respective-
ly. Also included is the isotopic composition of the Nd leached from
Cretaceous-Tertiary sanidine spherules [Shaw and Wasserburg, 1982; this
work, Chapter II].

Key to sample localities: A = Atlantic; PA = proto-Atlantic; T =

Tethys; P = Pacific (west coast of N. America); PI = '"proto-Indian".
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Figure 4.7. Plot of 143Nd/IM‘Nd vs. time in 10° years. Today is at
T=0. Illustrated is the principle of a model age calculation for 2AE
seawater using the Rum Jungle phosphorite results. The measured
1435a/14%yd in this sample is 0.51162 (g (0) = -4.4) with £5%/Nd = 40 91,
Going back in time, the Nd isotopic composition of this sample diverges
from the chondritic evolution curve (CHUR) and at 2AE had an initial
isotopic composition of 0.50872 (ENd(T) = -15.0). Assuming that the Nd in
seawater at 2AE was derived from continental crust with me/Nd = -0.4 then
one calculates a model age of ~ 1.5 AE for the age of the crust at the time

of phosphorite formation. This crust would be 3.5 AE old today.
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this work. Also plotted in Figure 4.6 are the initial isotopic com-
positions of iron-rich cherts from the Jurassic Franciscan Fm. of
california [Chyi et al., 1982] and Cambro-Ordovician metalliferous
sediments associated with an ophiolitic melange in the southern Uplands
Scotland [Hooker et al., 1981]. Much of what follows is necessarily
speculative given the small data base that currently exists. It is
anticipated that many of the details of this discussion will change as more
data on &g, in seawater are acquired.

There is no evidence among the data in Figure 4.6 for values of SNd(T)
in past oceans lying outside the range observed in modern seawater. Values
of €y4q for all the samples less than 700 My old lie between -1.7 and
-8.9. It appears that like today, the bulk of the Nd in ancient seawater
was derived from old, LREE enriched continental crust. In particular,
there are no samples with positive values of €Nd(T) which would indicate
the dominance of Nd derived from depleted mantle volcanic sources such as
midocean ridges, oceanic islands and island arcs. Like the seawater
87Sr/86Sr curve (Fig. 4.5), there is no long term trend visible in the €xd
data over the time period shown in Figure 4.6.

Separate curves of the evolution of the isotopic composition of Nd in
the Atlantic and Pacific Oceans are drawn in Figure 4.6 starting at modern
seawater €Nd(T) values and going back to ~ 200My. The curves are shown as
merging at a common point at this time. This assumes that the Nd isotopic
composition of the earliest proto-Atlantic Ocean was determined by the
influx of seawater from outside the rift zone. This need not be the
case. If the Nd in the early proto-Atlantic seawater was derived from
continental runoff draining into the rift then the Nd isotopic composition

of this water could have been quite different from 'Pacific" seawater. At
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the present, there 1is no evidence as to which of these alternatives 1is
correct. From ~ 200My to ~ 275My all the continents were joined together in a

single landmass known as Pangea [Berggren and Hollister, 1974; Smith et al.,

1981]. As a consequence, there was a single encircling ocean which has
been given the name Panthalassa. The Tethys was a western arm of this
global sea. It is expected that &g (T) would have a relatively uniform
value in seawater during this time. Correspondingly, a single curve has
been drawn on Figure 4.6 for this time period. Analyses of Devonian-
Mississippian conodonts from the east, southern, and west coasts of N.
America all have approximately the same value of €4(T), implying that the
proto-Atlantic and ancestral Pacific Oceans were well mixed with respect to
Nd isotopes at that time. Paleogeographic reconstructions for this time
period show a large open seaway between North and South America [Ziegler et

al., 1979; Smith et al., 1981] This passage must have allowed relatively

free circulation between oceans. The single curve for Panthalassa in

Figure 4.6 is extended back to ~ 400My on this basis. For times older than
400My the seawater €ygq curve is even more poorly constrained. The value of
€q In proto—Atlantic seawater appears to have risen between ~ 450 and ~ 630My
from ~ -6 to ~ -2. It is not known what relationship the ~ 600My ocean to

the south of Pakistan and southern China ("proto-Indian') had to other

oceans at that time and no curve has been drawn through these data in

Figure 4.6.

It is interesting to note that the times at which seawater SNd(T) is
inferred to have been high correspond to times associated with the breakup
of large continental landmasses. The Triassic marked the beginning of the
breakup of Pangea and the latest Precambrian saw the initial rifting of N.

America from Africa to form the proto-Atlantic Ocean. These times also
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appear to be local minima in seawater 875r/80sr (Fig. 4.5). The Nd and Sr
isotopic systems in seawater seem to be reflecting a greater input of young
mantle-derived material at these times. Increased volcanism would be a
natural corollary to continental breakup. In general, however, there 1is
not a correlation between the €y (T) and €Sr(T) values of the samples
analysed in this study.

It should be pointed out that the total range in €yq one expects in
seawater is on the order of 20 €-units. Isotopic variations within a
single ocean can be on the order of +3 €-units. The isotopic composition
of Sr in seawater has varied by ~ 40 €-units over the past 600My (Fig. 4.5)
with variations between all oceans being on the order of *1-2 €-units. The
"signal to noise'" ratio of the Nd isotopic system in seawater is thus lower
than that of the Sr system and may therefore present a greater problem for
interpreting the isotopic record.

The Rum Jungle sample (Ph-04, Table 4.3) is from the oldest known
phosphorite deposit (2.0+0.2AE) and represents a large jump back in time
from the samples discussed up to now. This sample provides a good example
of the sort of information about the age of the exposed crust as a function
of time that can be extracted from the record of the Nd isotopic composi-
tion of seawater. The measured €g,(0) value of this sample is -4.4.

me/Nd = +0.2]1 measured on this sample was

Assuming that the value of
acquired at the time of formation of the phosphorite 2AE ago, then one cal-
culates an initial isotopic composition of €Nd(T) = -15.0 (Fig. 3.7). This
large negative value implies that the Nd in this sample was derived from a
LREE source, namely continental crust, which was quite old at the time of

phosphorite formation. An estimate of the age of the crust involved can be

obtained by assuming a typical value of gSm/Nd _ -0.4 for the crust which
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was the source for the Nd in 2AE seawater. One then calculates that the
crust bordering on the sea in which the phosphorite formed was already
1.5AE old at 2AE ago, and would thus be 3.5AE old today. This is a power-
ful statement. These results imply that the exposed continental crust
which existed 2AF ago was on average formed 1.5AF earlier and suggest that
a substantial amount of continental crust was formed quite early in the
earth's history.

Obviously, the conclusions derived from this single sample will
require confirmation by analyses of other samples of both Rum Jungle
phosphorite and other contemporaneous marine phases. In particular, the

me/Nd = +0.21 is rather different from the values of me/Nd in

value of
more recent seawater and suggests that the sample may not have had the
simple history assumed here. Nevertheless, the principles involved in
obtaining information on the age of the exposed crust as a function of time
are well exposed by this example. Analyses of additional phosphorites
ranging in age from the Proterozoic to Recent should yield good constraints
on the age of the continental crust for the past 2AE. Unfortunately, there
are no known Archean phosphorites and a different choice of a phase to
analyze will need to be found in order to extend the record of €Nd in
seawater to earlier times. Possible candidates for this include some
lithologies of banded iron formations and Archean bedded barite deposits.
Finding the record of €yq In seawater during the first 2.5AE of the earth's

history will not be an easy task, however, it is well worth the attempt for

the information it would provide on the early evolution of the crust.
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IV.6 Conclusions

Measurements of the Nd and Sm concentrations in modern primary marine
calcite and aragonite range from 0.2 to 65 ppb Nd with me/Nd values
between -0.16 and -0.45 (Table 4.1, Fig. 4.2). Both biogenic and in-
organically precipitated carbonates have low REE concentrations. The
concentration of Nd in these samples is within a factor 10 times what would
be expected if there were no fractionation of the seawater Nd/Ca ratio upon
formation of the carbonate. These concentrations are ~ 102 times lower

than previously reported for modern biogenic carbonates [Turekian et al.,

1973; Scherer and Seitz, 1980], and up to 10° times lower than reported for
the acid soluble portions of limestones [Haskin et al., 1966; Parekh et
al., 1977]. Even though the Nd concentrations are quite low, the €y4(0)
values of modern carbonates samples from the Atlantic and Pacific Oceans
are distinctly different and reflect the isotopic composition of Nd in the
seawater in which they formed (Fig. 4.3). Nd concentrations in three very
well preserved carbonate fossils were investigated and found to vary from
37 ppb to 3.1x104 ppb Nd (Table 4.2). The high REE concentrations in
carbonate fossils and limestones measured in this study and in the
literature cannot be primary but must be due to the presence of a second
REE-rich phase of the adsorption of REE onto grain boundaries. The fact
that the REE patterns of limestones are flat when normalized to shales
[Haskin et al., 1966; Jarvis et al., 1975; Parekh et al., 1977; McLennan et
al., 1979] implies that the REE in these rocks were not derived from
seawater but rather were probably derived from detrital materials or from
pore fluids during diagenesis. The low Nd concentration in the primary
marine carbonates makes them very susceptible to later isotopic exchange

and overprinting of the original isotopic signature by Nd derived from



166
other sources. Carbonates are thus a poor choice of a phase to analyze in
order to determine ENd(T) of ancient seawater.

Modern biogenic apatite was found to have low Nd concentrations (<150
ppb, Table 4.1), but there is some evidence that REE are quickly scavenged
from seawater by the apatite upon death of the organism. Quite high REE
concentrations can be reached by this process [Arrhenius et al., 1957;
Bernat, 1975]. Although the mechanism of its formation is controversial
[Bentor, 1980], the inorganically precipitated apatite in phosphorite
deposits also has high concentrations of seawater-derived REE [Goldberg et
al., 1963; Altschuler et al., 1967; El-Kammar et al., 1979; Altschuler,
1980; this work, Table 4.3 and Fig. 4.4]. Sedimentary apatite of marine
origin generally preserves the characteristic negative Ce-anomaly of
seawater [see references cited above]. 1In addition, apatite samples of the
same age from geographically separated localities bordering on a common sea
record approximately the same €y (T) value. Apatite thus appears to be a
suitable phase to analyze in order to determine variations of ENd(T) in
ancient oceans.

Conodont and phosphorite apatite samples have been analysed for Nd and
Sr isotopic composition. The €5 (T) values of these samples agree well
with previous determinations of the isotopic composition of Sr in seawater
(Fig. 4.5). The ENd(T) values lie within the range of modern seawater
values indicating that there have been no drastic changes in the sources
for Nd in seawater over the past 700My (Fig. 4.6). Pacific and proto-
Atlantic seawater during late Devonian to early Mississippian time appears
to have been well mixed with respect to Nd isotopes and had a value of
€ya(T) = -7tl. Times of relatively high €y (T) in seawater during the

Triassic and latest Precambrian seem to correlate with the breakup of large
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continental landmasses, implying an increased amount of mantle-derived
volcanism at these times. The initial €Nd(T) value of -15.0 for the 2AE
old Rum Jungle phosphorite requires the existence of old continental crust
at the time of phosphorite formation. That crust would, on average, be
3.5AE old today. This example demonstrates the possibility of using the
variations in €yqg 1n seawater over time to constrain the age of the exposed

crust in the past.
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Sm-Nd and Rb-Sr analyses of tektites and other impactites can be used to place constraints on the age and
provenance of target materials which were impact melted to form these objects. Tektites have large negative €~¢(0)
values and are uniform within each tektite group while the €57(0) are large positive values and show considerable
variation within each group. Chemical, trace element, and isotopic compositions of tektites are consistent with
production by melting of sediments derived from old terrestrial continental crust. Each tektite group is characterized by
a uniform Nd model age. TY$ . interpreted as the time of formation of the crustal segment which weathered to form
the parent sediment for the tektites: (1) ~1.15 AE for Australasian tektites; (2) ~1.91 AE for Ivory Coast tektites: (3)
~0.9 AE for moldavites; (4) ~0.65 AE for North American tektites, and (5) ~0.9 AE for high-Si irghizites. Sr model
ages, TSR, are variable within each group reflecting Rb-Sr fractionation and in the favorable limit of very high Rb/Sr
ratios, approach the time of sedimentation of the parent material which melted to form the tektites. Australasian tektites
are derived from ~0.25 AE sediments, moldavites from ~0.0 AE sediments, Ivory Coast tektites from ~0.95 AE
sediments. Possible parent sediments of other tektite groups have poorly constrained ages. Our data on moldavites and
Ivory Coast tektites are consistent with derivation from the Ries and Bosumtwi craters, respectively. Irghizites are
isotopically distinct from Australasian tektites and are probably not related. Sanidine spherules from a Cretaceous-Ter-
tiary boundary clay have initial €9~ +2; ¢5"~ +5 and are not derived from old continental crust or meteoritic
feldspar. They may represent a mixture of basaltic oceanic crust and sediments, implying an oceanic impact. These

isotopic results are also consistent with a volcanic origin for the spherules.

1. Introduction

The origin of tektites has long been the source
of controversy. Since the early part of this century,
when it was recognized that tektites are naturally
fornied objects and not the product of early man’s
glass-making, many creative theories have been
proposed to explain their origin (see O’Keefe [1]
for a discussion of the history of these theories).
Most of these suggestions have been examined and
discarded and today, although some workers favor
a lunar volcanic origin for tektites [1,2], most
workers agree that the results of analyses on re-

Division Contribution No. 3718 (403).

turned lunar samples make a lunar origin highly
unlikely. Instead, most feel that the bulk of the
physical and chemical data on tektites is consistent
with their formation by impact melting of ter-
restrial rocks or sediments by the fall of a large
meteorite or comet nucleus [3,4]. In this paper we
present the results of a series of Nd and Sr isotopic
measurements made on tektites in order to gain
new insight into their origin. We then present a
model to explain the observed isotopic sys-
tematics.

In order to extend this technique, we have also
analyzed sanidine spherules from the Cretaceous-
Tertiary boundary clay of the Gredero section,
Caravaca, southeast Spain. Alvarez et al. [5] found



that the sediments marking the end of the Creta-
ceous in Italy, Denmark, and New Zealand are
many-fold enriched in Ir and other noble metals
relative to crustal rocks. This has subsequently
been confirmed to be a global phenomenon [6-8].
The enrichment of these elements at the Creta-
ceous-Tertiary boundary has been interpreted as
evidence for the impact of a 5-10 km extrater-
restrial body. The sanidine spherules are thought
to have been produced by this impact event. The
lack of geologic evidence on land for the crater
which would result from such a large impact has
prompted the suggestion that the impact occurred
in an ocean basin, a possibility which is in princi-
ple addressable by the techniques used in this
paper.

Over a decade has passed since the first Sr
isotopic measurements were made on tektites [9—
13]. Since then, our understanding of the behavior
of isotopic systems during various geochemical
processes has greatly increased. In addition, the
development of techniques to measure precise Nd
isotopic ratios has provided a new, powerful tool
for dating and determining the provenance of
rocks. Advances in Rb/Sr techniques now permit
the measurement of #’Sr /#Sr ratios to better than
0.1% on samples containing < 10~ '2 moles of Sr
[14,15], which has allowed us to include micro-
tektites in this study. Preliminary results of this
project were presented at the 12th and 13th Lunar
and Planetary Science Conferences [14-17].

2. Samples

Tektites are known to occur in four areas on
earth (Fig. 1). Within each area tektites have the
same K-Ar or fission track age, presumably dating
the time at which the tektites were last molten.
These four groups consist of (1) the North Ameri-
can tektites (georgiaites, bediasites, and the
Martha’s Vineyard tektite), with ages of ~ 35 m.y.
[18,19]; (2) the central European moldavites which
formed ~ 14 m.y. ago [20,21]; (3) the Ivory Coast
tektites of 1.3 m.y. age [18,21]; and (4) the Austral-
asian tektites (australites, indochinites, philip-
pinites, etc.) of ~0.7 m.y. age [18,22-24]. In addi-
tion, the North American, Ivory Coast, and
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Australasian occurrences are associated with mi-
crotektites found in deep-sea sediments of the
same age as the land tektites [25-27]. Recently.
glasses associated with the Zhamanshin impact
structure have been descrjbed from the region
north of the Aral Sea, U.S.S.R. [28-31]. The
tektite-like objects have been called irghizites and
associated impact glasses, zhamanshinite. De-
terminations of the age of these objects range from
0.81 to 1.1 m.y. [32-33]. Florenskij et al. [34] have
determined that the Zhamanshin structure itself is
between 0.69 and 0.85 m.y. old.

We have analyzed seven Australasian macro-
tektites and two Australasian microtektites from
the Indian Ocean, six North American tektites
(three bediasites, two georgiaites, and the Martha’s
Vineyard tektite), four moldavites, three Ivory
Coast tektites, two high-Si irghizites and one low
Si irghizite (zhamanshinite in the nomenclature of
Bouska et al. [31]). Samples were chosen to cover
the range of representative chemical composition
and to cover the geographic distribution of these
occurrences. As this work was being completed, it
was brought to our attention that a possible parent
material for the moldavites had been identified
among the Ries Crater materials on the basis of
chemical and Sr isotopic analyses [35]. This
material is the Tertiary Upper Freshwater Mollase
(OSM sands) which formed a thin surficial deposit
at the time of formation of the Ries Crater.
Through the generosity of Dr. P. Horn at Munich
and Drs. Luft and von Engelhardt at Tibingen,
we obtained two samples for analysis. Sample
OSM 050 is from a surficial deposit near Unterfin-
nigen and sample OSM D2 is from the 41.9m
level of the NASA drill hole at Demmingen. The
OSM sands are of Tortonian age and are made up
of freshwater limestones, marls, clay, and sand
[36].

In a study of the fossil assemblages across the
Cretaceous-Tertiary boundary, Smit [37] found
large numbers (50-300 cm ™ * of sediment) of small
(50-1000 pm) spherules in the Ir-rich layer at
Caravaca. X-ray diffraction, electron probe and
neutron activation analyses showed that the spher-
ules are dominantly sanidine with K/Na ~ 100.
are rich in As, Se, Sb, Zn, and contain dark
inclusions rich in Fe, Ni, and Co [37]. Unlike the



glassy tektites, the spherules are very finely crystal-
line and contain up to 20% void space which may
have been occupied by another phase at one time.
We were provided with a concentrate of these
spherules by J. Smit. Smit and Klaver [37] have
argued that the sanidine spherules have the texture
of quickly cooled liquid droplets. At a recent
meeting (13th Lunar and Planetary Science Con-
ference, Houston, Texas, 1982), this interpretation
was questioned. To some present, the textures
were more diagnostic of devitrified glass or authi-
genic growth. The very heavy oxygen isotopic
composition of the spherules (8'*Ogyow = +27.5)
reported by Epstein [38] was offered as evidence of
high-temperature isotopic exchange with atmo-
spheric oxygen (8" O&\jow ~ +24 [39)). It is possi-
ble that low-temperature exchange with seawater
(8" Ogyiow =0) during devitrification or authi-
genic growth could also explain the heavy oxygen
of the sanidine.

3. Procedures and data representation

Each macrotektite was crushed and clear inter-
ior fragments weighing 50-300 mg were selected,
rinsed in clean acetone and distilled water,
powdered and set aside for dissolution. A frag-
ment of each tektite was reserved for a thin sec-
tion. Sample USNM 2082 (Martha’s Vineyard)
was a powder when received. A 47 mg split was
made and used for dissolution. The OSM sand
samples were also powders when received. Splits
of ~200 mg were used for dissolution. Detailed
descriptions of the chemical separation and mass
spectrometric procedures are given in references
40-42. A different procedure was followed for the
analysis of the microtektites [15]. Rb, Sr, Sm, and
Nd concentrations were determined by isotope
dilution. Typically, for the macrotektites, 50-100
mg of sample were dissolved and an aliquot (~2%)
taken and spiked to determine approximate con-
centrations. The remainder of the solution was
then spiked to determine both isotopic composi-
tion and concentration.

Major and minor element concentrations of the
tektite samples were determined by electron micro-
probe analysis. X-ray intensities were reduced using
the procedure of Bence and Albee [43] and the
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correction factors of Albee and Ray [44] and Shaw
and Albee [45]. A broad beam (>30 pm) and a
low sample current (15 nA on brass) were used to
minimize volatile loss. Precision of the analyses is
1-2% of the amount present for major con-
stituents.

Approximately 100 mg of sanidine spherules
were hand-picked from other materials in the con-
centrate. Other materials (~ 10%) consisted of
carbonate nanofossils, lithic fragments, and organic
matter. The spherules were crushed, leached in
cold 0.5M HCI, and rinsed with H,O in an at-
tempt to remove carbonate. The residue (residue 1)
was spiked and analyzed. A sequential leaching
experiment was carried out on a 262 mg separate
of spherules. This separate was subjected to 4 acid
leaches of increasing strength: cold 0.1 M, 0.5 M.
1.5 M, and hot 1.5 M HCI. Aliquots of all 4 leaches
and the residue (residue 2) were spiked and
analyzed. A 7.5 mg aliquot of residue 2 was sub-
jected to a final leach in hot 3M HCI and the
resulting residue (residue 3) analyzed. We have
also measured Sr isotopic composition and con-
centration in a hand-picked separate of carbonate
fossils from the boundary clay.

The errors quoted for the '“Nd/'*Nd and
%7Sr /®Sr ratios are 20 of the mean for 150-250
and 100-200 ratios, respectively. Blanks for the
procedure are ~ 50 pg Nd and 150 pg Sr and are
negligible. Isotopic ratios are expressed in € nota-
tion [46] where €N4(0) is the measured deviation in
parts in 10* of the '"*Nd/'*Nd ratio from the
present-day chondritic value of 0.511847 (CHUR):

~4(0) :[( 'Nd/'*“Nd)y,

-1 x10*

0.511847
Similarly €57(0) is the deviation in parts in 10* of
the *’Sr/®*Sr ratio from the inferred reference
value of 0.7045 corresponding to a model un-
differentiated mantle reservoir (UR):

(¥'sr/%6sr),,
0.7045

— 1| x 10%.

so-]

The parent-daughter ratios can be referenced to
these reservoirs by expressing them as the enrich-
ment factors:

f5m/Nd=[(Sm/Nd)p/ (Sm/Nd)cnur — 1]
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Fig. 1. Map showing the locations of known tektite fields and suggested source craters. Locations of deep-sea cores containing microtektites associated with the North
American, Ivory Coast, and Australasian tektites are indicated by the symbols. (After Glass et al. [78].)
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TABLE 1

Microprobe analyses of tektites

Australasian tektites Moldavites Ivory Coast tektites

ThaiA  ThaiB Camb A Camb B Camb C HiCaAus HiMgAus USNM USNM USNM USNM USNM USNM USNM

USNM 2052 2051 2226 2233 6011A 6011B 6011C
2536
Sio, 74.16 7472 7575 78.15  77.06 75.53 72.84 78.42 76.37 80.91 80.50 68.96 68.73 69.29
TiO, 0.77 074  0.76 0.65 0.83 0.65 0.72 0.36 0.34 0.36 0.27 0.56 0.56 0.57
AlLO, 13.95 1269 1175 113 1171 1111 11.84 10.73 10.76 10.73 9.21 17.10 16.21 16.67
Cr,0, 0.03 004  0.03 0.02 0.03 0.02 0.01 0.03 0.02 0.00 0.13 0.08 0.05 0.04
FeO 4.92 457 3.82 4.06 3.55 4.20 4.82 2.00 1.96 1.94 1.43 6.60 6.16 6.28
MgO 1.95 1.85 1.53 1.35 1.31 1.67 2.55 1.82 2.43 1.26 1.69 2.97 3.20 3.07
MnO 0.07 0.08 0.06 0.15 0.07 0.09 0.10 0.04 0.29 0.05 0.09 0.29 0.06 0.06
CaO 1.80 1.83 1.37 1.06 0.96 3.85 2.90 2.02 3.46 1.17 2.69 1.22 1.31 0.93
K,O 2.67 2.52 2.30 2.45 2.36 2.35 2.30 2.76 3.30 2.86 2.46 1.91 1.79 1.81
Na,O 0.68 1.05 1.18 1.01 0.92 0.95 L12 0.43 0.39 0.40 0.38 1.71 1.58 1.54
Total 101.00  100.09 98.55 100.03  98.80 100.41 99.20 98.61 9932 9968  98.85 101.40 99.65 100.26
Bediasites Georgiaites Irghizites
USNM 1880 USNM 1880 USNM 1880 USNM USNM USNM 5939 USNM 5938 USNM 5938
B-229 B-306 B-312 2339 6178 GplV 12 Gplll 3-1 Gplll 3-6
Sio, 79.20 78.52 75.69 81.61 80.50 54.27 75.11 74.46
TiO, 0.72 0.63 0.83 0.51 0.50 0.81 0.76 0.76
AlLO, 12.68 11.95 14.85 11.65 11.73 19.47 9.32 9.54
Cr,0, 0.01 0.02 0.02 0.04 0.02 0.01 0.03 © 004
FeO 3.52 3.02 4.03 2.92 3.01 7.67 5.34 5.50
MgO 0.40 0.56 0.49 0.54 0.53 2.64 2.65 2.77
MnO 0.03 0.05 0.01 0.00 0.00 0.16 0.08 0.08
CaO 0.41 0.66 0.44 0.48 0.53 8.85 2.30 2.43
K,O 1.90 2.36 1.69 221 2.18 1.39 1.96 1.96
Na,O 0.90 0.94 0.83 0.52 0.87 3.51 0.81 0.86

Total 99.77 98.75 98 .88 100.01 99 87 98.78 98.36 98.42
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FR0 5" =[(Rb/Sr)m/ (Rb/Sr)ug — 1]

where M denotes the measured values and
(*Rb/*Sr) g = 0.0827. ("'Sm/'"*Nd)cyur =
0.1967.

4. Results
4.1. Tektites

Chemical compositions are presented in Table 1.
With the exception of the low-Si irghizite USNM
5939 #12, all samples are characterized by very
high SiO, contents and high K,O and Na,O con-
tents. These elemental abundances are unlike com-
mon terrestrial igneous rocks, having relatively low
alkali and high alumina contents as compared to
igneous rocks with a similar silica content. This is
reflected in the presence of corundum in the norm.
The Australasian tektites show a strong positive
correlation between the concentrations of CaO
and Sr [13]. This correlation does not appear to

TABLE 2
Sm-Nd and Rb-Sr isotopic results

hold for the other tektite groups. Several authors
[30.47,48] have previously determined that the
LREE in tektites and irghizites are strongly en-
riched relative to chondritic abundances. This en-
richment is confirmed by our data by the negative
values of f5™/Nd for all .samples (Table 3). The
values of f5™/Nd which range from —0.39 to
—0.45 are typical of crustal rocks. As many other
investigations have shown, tektites and the high Si
irghizites are most similar in chemistry to ter-
restrial sedimentary rocks such as greywackes and
arkosic sandstones or soils [49]. There are no
known lunar rocks having major and trace element
compositions which match those of tektites nor are
there any known meteorites with compositions
similar to tektites. The low-Si irghizite (USNM
5939 #12) is unlike any of the other tektites
analyzed. Its composition is most like a basaltic
andesite.

Our isotopic results are presented in Tables 2
and 3. Fig. 2a, b are histograms of isotopic com-
position comparing our data on tektites and

Nd 147m /144 Nd @ 4INd /14 Nd b Sr 87Rb /#Sr ¢ 875y /865y 4
(ppm) (ppm)
Australasian tektites
Thailand A 29.8 0.1165 0.511260 129.6 2.824 0.71894
+24 =5
Thailand B 33.8 0.1165 0.511246 127.9 2.555 0.71880
+26 =4
Cambodia A 27.0 0.1161 0.511241 115.9 2.797 0.71857
*20 =3
Cambodia B 322 0.1192°¢ 0.511271 110.7 2.946 0.71947
+35 =3
Cambodia C 33.8 0.1155 0.511224 107.2 3.037 0.71912
+23 =3
HiCa australite 33.1 0.1170 ¢ 0.511258 291.0 1.327 0.71398
*26 =4
HiMg australite 314 0.1161 0.511290 162.8 1.750 0.71625
+25 ==
Microtektites
BG-1 - - - - 1.528 0.71680
=70
BG-2 - - - - 0.628 0.71870
=70
Moldavites
USNM 2051 28.4 0.1089 0.511345 159.2 2.206 0.72158

+24

+4



TABLE 2 (continued)
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Nd "47Sm /" Nd * “INd/"Nd b Sr ¥Rb/%sre  #7sr /Mg d
(ppm) (ppm)
USNM 2233 - - - 130.4 2.892 0.72196
B -3
USNM 2226 - - - 136.0 3.023 0.72292
=4
USNM 2052 26.2 0.1165 0.511344 124.0 3.481 0.72342
=27 =)
OSM sands
OSM 050 20.8 0.1094 © 0.511317 56.8 4.508 0.72397
*26 >4
OSM D2 10.1 0.1013 ¢ 0.511345 64.0 2.194 0.72196
=25 *6
Tvory Coast tektites
USNM 6011A 20.5 0.1139 0.510813 289.6 0.627 0.72334
*29 =3
USNM 6011B - - - 286.0 0.650 0.72357
=
USNM 6011C 213 0.1137 0.510849 259.6 0.787 0.72571
=20 =3
North American tektites
Bediasites
USNM 1880 31.6 0.1206 0.511514 123.7 1.212 0.71361
B-229 +28 %5
USNM 1880 37.7 0.1183 0.511504 121.6 1.249 0.71310
B-306 =25 +4
USNM 1880 328 0.1194 0.511534 132.1 - 0.71280
B-312 25 =7
Georgiaites
USNM 2339 22.6 0.1180 0.511508 171.1 - 0.71325
=21 =7
USNM 6178 - - - 114.3 1.184 0.71255
£3
Martha’s Vineyard
USNM 2082 217 0.1178 0.511503 168.4 1.223 0.71319
=25 &3
Irghizites
USNM 5939 14.0 0.1399 0.511940 7715 0.109 0.70508
GplV #12, low Si +33 =11
USNM 5938 17.5 0.1167 0.511410 142.2 1.215 0.71432
GplIII 3-1, high Si =29 *6
USNM 5938 18.2 0.1167 0.511369 143.7 1.215 0.71427
GplII 3-6, high Si =26 =5

# Uncertainty =0.2% except as noted below.

o

c

Normalized to '*Nd/'**Nd=0.636151.
Uncertainty=1.0%.
4 Normalized to *Sr/*¥Sr=0.1194.

¢ Concentration by aliquot only, uncertainty =2%.
! Data from Papanastassiou and Wasserburg [15].



TABLE 3

Parameters for Nd, Sr isotopic evolution
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(Nd(o)a /Sm/Ndb T(‘HK‘R (AE) <Sr(0)y th Srd TLR(AE)
Australasian tektites
Thailand A =11.5%£0.5 —0.4078 1.12 %005 204.4+0.7 33.1% 0.371=0.004
Thailand B =11.8=0.5 —0.4075 1.15=0.05 203.0=0.6 29.90 0.407 = 0.004
Cambodia A —-11.8+=04 —0.4047 1.15=0.05 199.8 0.4 32.82 0.365=0.004
Cambodia B =11.22=0.7 —0.3942 1.14=0.2 2125+0.4 34.62 0.368 = 0.004
Cambodia C -12.2+04 —0.4129 1.17+0.07 207.6=0.4 35.72 0.348 =0.003
HiCa australite =11.5=05 —0.4050 1.13=0.2 134.6=0.6 15.05 0.536 =0.005
—11.4=04

HiMg australite
USNM 2536 —109=05 —0.4095 1.06 =0.05 166.8 =0.7 20.17 0.496 = 0.005
Microtektites ¢

BG-1 - - - 174.6=9.9 17.48 0.59 =0.05

BG-2 - - - 201.6=9.9 6.59 1.83 =0.09
Moldavites
USNM 2051 —9.8+0.5 —0.4461 0.88=0.04 242.4=0.6 25.68 0.566 = 0.006
USNM 2233 - - - 247.8+=0.4 33.96 0.438 = 0.004
USNM 2226 - - - 261.4=0.5 35.56 0.441+0.005
USNM 2052 —-9.8+0.5 —0.4077 0.96 =0.04 268.6+0.7 41.09 0.392 = 0.006
OSM sands
OSM 050 —104=0.5 —0.4437 0.93=0.2 276.3=0.5 53.51 0.310+0.004
OSM D2 —99%+0.5 —0.4851 0.81=0.2 247.9+0.8 25.53 0.583=0.007
Tvory Coast tektites
USNM 6011A —20.2=0.6 —0.4207 1.91+0.05 267.4+0.4 6.58 244 +0.62
USNM 6011B - - - 270.7=0.6 6.85 2.37 =0.67
USNM 6011C —19.5=04 —0.4221 1.84+0.05 301.1=0.4 8.52 2.12 =0.57
North American tektites
Bediasites
USNM 1880 B-229 —6.5=0.6 —0.3870 0.67=0.06 129.3=0.7 13.66 0.568 = 0.006
USNM 1880 B-306 —6.7=0.5 —0.3983 0.67+0.04 122.1=0.6 14.10 0.519=0.006
USNM 1880 B-312 —6.1%0.5 —0.3929 0.62=0.05 117.8=1.0 - -
Georgiaites
USNM 2339 —6.6=04 —0.3999 0.66 =0.04 124.1=1.0 - -
USNM 6178 - - - 1143=04 13.32 0.515=0.005
Martha's Vineyard
USNM 2082 —6.7x0.5 —0.4013 0.67=0.04 123.3=04 13.79 0.536 = 0.006
Irghizites
USNM 5939 +1.8=0.6 —0.2887 —-0.25+0.09 7.25= 1.6 0.32 1.34= 0.30
GplV #12, low Si
USNM 5938 —8.5=0.6 —0.4063 0.84=0.05 139.4+0.8 13.70 0.61= 0.006
GpllI 3-1, high Si
USNM 5938 —0.320.5 —0.4069 0.91=0.05 138.7=0.7 13.70 0.61= 0.006

GplII 3-6, high Si

* Referenced to ('**Nd/'*Nd)cyyup =0.511847.
P Referenced to ('¥7Sm/'*Nd) ¢y g =0.1967.

¢ Referenced to (¥'Sr /®¢Sr) r =0.7045.
9 Referenced to (¥Rb /#Sr) r =0.0827.
Data from Papanastassiou and Wasserburg [15].
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Fig. 2. (a) Histogram of ¢™¥9(0) comparing the Nd isotopic composition of tektites to other terrestrial materials. Tektites have the Nd
isotopic composition of old continental crust. Each tektite group is characterized by a uniform value of eN4(0). (b) Histogram of €57(0)
for tektites showing range of Sr isotopic composition observed within a given tektite group. Tektites have the Sr isotopic composition
of old continental crust. Sr data for old continental crust are not plotted but generally lie in the region ¢5'(0)> + 50. Patterns within
Ristogram correspond to those used in Fig. 2a. (Data on old continental crust, oceanic island arcs (ARCS), mid-ocean ridge basalts
(MORB), and continental flood basalts (CFB) from references 46, 52-55, 79.)

irghizites with various terrestrial rocks. With the
exception of the low-Si irghizite, our samples are
characterized by negative ¢¥¢(0) and large positive
€57(0) indicating that the parent material for these
objects had a time integrated LREE enrichment
and high Rb /Sr ratio. The isotopic composition of
Nd is extremely uniform within each group of
tektites. The Sm/Nd ratios are also quite uniform,
though the abundances of Sm and Nd vary. In
contrast, Sr isotopic composition within a group is
quite variable as is the Rb /Sr ratio. This is partic-
ularly true of the Australasian tektites.

The low-Si irghizite is distinctive and has a low
87Sr /8¢Sr and positive €™4(0), indicating that al-
though it is now LREE enriched, this enrichment
occurred at a recent time and the source material
which melted to form this object had a time-in-
tegrated LREE depletion.

4.2. Sanidine spherules
In Fig. 3a we have plotted the isotopic composi-

tion of Sr for the sequential leaches and residue 2
vs. the cumulative percent Sr released. The bulk
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Fig. 3. (a) Plot showing measured ®’Sr/®Sr vs. cumulative %
Sr released in sequential leaching of sanidine spherules.
Seawater data from Peterman et al. [50). (b) Plot of cumulative
% Rb vs. cumulative % Sr released during sequential leaching of
sanidine spherules.

(~75%) of the Sr was removed in the first leach
and ~96% removed in the combined leaches. The
isotopic composition of the Sr in the leaches is
€57(0) ~ +45 which is indistinguishable from that
in the carbonate fossils (Table4) and within the
range of Cretaceous seawater Sr [50]. The residue
has a significantly different isotopic composition
of €57(0) = +98.4. The data for the carbonate fos-
sils, residue 1 and residue 2, lie on a straight line
mixing line in a plot of €5(0) vs. 1/Sr (Fig.4),
showing that the bulk spherules have a Sr isotopic
composition which is a mixture of Cretaceous
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Fig.4. Plot of ®Sr/%Sr vs. 1/Sr for Cretaceous-Tertiary
boundary clay materials. Sanidine spherules lie on a mixing line
between marine Sr and a sanidine Sr endmember.

seawater Sr represented by the fossils and a sani-
dine Sr endmember at higher €37(0). Residue 3, the
most strongly leached residue with €5°(0) = + 106.4
and ~ 18 ppm Sr does not lie on this mixing line.
having lower €57(0) than predicted from the mixing
line. We interpret this as representing the onset of
Sr leaching from the sanidine itself. We thus infer
that €5'(0) of the sanidine endmember is + 106 as
measured in residue 3. Residue 2 closely ap-
proached this value in the sequential leaching ex-
periment. This value is higher than that reported
by DePaolo et al. [51] for an acid-leached residue
with 111 ppm Sr. It is clear that both their sample
and that which we originally reported on [17] were
insufficiently leached and do not represent the
endmember. To determine the initial €5(T) one
must look at the behavior of Rb relative to Sr in
the leaching experiment. Table 4 and Fig. 3b show
that although ~96% of the Sr was removed in the
4 leaches, only 5% of the Rb was extracted. The
bulk of the Rb remained in the residue and is
associated with the high €5°(0) material. Rb in the
bulk spherules is strongly fixed in the sanidine
unlike Sr which resides in easily acid leachable
phases. If we use the Sr mixing relationship to
determine the Sr concentration in the sanidine
endmember (~ 22 ppm Sr) and assume that all of



TABLE 4

Isotopic results on sanidine spherules and leaches

Sr *Rb sr YRb/%Sr  5(0)* Nd '47Sm '*4Nd ISm/'"Nd N (0)P
(ppm) (nmoles) (nmoles) (ppm) (pmoles) (pmoles)
Residue 1 60.1 - - 3.10 +660+14 0.55 - - - -
0.1 M leach - 0.515 886.3 0.005 +448+0.7 - - 439 - —6.93+0.50
(1.08%) (73.64%) (7.76%)
0.5 M leach - 0.254 148.5 0.014 - - 253.0 - -
(0.53%) (12.34%) +43.7+0.7 (44.74%)
1.5 M leach - 0.262 68.4 0.033 - - 149.0 - —5.56+0.49
(0.55%) (5.68%) (26.35%)
Hot 1.5 M leach - 1.400 438 0.267 +453+06 - - 55.6 - —4.14+0.46
(2.93%) (3.64%) (9.83%)
Residue 2 249 45.3 56.6 6.70 +984+0.7 0.16 12.3 64.0 0.192 +1.93+0.50
(94.97%) (4.70%) (11.32%)
Residue 3 18.0 - - 8.86 +1064+2.5 0.11 - - - -
Carbonate fossils  997.6 - - 0.012 +453+0.6 - - - - -

* Referenced to (*'Sr/#¢Sr) , =0.7045.

® Referenced to ('’*Nd/'"*Nd)cpyur =0.511847.
Numbers in parentheses refer to the percentage of the element released in a sequential leaching experiment.
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the Rb in the bulk spherules is in the sanidine,
then we can calculate a lower limit of €3(7T)=
+1.1 at 65 m.y. Similarly, using the same Sr
concentration but assuming a Rb concentration
equal to that in the most strongly leached residue
we calculate an upper limit of €5(T) = +11.0. The
parent material for the spherules must therefore
have had €%(T') between +1 and + 11 (¥’Sr/*Sr
=0.7045-0.7052).

Fig. 5 shows €N4(0) vs. the cumulative percent
Nd released by the leaching. Only 12% of the Nd
remained in residue 2 which has a very low Nd
concentration of 0.16 ppm and approximately
chondritic Sm/Nd (Table4). The isotopic com-
position of residue 2 at €N4(0)= +1.9 is signifi-
cantly different from any of the leaches and is a
lower limit on the endmember composition. We
argue on the basis of the Sr results that this value
is close to the true isotopic composition in the
sanidine endmember. DePaolo et al. [S1] also re-
ported a value of €YY= —6.0 for acid-leached
spherules with 1.2 ppm Nd. As noted above, their
sample and the sample on which we initially re-
ported [17] were insufficiently leached.

pmoles '*4Nd
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Fig. 5. Plot of €~¥9(0) vs. cumulative Nd released in sequential
leaching of sanidine spherules.
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S. Discussion
5.1. Tektites

The large negative €~9(0) and positive €¢7(0)
characteristic of tektites are clear signatures of old
continental crust (Fig.2) [52]. The isotopic data
exclude the possible derivation of tektites from
continental material recently derived from the
mantle which has €“90) and €%(0) near zero
[46,53]. The data also rule out an oceanic crustal
source which would have an ¢N4(0) of +8 to + 12
and €0) of —20 to —30 [46,53-55]. High-Si
irghizites also have the characteristic isotopic com-
position of old continental crust.

A plot of €N4(0) vs. €57(0) (Fig. 6) shows that the
overlap in Sr isotopic composition between the
various tektite groups is spread out in the second
dimension provided by the Nd isotopic data. Each
tektite group is characterized by a distinctive range
of isotopic compositions. The range in isotopic
composition is due almost entirely to variations in
€5'(0) at constant €™4(0). This is most clearly dis-
played by the Australasian tektites. The unifor-
mity of Nd isotopic composition and continuous
range of Sr isotopic composition of the Australa-
sian tektites is hard to reconcile with the sugges-
tion that the indochinites and australites are due
to different impact events [56]. Instead, our data
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Fig. 6. Plot of €N%(0) vs. ¢57(0) for tektites. Each group has a
distinctive range in isotopic composition. Variation in isotopic
composition is mainly due to variation in €57(0) at constant
N40).
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support the interpretation that the entire Australa-
sian strewnfield is due to a single impact event.

The OSM sand samples from the Ries Crater
site have €™9(0) ~ — 10 and €57(0) = +250 to +280
and closely match the range in isotopic composi-
tion of the moldavites. We fully agree with Graup
et al. [35] that this type of material is the likely
parent for the moldavites. This result eliminates
the problem of identifying a parent material for
the moldavites in the Ries which has stood in the
way of establishing the strongly suspected relation-
ship between the Ries and the moldavites. It is
interesting to note that the OSM sands were a
surficial deposit at the time of impact. The thick-
ness of the deposit at the time of impact is un-
known but is thought to have been less than a few
tens of meters, while cratering effects extend to a
depth of 2 km [36,57]. Laboratory experiments on
impact processes have demonstrated that direc-
tional, high-velocity jets of surficial target material
are often produced upon impact [58]. The produc-
tion of such jets from the surficial OSM sands
could explain the highly localized distribution of
the moldavites [59].

The isotopic composition of Nd in the irghizites
is different from that of the Australasian tektites.
Although this does not completely rule out the
Zhamanshin impact structure as a possible source
for the Australasian strewnfield as suggested by
Glass [60], it does demonstrate that high-Si
irghizites have a different parent material than the
Australasian tektites despite their similarity in
chemical composition [30,31], thus reducing the
likelihood of there being a connection between
these two groups. The higher Ni content of the
irghizites as compared with the Australasian
tektites [30] raises the possibility that the dif-
ference in isotopic composition between these
groups may be due to a greater component of
meteoritic material in the irghizites. Addition of
projectile material with chondritic abundances and
isotopic composition (eN4(0)=0, €5(0)> +500;
[61]) to the parent material of the Australasian
tektites would displace €™9(0) towards 0 but would
greatly increase €5'(0), contrary to what is ob-
served (Fig. 6). We conclude that this mechanism
cannot produce the irghizites and Australasian
tektites from a common parent. The difference in

isotopic composition between the high-Si and low-
Si irghizites establishes that these two types have
distinct parent materials and did not acquire their
differences in chemistry through selective volatili-
zation, partial melting, or other geologically recent
processes acting on a common homogeneous parent
material. As described above, meteoritic con-
tamination cannot explain the difference between
the high- and low-Si irghizites.

The Martha’s Vineyard tektite, USNM 2082, is
the only tektite ever found at that locality and
questions have been raised as to the authenticity of
the find. The Nd and Sr isotopic composition of
the Martha’s Vineyard sample (Fig.6, Tables2
and 3), is indistinguishable from the other North
American tektites and it clearly had the same
parent material as the bediasites and georgiaites,
confirming its relationship to these groups.

5.2. Sanidine spherules

The value of €N~ +2 and relatively unevolved
initial €3(T") of ~ +5 inferred to be characteristic
of the sanidine clearly indicate that unlike tektites,
the sanidine spherules could not have been derived
from typical LREE-enriched, high-Rb /Sr old con-
tinental crust. Strong chemical fractionation dur-
ing spherule formation is required to explain their
present high Rb/Sr ratio and other chemical char-
acteristics (high K /Na, volatile rich, etc.). This
means that simple impact melting resulting in a
total melt of the target material could not have
produced the spherules. Processes which would
provide the necessary chemical fractionation in-
clude recondensation of volatilized target material
and volcanism. Authigenic growth of these objects
from a volcanic material at low temperatures could
explain both the extremely low Na and Sr contents
as well as the oxygen results of Epstein [38]. Our
Sr and Nd results are consistent with an oceanic
impact in which oceanic crust was a major compo-
nent of the parent material for the spherules.
Oceanic crust alone does not satisfy the isotopic
constraints which require a mixture of oceanic
crust with €Y~ +8.0, ¢~ —25.0 and a compo-
nent with higher ¢5(7) and lower ¢"%(T) such as
marine sediments or seawater. Our results are also
consistent with derivation of the sanidine spher-



ules from crustal material which was relatively
young at 65 m.y. Thus a volcanic origin for the
spherules is not ruled out by our data and impact-
induced volcanism would not be an unexpected
feature of an impact the size inferred for the
Cretaceous-Tertiary event. The sanidine could not
have been formed by melting of meteoritic potas-
sium feldspar [37] as €57(T') is too low.

6. Model ages and multistage isotopic evolution

In addition to being useful tracers, isotopic
systems can be used to provide information on the
timing of events in the history of an object. For
AT < 1, the "*Nd/'*Nd ratio measured today in
a sample derived T years ago from a reservoir with
an initial '*Nd /'*Nd ratio I(T) is given by:

(""Nd/'“Nd)y =1(T)
+("'Sm/"™Nd) -Ag,,- T

Here M denotes the measured value and A, =
6.54 X 107'2 yr ! is the decay constant of '“’Sm.

The model age is the time at which a sample
last had the isotopic composition of a model res-
ervoir. In the case of Nd, this reservoir is taken as
the undifferentiated mantle (CHUR) with a nomi-
nally chondritic '¥’Sm /'*Nd ratio of 0.1967 and
a present-day '“*Nd/'**Nd ratio of Iy r(0)=
0.511847 [46,62,63]. The isotopic composition of
this model reservoir at time 7T years ago is then
given by:

Icyur(T) =1Icyur(0) —
(msm/mNd)CHUR Agm T

The model age T \jr is found by solving for
I(T) = I-yur(T) which results in [52]:

TC]:{dUR E‘Nd(o)/(QNd 'fsm/Nd)

where €M9(0) and f5™/N¢ are defined above and
QM =10* Agy, - ('Sm/ " Nd) cyur/Lenur(0) =
25.13 AE" L.

Model ages can also be calculated in a similar
manner for Sr using the reference mantle reservoir
(UR) with nominal values (¥Rb/%Sr) , =
0.0827,Ag, =1.42X 10" yr~! Q5 =16.67 AE™!
and TS, =€5(0)/(Q5 - fR®/S) [46,55]. Table3
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lists values of T/ r and Tk calculated in this
manner.

If the assumptions built into the model age
calculation are fulfilled (that the sample was de-
rived from a reservoir with the isotopic character-
istics of the model reservoits and that the isotopic
systems have remained undisturbed since that
time), then the model ages 73; and 7J}ji x should
be concordant and will give the age of formation
of the sample (i.e., the time at which the sample
separated from the model reservoirs with major
chemical fractionation of parent and daughter
species). Examination of Table3 shows that al-
though the TJ r ages within each group are
constant, the TSy ages are quite variable and are
generally less than TJ)3 ; for the same sample.
indicating that the model assumptions are not
fulfilled.

A plot of TS; vs. ¥Rb/*Sr using all the
available isotopic analyses of Australasian tektites
[9,13] defines a hyperbolic array with T3 ranging
from ~0.3 to 1.3 AE (1.8 AE if we include the
microtektite point) with the model ages decreasing
with increasing Rb/Sr ratio. This pattern is a
result of the fact that on a Sr evolution diagram,
these samples lie about a correlation line (Fig. 7b).
A true isochronal relationship would correspond
to a hyperbolic curve. These two ways of looking
at the isotopic systematics are equivalent; how-
ever, we hope to show below the utility of an
alternate representation. In the discussion which
follows, we use the Sr isotopic system as the
example: an analogous development can be car-
ried out for the Nd system.

We wish to obtain an expression which will
allow determination of the last time at which
major chemical fractionation of the parent-
daughter isotopes occurred for the following his-
tory. At some time a suite of samples with differ-
ing Rb/Sr ratios is derived from a homogeneous
reservoir. Each of these samples then evolves iso-
topically until some later time (or times) when
major Rb /Sr fractionation again occurs. It is the
last fractionation event of this type which we wish
to date and our ability to date this event depends
on large Rb/Sr fractionation occurring at that
time. The basis for what follows is that for samples
with very high Rb /Sr ratios, ages may be obtained
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even though the initial isotopic ratio is poorly
known. In the limit of infinite Rb/Sr ratio, the
initial isotopic ratio plays no part in determining
the sample age so long as the initial ratio remains
finite. The problem is to determine a method for
extrapolating the Rb /Sr ratio of a suite of samples
to infinity, making the age determination less am-
biguous for a suite of samples which are correlated
on an evolution diagram but which do not lie on
an isochron.

The isotopic composition of Sr today in a sam-
ple which separated from a reservoir (not neces-
sarily the model reservoir) at time 7, and had an
Rb/Sr ratio of R,, and had been undisturbed
since that time, is given by:

13(0) =1%(T,) + R, - Mgy~ T
or in epsilon notation:
€Sr(0) ~ QSr .fle/Sr . T] + €Sr(T1)
Now if that sample had undergone a disturbance
at time T, possibly changing the isotopic composi-
tion by amount AJ5" and possibly changing the
Rb /Sr ratio to a new value R,, the isotopic com-
position would be given by [64]:
I57(0) =15(T,) + AT

+R, - Apy (T, —T;,) + Ry - Agy,- T
In general, for n — 1 disturbances at times T,,...,
T, we have that:

n—1

150) =15(1) + 3 [(T,-T.,)

Jj=1
‘R, Agp+ AL ]+ R AR T,
Dividing by R, AR, we obtain in epsilon notation:

(0 1
QSr Rb/Sr=be/Sr

(Sr(T) A —1 . A +‘
QSrI b 21 f/Rb/s(T/—T/*l)+ Q/Sr
j=

+7,

where €%(T,) is the initial isotopic composition,
Ae, is the change in isotopic composition at time
T, and €%(0)/Q%/,R*/5 = T ;. Thus, in a plot of
the quantity T3k versus 1/f, a suite of samples

which have undergone multistage isotope evolu-
tion will lie in the wedge-shaped region defined by
the lines having slopes given by the bracketed
terms above, and with common y-intercept T,.
This intercept value gives the time at which the
suite last underwent parent-daughter fractiona-
tion. We note that this formalism provides a con-
nection between the calculated model age T3k and
the actual times of disturbance 7T,..., 7,. The
y-intercept value, however, gives a model-indepen-
dent estimate of the age of last disturbance and
corresponds to the age determined by the slope of
an isochron. We shall now apply this analysis to
the model age patterns observed in tektites.

Our isotopic results as well as studies of REE
patterns ([3,47,48], and others) major, minor, and
trace element compositions [30,47,65], and oxygen
1sotopic work [66—68], all are consistent with the
formation of tektites from terrestrial upper crustal
rocks by impact melting. The data most closely
match the characteristics of sedimentary rocks,
sediments and soils, or meta-sediments. We pos-
tulate a three-stage model to explain the Sr and
Nd systematics of tektites. In the first stage we
assume the derivation of a crustal segment with
fR®/50 and f5™/N4 from a uniform mantle res-
ervoir at 7,. At some later time 7, this segment
may undergo weathering and sedimentation pro-
ducing a sedimentary rock with enrichment factors
fSm/Nd - £RO/ST which is then impact melted to
form tektites at 7; (=0) at which time selective
volatilization may produce enrichment factors
f,5m/Nd | £RO/St The Sm-Nd and Rb-Sr isotopic
systems will behave quite differently in response to
these processes. The major fractionation of Sm
and Nd appears to occur during partial melting of
mantle sources to produce crustal materials. There
are some data which indicate that the Sm-Nd
system is relatively undisturbed by weathering and
sedimentation [52]. Further, the REE are refrac-
tory; Sm and Nd will not be readily fractionated
by differential volatilization upon impact melting.
For Nd, then, f5™/Nd = fSm/Nd = (Sm/Nd and the
equation reduces to that of single-stage growth:

TN =T, = (Nd(O)/(QNd ‘flSm/Nd)
The Thf,r model ages correspond to the con-
centration weighted mean model ages of the sources



of the parent material of tektites (i.e., the original
time of formation of the crustal segments from the
mantle). In contrast, it is well established that
sedimentary processes severely disturb the Rb-Sr
system, generally by increasing the Rb/Sr ratio in
the sediment through preferential uptake of Rb
relative to Sr in clays [52,69], or by decreasing the
Rb/Sr ratio by addition of Sr-rich phases. The
Rb /Sr system may also be disturbed by selective
Rb volatilization upon melting. Depending on
which process dominates, the Sr model age Ty
may be greater (Rb loss or Sr gain) or less (Rb
gain) than TJ}3 ; for a given sample. It should be
noted that we are using the term sedimentation in
a loosely defined sense. What we are dating is the
last major parent-daughter fractionation event.
This may occur during weathering, transport, or
diagenesis of a sediment.

7. Australites

We now examine the model age systematics for
each of the tektite groups. Fig. 7a is a plot of T3y
vs. 1/fR®/5" for Australasian tektites using our
data and data from the literature [9,13). The T5%
ages for our samples (Table 3) range from ~ 0.36
to ~0.50 AE. The literature data extend this range
down to 0.33 AE and up to 1.3 AE. The data
define a wedge-shaped, linear array with a cluster-
ing in T35y as 1/fR*/5" tends toward zero. The
array has a y intercept of ~0.25 AE which we
interpret as the age of sedimentation for the parent
material for these tektites. This age agrees well
with the age of 0.1 to 0.3 AE calculated by Comp-
ston and Chapman [13] from the correlation line
on the Sr evolution diagram (Fig. 7b). The data
point for one of the Indian Ocean microtektites
falls within this array indicating that this micro-
tektite shares a common precursor with the macro-
tektites. The second microtektite is discrepant,
having a higher model age than expected for its
Rb /Sr ratio. Oddly, its isotopic characteristics are
much more similar to those of the Ivory Coast
tektites than the Australasian tektites. The general
trend displayed in Fig. 7a strongly suggests a
two-stage model with major Rb-Sr fractionation at
0.25 AE corresponding to the age of formation of
the sediments which were the parent material. We
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Fig. 7. (a) Plot of T3% vs. 1/fRP/5" for Australasian tektites.
The y intercept gives the time of last Rb-Sr fractionation and
corresponds to the time of sedimentation of a sedimentary
parent material. Squares = macrotektites, crosses =
microtektites. (b) Rb-Sr evolution diagram for Australasian
tektites showing correlation line. Symbols as in (a). (Data
sources: references 9, 13, 65, and this work.)

see no evidence for significant Rb volatilization
during tektite formation as selective volatilization
would have produced an intercept of ~0 AE in
Fig. 7a, corresponding to the time of melting. An
exception may be the discrepant microtektite as
Rb loss will increase the model age of a sample.
In contrast to the Tk ages, the T\3  ages are
quite uniform with total range in ages of 1.06 to
1.17 AE (Table 3). The uniformity of the Nd model
ages suggests that the source terrains for the parent
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sediment were of approximately the same age, or
that transport and sedimentation were effective at
mixing material from sources of different ages.
The value of ~ 1.15 AE for the T} r ages implies
that the parent sediments were dominantly derived
from a Precambrian crustal segment.

The majority of these tektites have T5x < TiUr
which is compatible with our model of increased
Rb /Sr ratios in sediments by Rb uptake in clays.
Four analyses from the literature, all high-Ca
philippinites [13,65] have Sr model ages which
exceed the Nd model age. These samples also have
unusually high CaO and Sr contents. For the
samples with T5% > T3z, we thus infer that the
Rb/Sr ratio decreased during sedimentation by
addition of Sr, increasing the calculated model
age. The strong correlation of Sr with CaO [13]
suggests that the carrier of the Sr in the parental
sediment was also a Ca-rich phase. Calcite is a
common Ca- and Sr-rich and Rb-poor phase in
terrestrial sediments and the observed correlations
can be explained by variations in the calcite con-
tent of the parent material as discussed by Comp-
ston and Chapman [13]. The initial Sr ratio for the
high T5% samples calculated for an age of 0.25 AE
is ~0.710, thus the addition of a small amount of
Permian marine carbonate with a relatively evolved
87Sr /8 Sr ratio of ~ 0.708 [50] as compared with
(*¥Sr /8Sr) ;g = 0.7045 to a detrital sediment with
higher ¥Sr /%Sr is not unreasonable on isotopic
grounds and could account for the high model age.

Our data demonstrate that the source crater for
the Australasian strewnfield lies in a target of late
Paleozoic to early Mesozoic, continental sediment
derived from a relatively young Precambrian
cratonic source. If the source of the sediments
actually contains a substantial amount of Archean
crust, then the source area must also include a
terrain of much younger rocks so that on average
the age of the terrain is 1.15 AE. Our data do not
exclude the possibility that the impact structure is
located underwater on a continental shelf or deep
ocean basin mantled by continentally derived sedi-
ments of the above characteristics. Suggested
source craters for the Australasian tektites include
the Zhamanshin Crater [60] which was discussed
and rejected above; the Elgygytgyn Crater of
northeast Siberia [70]; and an unnamed northeast

Cambodian crater-like structure [71]. The Elgy-
gytgyn Crater is in a terrain of plutonic and
volcanic rocks of Mesozoic age (Nekrasov and
Riudonis, 1973, cited in Dietz [70]). Unless these
rocks have a large component of remelted Pre-
cambrian basement with negative ¢™(0) then it
would not be possible to produce tektites with the
negative e™9 and Precambrian TJ}{\  age observed
for the Australasian objects. Elgygytgyn crater is
therefore an unlikely source for the Australasian
tektites. Little is known about the geology in the
area of the Cambodian structure. In the absence of
more detailed information on the age and lith-
ology of this site we are unable to discuss its
merits.

8. North American tektites

The North American tektites are characterized
by a uniform T x age with a total range of from
0.62 to 0.67 AE. This means that the material
which melted to form the North American tektites
came from a crustal segment which formed in very
late Precambrian time. This relatively young age
eliminates most of the Precambrian shield areas of
North America as possible source terrains for the
parent material of these tektites as well as sedi-
ments derived from these areas. The North
American shale (NAS) composite [52,72] has
€ng(0)=—144 and T3z =15 AE, and is
thought to be representative of the average mid-
continental region. From a comparison with our
tektite results it is clear that the Paleozoic sedi-
ments making up the NAS composite are derived
from older Precambrian crustal material and can-
not be typical of the parent material for the North
American tektites. Late Precambrian crust of ~
0.6-0.8 AE age in North America is largely re-
stricted to the eastern and southeastern margin of
the Appalachian orogenic belt and may underlie
much of the Atlantic and Gulf coastal plains and
continental shelves. We suggest that the parent
sediment for the North American tektites may
have been derived from this terrain. The T x
age may reflect a mixture of material from older
and younger source terrains so that an average
model age of ~0.65 AE is obtained. Even in this



case, the older shield areas of North America are
still excluded as possible sources for a parent
material because of the lack of young crustal
material within these areas to mix with material
from the ancient crust. Likewise, the Popigai astro-
bleme of Siberia could not be the source for the
North American tektites as suggested by Dietz
[70]. This impact occurred on the Archean Anabar
shield which gives K-Ar ages in the range of
2.7-1.9 AE [73] and is too old to satisfy the T}j\ &
ages of the American tektites.

The T5% model ages for the North American
tektites in Table3 range from 0.52 to 0.56 AE
(down to 0.42 AE if literature data are included);
in all cases slightly younger than the correspond-
ing T4 r ages. Unfortunately, there is little spread
in the Rb/Sr ratios for these samples and, more
importantly, the samples do not have the extreme
Rb enrichments that were observed in some of the
Australasian tektites (Fig.8). Because of these
characteristics, little significant time information
can be extracted from the Sr isotopic systematics.
The Sr model ages are consistent with derivation
of the tektites from a sediment, but do not de-

NORTH AMERICAN TEKTITES AND MOLDAVITES
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Fig. 8. Plot of TSy vs. 1/fR?/S" for North American tektites
and moldavites. Intercept is well defined at ~0.015 AE and
suggests that moldavites were formed from a geologically young
parent sediment. North American tektites do not yield any new
information. (Data sources North American tektites: reference
9. and this work; moldavites: references 9, 76, and this work.)
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mand a sedimentary parent. If the parent was a
sediment, there was relatively little parent-daughter
fractionation at the time of sedimentation as re-
flected in the small differences between the 7};\ «
and Ty ages and the fR°/S" values which are
typical of upper crustal igneous rocks (see Table 3).

In summary, our Nd isotopic data suggest that
the source terrain of the parent material for the
North American tektites was of ~0.65 AE age
and cannot be any of the major ancient shield
areas of North America or consequently from the
areas covered by Paleozoic sediments derived from
these Precambrian terrains. The Sr isotopic data
suggest slight parent-daughter fractionation at
some time after crustal formation in very late
Precambrian time (~ 0.65 AE).

9. Ivory Coast tektites

The TX{ur model ages for the Ivory Coast
tektites are ~ 1.9 AE (Table 3), which is in good
agreement with whole rock Rb/Sr ages of the
rocks around the Bosumtwi Crater and much of
western Africa which range from 1.9 to 2.1 AE
[11,12,74]. The Sr model ages for these samples

IVORY CCOAST TEKTITES
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Fig.9. Plot of TSk vs. 1/fR%/S" for Ivory Coast tektites.
Intercept is reasonably well defined despite the lack of high-
Rb /Sr samples. The time of last parent-daughter fractionation
is given by .-intercept value of ~0.95 AE. (Data sources:
references 10, 11, and this work.)



range from 2.1 to 2.4 AE. In a plot of TSk vs.
1/fR®/5" our data and literature analyses of the
Ivory Coast tektites [10-12] appear to define a
linear array (Fig.9). Although these samples are
not characterized by high Rb/Sr ratios, they are
reasonably well correlated and yield a y intercept
of ~0.95 AE. These analyses have a range in T3,
from 1.9 to 2.8 AE, in all cases greater than T}§\ »
for our samples. In an evolution diagram the sam-
ples plot about a correlation line corresponding to
0.95 AE age. Selective volatilization of Rb during
the melting of the tektite parent material, leading
to increased values of the Rb/Sr ratio and T3y
could be the cause of the younger disturbance. In
this case, however, we would expect an intercept
value of ~0.0 AE in Fig. 9. Thus selective volatili-
zation is not likely to have been an important
process for these tektites. Alternatively, the parent
material for the Ivory Coast tektites may be a
sediment or a metamorphic rock in which the
Rb /Sr ratio decreased relative to the crustal source
material during sedimentation or metamorphism
at ~0.95 AE. Taken together, our Nd and Sr data
are consistent with formation by melting of
material originally derived from the rather ancient
basement around the Bosumtwi Crater. The actual
target material has not been identified.

10. Moldavites

The Tl{ur age for the moldavite samples is
~ 0.9 AE (Table 3), which agrees well with the age
of the oldest known basement in the area of the
Ries Crater. This basement was remobilized and
pariially melted at ~0.3 AE to form the terrain
into which the Ries Crater was emplaced. The
Sm-Nd isotopic systematics appear to be seeing
through both this orogenic event and the tektite-
forming event back to the original time of forma-
tion of the crustal segment which was ultimately
melted to form the tektites at 14 m.y. The lower Sr
model ages of 0.39-0.57 AE (Table 3) indicate that
the Rb-Sr system has been disturbed subsequent
to the time of crustal formation. A plot of TS§ vs.
1/fRb/5" (Fig. 8) for literature analyses of molda-
vites [9,75] yields a linear array with y intercept of
~0.02 AE and with a variation in 73y of from
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0.37 AE to 0.58 AE. Similarly, in an evolution
diagram the data plot along a sub-horizontal array
of this age. Again the samples have a limited range
of Rb/Sr ratios, but the intercept in the model age
vs. 1 /fRP/5 plot is reasonably well defined due to
the high Rb/Sr ratios. The young Sr age implies
parent-daughter fractionation in the Sr isotopic
system shortly before the tektite-forming event
leading to high Rb /Sr ratios in the parent. These
results imply an origin for the moldavites by melt-
ing of a young sediment derived locally from the
rocks around the Ries Crater. This interpretation
of the Rb-Sr systematics is fully compatible with
derivation of the moldavites from the Tertiary
OSM sands.

11. Irghizites

The two high-Si irghizite samples, USNM 5938
3-1 and USNM 5938 3-6, have T/jjr model ages
of ~0.88 AE and Tx model ages of ~0.61 AE
(Table 3), the Nd data giving the original age of
formation of the parent material and the Sr data
suggesting that this material was disturbed at some
later time. Florenskij et al. [34] state that the
Zhamanshin structure is in an area of Cretaceous
and Tertiary sediments and Quaternary loess de-
posits underlain by Paleozoic metamorphic rocks.
Our data are consistent with derivation of the
high-Si irghizites from any of these materials if the
crustal source originally formed at ~0.9 AE. The
low-Si irghizite has a future TJ){i x model age of
—0.25 AE due to its positive €"?(0) but negative
fSm/Nd yalues. In this case our model fails. Future
Nd model ages are not uncommon among modern
alkalic basalts of oceanic islands or continental rift
settings. These basalts are also characterized by
positive €™4(0) and are LREE enriched [55,76,77].
It is clear that these basalts are not derived from a
mantle reservoir with the isotopic characteristics of
CHUR, but instead have had a time-integrated
LREE depletion. The observed REE patterns in
the erupted basalts were imposed only shortly
before eruption yielding the future model ages. We
suggest that the low-Si irghizite was derived from
similar basaltic material. Identification of the ac-
tual parent materials will depend on further field



and laboratory studies of the area around the
Zhamanshin structure.

12. Conclusion

Tektites are characterized by negative €"¢(0)
and positive €5'(0), which are clear signatures of
old terrestrial continental crust. Each tektite group
has a rather distinctive €N value and a range of
€5". Chemically and isotopically tektites are similar
to terrestrial sediments derived from old continen-
tal crustal material. Our results do not exclude the
production of tektites by impact into an ocean
basin or shelf if the impact site was mantled by
sediments of continental derivation. That the
moldavites were probably formed by melting of
the surficial OSM sands suggests more broadly
that the tektite-forming process does not always
sample very deeply at the impact site. As a result,
we conclude that it is possible to have an impact in
an oceanic area which could produce tektites from
only surficial sediments and not involve deeper
mafic oceanic crust.

Studies of sediments suggest that their Nd model

TABLESS
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ages reflect the age of their source terrain with
major Sm-Nd fractionation occurring during par-
tial melting of the mantle to form new crust.
Surficial processes such as weathering do not ap-
pear to be effective in fractionating the rare earths.
Thus we interpret the uniform Nd model age of
each tektite field to be thé age of formation of the
crustal segment which weathered to form the parent
sediment for the tektites. In contrast, it is well
known that surficial processes severely disturb the
Rb-Sr isotopic system generally by increasing the
Rb /Sr ratio during weathering and sedimentation.
This results in relatively young TS. ages which
reflect more recent events in the history of the
tektite parent materials.

Our inferences from the isotopic systematics as
to the ages of the source terrains and sedimentary
precursors for the various tektite groups are sum-
marized in Table5. In all cases the T\ji z ages
imply a Precambrian age for the crustal source
terrains: ~0.6 AE for North American tektites,
~0.9 AE for both the irghizites and moldavites,
~ 1.15 AE for Australasian tektites, and ~ 1.9 AE
for the Ivory Coast tektites. The T35y ages suggest
very young Rb-Sr fractionation in the moldavite

Summary of age and provenance of tektite parent materials as inferred from isotopic systematics

Source terrain age
(AE)

Sedimentation age
(AE)

Target

Australasian tektites 1.15

North American tektites 0.65

Moldavites 0.90

Ivory Coast tektites 1.90

High-Si irghizites 0.88

Low-Si irghizites 7

0.25 middle-late Paleozoic
sediments derived
from Precambrian craton

<0.65 material derived from

latest Precambrian crust

0.01 very young sediments
derived from late Precambrian
crust (Ries Crater)

0.95 Precambrian materials derived
from old Precambrian craton
(Bosumtwi Crater)

? sediments (?) derived
from late Precambrian crust
(Zhamanshin Crater)

- basaltic material
(Zhamanshin Crater)




parent material, and imply that the moldavites
were derived from a very young sediment. The
Tertiary OSM sands from around the Ries Crater
have the appropriate age and isotopic composition
to be the likely parent material for the moldavites.
The Australasian tektites are characterized by
major parent-daughter fractionation in their Sr
isotopic system at ~0.25 AE, which we interpret
as the time of formation of a sediment which was
melted to form these objects. Parent-daughter
fractionation in the Sr system of the Ivory Coast
tektites last occurred at ~0.95 AE probably dur-
ing an ancient sedimentation or metamorphic event
producing the parent material which melted to
form these objects. Our data are consistent with
derivation of the Ivory Coast tektites from Pre-
cambrian sediments in the Bosumtwi Crater. This
is in consonance with conclusions about the origins
of these objects by previous workers [9-12,74].
The Nd isotopic composition of high-Si irghizites
rules out any possibility of a common parent with
the Australasian tektites.

In summary, our data are consistent with tektite
formation by melting of sediments during a
meteorite or comet impact onto a continent or
continental shelf or ocean basin mantled by sedi-
ments of the appropriate age and provenance as
described above. The thickness of the sedimentary
cover may in some cases be rather modest (less
than a few hundred meters).

Unlike the tektites, which are dense homoge-
neous objects, the sanidine spherules are porous
fine-grained inhomogeneous objects. This fact
complicates the application of our technique be-
cause of the problems of contamination. In spite
of this, the results provide insight into the prove-
nance of these materials. The leaching experiment
has shown that the sanidine spherules could have
been formed by an oceanic impact in which both
basaltic oceanic crust and overlying sediments or
seawater were involved in the formation of the
spherules. The isotopic results are also consistent
with a volcanic origin for the spherules or with
authigenic growth from volcanic detritus. An old
continental source is clearly ruled out by our re-
sults. A major problem remains, however, and that
is how it is possible to make objects which are
dominantly potassium feldspar in composition with
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extremely low Sr content from any reasonable
target material by impact-related processes.
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Abstract

Isotopic analyses of modern oceanic basalts and ophiolites have shown
that both modern and ancient oceanic crust have a characteristic Nd and Sr
isotopic signature indicative of derivation from a depleted mantle reservoir.
It also appears that the Nd isotopic system is not appreciably disturbed by
metamorphism. These isotopic characteristics have been extended to the Pt.
Sal, Kings-Kaweah, and Josephine ophiolites of California. We have used these
characteristics in an attempt to identify pieces of proto-Atlantic oceanic
crust among the mafic and ultramafic rocks of the Appalachians. Sm-Nd mineral
isochrons for the Baltimore Mafic Complex, Md (BMC) yield an age of 490:20 My
which we interpret as the igneous crystallization age. BMC whole rock samples
do not define isochrons and have initial isotopic compositions of =-6.4 <
ena(T) < =2.2, +51 < €5 (T) < +#115. €g4(T) and €5 (T) are anti-correlated.
This is not the signature of depleted mantle and oceanic crust, but is similar
to old continental crust. We propose that the BMC is a mafic continental
intrusion, possibly subduction related, which was contaminated with old conti-
nental crust during emplacement. Whole rock samples from the Thetford Mines
Complex, Qe (TMC) do not define isochrons and have -1.5 < ENd(T) < +4.2, +2.6
< €g,(T) < +114. These data do not in any way reflect the signature of normal
oceanic crust. These results are in contrast with geologic relationships
which show the TMC to have the characteristics of an ophiolite complex. The
TMC is chemically and isotopically similar to a class of other ophiolites
which have affinities to modern boninites. The Chunky Gal Amphibolite, N.C.,
Lake Chatuge complex, N.C., and Hazen's Notch Amphibolite, Vt., were found to
have a depleted mantle signature with +57< ENd(T) < +8 and may be fragments of
oceanic crust. The Webster-Addie body, N.C., has €y (T) ~ -1, €5 (T) ~ +30

and is not isotopically similar to oceanic crust or the other North Carolina
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mafic bodies analyzed. From these isotopic results we infer that Appalachian
mafic rocks have diverse origins, some are continental intrusives (BMC),
others are probably fragments of oceanic crust (Vermont and N. Carolina
amphibolites). Future models for the development of the Appalachians must
allow for these various origins. The possibility that some ophiolites are not
normal oceanic crust but have an origin in a partially continental setting or

as anomalous oceanic crust may require further attention.
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1. Introduction

The pre-Mesozoic mafic and ultramafic bodies of the Appalachians are
largely restricted to the latest Precambrian to Ordovician age eugeosynclinal
rocks lying to the east of the chain of anticlinoria cored by Grenville age
(~ 1.0-1.3 AE) Precambrian basement. In some places, particulariy in the
Southern Appalachians, ultramafic bodies also lie enclosed within basement
complex rocks. The mafic and ultramafic bodies thus define a belt or series of
parallel belts, in places narrow and well-defined, elsewhere broad and diffuse,
which extends the length of the Appalachians. The majority of the bodies making
up the belt are relatively small (<1 km), apparently rootless pods of peridotite
which have been serpentinized to varying degrees. Also found within this belt
are larger complexes of mafic and ultramafic rocks which range from relatively
complete allochthonous sheets such as the Bay of Islands ophiolite in
Newfoundland, through bodies in which metamorphism and deformation have
partially obscured an ophiolite stratigraphy, to bodies which have little if any
recognizable stratigraphy, but because of their location in the belt and mafic
to ultramafic composition, have recently been described as dismembered or
fragmented ophiolites.

Historically, the mafic and ultramafic rocks of the Appalachians have been
interpreted as intrusive bodies, emplaced into an ensialic eugeosynclinal pile
[Pratt and Lewis, 1905; Hess, 1939, 1955; Chidester and Cady, 1972], and which
reached their present rootless stratigraphic position by diapiric rise of
serpentinized peridotite. More recently, in light of the plate tectonic
interpretation of ophiolites as fragments of obducted oceanic crust, the mafic
and ultramafic rocks of the Appalachians have been interpreted as large and
small fragments of proto-Atlantic oceanic crust  and mantle which were

incorporated into the Appalachian Orogen during the closure phase of a Wilson cycle
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[Church and Stevens, 1971; Williams, 1971; Dewey and Bird, 1971; Upadhyay

et al., 1971; St. Julien, 1972; Laurent, 1975, 1977; Crowley, 1976; Morgan, 1977;
Williams and Talkington, 1977; Malpas, 1977]. The objective of this study is to use
the Sm-Nd and Rb-Sr isotopic systems to place constraints on the origin of several
Appalachian mafic bodies in which either extensive metamorphism,.or tectonism, or
both has made their origin uncertain.

The naturally occurring radioactive isotopes 87pb and 147sm decay with
halflives T??z = 49 AE and Tﬁ?z = 106 AE to the respective daughter isotopes 87Sr
and 143Nd. Closed svstems with differing parent-to-daughter ratios will evolve over
time and develop measurable differences in the daughter element isotopic
abundances. For Nd, these differences are conveniently represented using epsilon
notation [DePaolo and Wasserburg, 1976a,b, 1977] in which eNd(T) is the deviation in
parts in 104 of the sample isotopic composition from that of a nominal chondritic
reservoir at time T:

143, .
ena(T = [{(TZZ;;)SAMPLE(T)/ICHUR(T)} -1] x10

where Iopup(T) = Iouup(0) - (U‘?Sm/lM‘Nd)CHUR '[exp(»\Sm ©T) -1],

ASE = 6.54x10712 yr7l, 1o 00(0) = 0.511847, (M47sm/144Nd) o 0 = 0.1967, and CHUR
stands for Chondritic Uniform Reservoir [DePaolo and Wasserburg, 1976b; Jacobsen and
Wasserburg, 1981; Wasserburg et al., 1981]. One can also reference the Sm/Nd ratios

to this reservoir by defining the enrichment factor

147 144

me/Nd = {((147Sm/ lthd) / (

SAMPLE Sm/

Nd)CHUR)—l}

Positive values of £50/Nd thus indicate light rare earth element (LREE) depletion;
negative values indicate LREE enrichment. One can similarly define €sr with respect

to a reservoir corresponding to the undifferentiated mantle (UR) with nominal values
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Iy(0) = 0.7045, (37Rb/86sr) 0 = 0.0827, AR = 1 .42x10711 yrl:

87sr

86

- x lb .
e (T = (¢ R(T))—l] 10% &

) (T)/1

Sr SAMPLE v

Ipr(T) = Iyp(0) - (87Rb/8Osr) o - [exp(ARPT) - 1];

fRb/Sr = {((87Rb/863r) (8

786
/ Rb/ Sr)UR)-l}

SAMPLE
[DePaolo and Wasserburg, 1976b; O'Nions et al., 1977; Jacobsen and Wasserburg,
1981]. There is good reason to believe that the earth has approximately
chondritic rare earth ratios. Although these ratios are somewhat variable
between different chondrites, the Nd model system parameters are reasonably well
established. The Sr model system, on the other hand, is based on a correlation
between Nd and Sr isotopic compositions in mantle-derived rocks and on the
inference that the bulk earth has a chondritic Sm/Nd ratio. The Sr parameters
are therefore less well established. Nevertheless, the current estimate of
(87Sr/86Sr)UR = 0.7045 appears to be a reasonably close estimate of the bulk
earth value.

Isotopic analyses of young rocks thought to have been derived directly
from the mantle in oceanic regions have shown that the mantle is isotopically
heterogeneous. The largest volume of rock is represented by mid-ocean ridge
basalts (MORB) which have low values of €5 (0), and high values of €g,(0) (Fig.
1), implying that these rocks are derived from a large ion lithophile (LIL) and
LREE depleted part of the mantle which has existed for a significant fraction
of the earth's history. Other oceanic volcanics such as found on oceanic
islands show a wide range of isotopic compositiqn. In particular, it appears

that there are at least two isotopically distinct, ancient mantle reservoirs
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capable of yielding basaltic magmas and which give rise to the general inverse
correlation between €y (0) and €5.(0) known as the mantle array: 1) a LREE and
LIL element depleted reservoir characterized by negative values of eSr(o) (~
-20 to -30) and positive values of €g,(0) (~ +8 to +13) that is the source for
present-day basaltic oceanic crust, and 2) a reservoir variously referred to as
primitive or undepleted mantle with €Nd ~ fgr T O [DePaolo and Wasserburg,
1976a,b, 1979; DePaolo, 1983] or enriched mantle with €sr > 0, €yq < 0 [White
and Hofmann, 1982; McCulloch et al., 1983]. Mixtures of magma derived from
these two sources appear to be responsible for the isotopic variation of rocks
erupted on oceanic islands, in continental volcanic provinces and in kimber-
lites. The concept of endmember reservoirs is somewhat of an idealization; in
actuality it is likely that there is a continuum of sources in the mantle which
are either undepleted or were depleted or enriched at a variety of times and
which today give rise to the spectrum of isotopic compositions observed in
modern mantle-derived rocks [cf. Jacobsen and Wasserburg, 1979]. The conclu-
sions of the present study depend on the fact that the largest volume of
basaltic oceanic crust, both modern and ancient, is in general characterized by
a depleted mantle signature.

0ld, LREE and LIL-enriched continental crust forms a complement to the
depleted mantle reservoir and has negative values of ENd(O) and large positive
values of ESr(O). Mixing of depleted mantle with crustal rocks has also been
proposed as a mechanism for producing the parts of the mantle array populated
by some continental flood basalts. The latter point of view has recently been
emphasized by Carlson et al. [1981, 1983]. Some of these mixing relationships
are shown in Fig. 2 in which €y4(0) is plotted against €g (0) for rocks from
various settings. In this figure, oceanic crust, represented by mid-ocean ridge

basalts and island arcs, is seen to have a distinctive isotopic signature of
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Eng(0) ~ +8 to +13 and relatively non-radiogenic values of €g.(0).

Well-characterized ophiolite complexes such as the Samail Ophiolite,
Oman, and Bay of Islands Ophiolite, Newfoundland, which are thought to
represent sections of fossil oceanic crust also have a depleted mantle
isotopic signature (Fig. 1). It should be noted, however, that there are
some ophiolites which do not have the isotopic signature of modern oceanic
crust. These occurrences are discussed later in light of our results.

In order to extend the isotopic ohservations on geologically well-
characterized ophiolites, we have analyzed samples from three California
ophiolites of Mesozoic age: the Josephine Ophiolite [157 My, Harper, 1980;
Harper and Saleeby, 1980], the Point Sal Ophiolite [160 My, Hopson and
Frano, 1977] and the Kings-Kaweah Ophiolite [200 My, Saleeby, 1982]. The
Josephine Ophiolite and Kings-Kaweah Ophiolite have metamorphic histories
comparable to that inferred for many of the Appalachian mafic complexes;
both were metamorphosed to greenschist or amphibolite facies during regional
metamorphic events after their emplacement onto the continental margin. Our
data for the California ophiolites are given in Table 1 and Fig. 1. These
rocks clearly have the Nd isotopic signature of the depleted mantle source
characteristic of modern oceanic crust or oceanic island arcs, especially
when allowance is made for the evolution of the source. For a depleted
mantle with me/Nd ~ +0.2 one would expect this reservoir to evolve by
~ +0.5 &gy units every 100 My. The present-day range of +8 to +13 &g, for
the MORB derived from the depleted oceanic mantle would thus correspond to a
range of +5.5 to +10.5 at ~ 500 My ago. The value of € (T) = +12.4 for the
Kings-Kaweah sample deserves some comment. This value is among the highest
reported for samples from a depleted mantle reservoir and implies that the

Kings-Kaweah Ophiolite was derived from mantle which was either more highly
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depleted than average or was depleted at a much earlier-than-average time.
Ophiolite localities showing such high €g, values will require more attention
in the future.

The Sr isotopic compositions of ophiolites range from typical depleted
mantle values to relatively radiogenic values. This dispersion is due to the
relative ease with which the Sr isotopic system is disturbed by exchange during
both regional metamorphism and metamorphism on the seafloor [Jacobsen and
Wasserburg, 1979; McCulloch et al., 1981]. This fact has limited the utility
of the Sr isotopic system for constraining the origin of mafic rocks in complex
orogenic terrains. In contrast, the Nd isotopic system appears to be
relatively immune to such disturbances, suggesting that the distinctive Nd
isotopic signature of oceanic crust is preserved during hydrothermal alteration
on the sea floor and during obduction and regional metamorphism. Although the
susceptibility of Nd and the REE in general to disturbance in response to
different types of metamorphism is not well known, the available data suggest
that the REE are quite robust. This feature could be of great importance in
the Appalachians where metamorphism has obliterated the original mineralogy and

modified the major element chemistry of most of the mafic and ultramafic rocks.

2. Samples and Procedures

We have analyzed samples of two of the largest mafic/ultramafic complexes
in the Appalachians south of Newfoundland: the Thetford Mines Complex (TMC) of
southern Quebec [Laurent, 1975, 1977] and the Baltimore Mafic Complex (BMC) of
Maryland [Hertz, 1951; Hopson, 1964; Southwick, 1970; Morgan, 1977; Hanan, 1980].
Both of these complexes have been called ophiolites in the literature. The T™MC

has a complete ophiolite stratigraphy although it is strongly deformed. The BMC
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on the other hand consists of only a cumulate dunite-chromitite base overlain by
cumulate pyroxenites which grade into cumulate and non-cumulate two pyroxene
gabbros and norites. The BMC does not include tectonized harzburgite, a dike
complex, pillow basalts or overlying marine sediments. A variety of lithologies
of varying degrees of metamorphism from both Thetford and Baltimore have been
analyzed. For the BMC, mineral separates were made for internal isochrons on
three samples having well-preserved igneous mineralogy. In addition, we have
analyzed a variety of samples of mafic/ultramafic rocks from diverse localities
which have on occasion been suggested to be obducted oceanic crust. These are
comprised of one sample of the Hazen's Notch amphibolite associated with the
serpentinized dunite of the Belvidere Mountain ultramafic body of northern
Vermont [Laird, 1977; Chidester et al., 1978; Laird and Albee, 1981], two
samples of Chunky Gal Mountain amphibolite from the Buck Creek peridotite body
of North Carolina [Hadley, 1949; Sailor and Kuntz, 1973; McElhaney and McSween,
1982], an amphibolite from the nearby Lake Chatuge complex [Hartley, 1973; Jones
et al., 1973] and a sample of websterite from the type locality of Webster-Addie,
North Carolina [Miller, 1953; Stueber, 1969]. We have also analyzed two samples
of the Grenville age basement gneiss from exposures in the Woodstock and Towsend
Domes, Maryland [Tilton et al., 1958, 1970] and one sample of Wissahickon schist
as possible representatives of the Appalachian basement and metasedimentary
cover through which ensialic mafic rocks may have intruded. Sample locations
and brief petrographic descriptions are given in the Appendix.

For the total rock analyses, 10-25 g interior pieces were crushed in a
stainless steel mortar and pestle and a ~ 0.5 g split taken for HF + HCLO,
dissolution. With the exception of Md-11, an augen gneiss, all the samples
analyzed were relatively fine-grained and the powdered material adequately

represents the whole rock. No special attempt was made to homogenize a large
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volume of sample Md-11. Nevertheless, the Nd isotopic results for this sample
are in good agreement with those of fine-grained gneiss Md-7. Similarly, no
attempt was made at dissolving the zircons present in Md-7, Md-11, Md-32 and
RL80-7, although the HF + HClO, dissolution used does substantially attack those
zircons which are metamict. The lack of dissolution of zircons is unlikely to
have any effect on our Rb-Sr results due to the low concentrations of these ele-
ments in zircon. One may calculate the expected contribution of the zircons to
the REE budget of the whole rock. For the rocks we analyzed, the worst case is
for Md-7 which had ~ 2 mg insoluble residue from ~ 700 mg rock. If the residue
were entirely zircon at 100 ppm Nd, then the undissolved material would comprise
~ 1% of the total rock Nd. Assuming an improbably large Sm/Nd fractionation be-
tween zircon and whole rock leading to a 20 €-unit difference in isotopic
composition between the zircon and rock, the shift in the whole rock €y, value
due to the lack of zircon dissolution would be only ~ 0.2 €-units. We therefore
believe the undissolved zircons to be an insignificant problem for these rocks.

Mineral separates were made using a combination of magnetic separation,
heavy liquids (STBE and MI) and hand-picking. The purity of the mineral separ-
ates was ~ 99% for plagioclase and apatite and > 95% for pyroxene with fine-
grained magnetite largely making up the remaining < 5%. The mineral separates
were rinsed in acetone and distilled water and air dried before weighing.

In order to assess the possibility of contamination along grain boundaries
during serpentization and metamorphism, a split of the powdered Webster-Addie
sample was leached briefly in cold 0.1M HCl, rinsed in water, then leached for
one hour in sub-boiling 1.5M HCl. The insoluble residue was dried, weighed, and
dissolved in HF + HC10,.

In order to spike the samples properly, solution aliquots containing 1-2 mg

of sample were spiked and approximate Rb, Sr, Sm, and Nd concentrations deter-
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mined by isotope dilution. Using these concentrations, the remainder of the
sample was spiked and chemically separated to determine both isotopic compositions
and concentrations precisely. On many samples, only aliquot data was collected
for Rb concentrations. The errors on these data are consequently higher but due
to the low Rb/Sr ratios involved, the error in the calculated in;tial ratios is
insignificant. Details of the chemical separation and mass spectrometric proce-
dures are given in Eugster et al. [1970], Papanastassiou and Wasserburg [1973],
Papanastassiou et al. [1977], and DePaolo [1978]. Blanks for the complete

analytical procedure are < 50 pg Nd and < 200 pg Sr and are negligible.

3. Results

Our results for the Baltimore Mafic Complex are presented in Table 1 and
Figs. 3-6. Figs. 3a-3c show our Sm-Nd mineral data on three samples of the
BMC. We report 20 errors for the age and initial values calculated using the
regression routine of Williamson [1968]. The large error on the age for the
isochron for Md-32 is due to the relatively small spread in Sm/Nd ratios which
in turn is probably caused by small amounts of apatite in the plagioclase and
orthopyroxene mineral separates. On the basis of these three concordant
isochrons, we assign an igneous crystallization age of 49020 My to the BMC.
It is important to note that the initial €y (T) values for these isochrons are
different from one another and all are negative.

The results of our Rb-Sr analyses on minerals from sample Md-32 are
plotted in Fig. 3d. In contrast to the Nd isotopic system, the mineral data
fail to define an Rb-Sr isochron with several different mineral phases. The
slope is defined only by the orthopyroxene point and the cluster of points
with low Rb/Sr ratio. A linear fit to the data yields an age of 38628 My and

a high initial €g (T) = +114 (0.7121). The results of our Sm-Nd analyses of
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whole rocks from the BMC are plotted in Fig. 4a and our Rb-Sr results for the
same samples in Fig. 4b. As can be seen from these figures, the whole rock data
define neither Sm-Nd nor Rb-Sr isochrons, as could have been anticipated from
the variation in ENd(T) among the mineral isochrons. Instead, the Nd data vary
from €y (T) = -6.4 to -2.2 and the Sr data from €g (T) = +115 to +51 (0.7120 to
0.7075) for an age of 490 My. The Nd data show a general correlation between
€ng(0) and Sm/Nd about the 490 My reference isochron (Fig. 4a). There is no
obvious correlation in the Sr data (Fig. 4b). In terms of trace element
chemistry, all of the Baltimore samples, with the exception of obvious cumulate
rocks, are moderately to strongly LREE-enriched relative to chondrites, as can
be seen by the negative values of me/Nd in Table 1. These values lie between
typical continental crustal values of me/Nd ~ -0.4 and a chondritic value of
me/Nd ~ 0. The whole rock Rb/Sr ratios have a restricted range and are low
relative to nominal undepleted mantle (UR).

Our results for the Thetford Mine Complex samples are presented in Table 1
and Fig. 5. We were unable to obtain a mineral isochron for the TMC due to the
pervasive low-grade metamorphic overprint throughout the Thetford locality which
has destroyed the igneous mineralogy. For the purpose of calculating initial
isotopic ratios we have assumed an age of 500 My. With the exception of Qe 24
(a cumulate clinopyroxenite), all these samples have approximately chondritic
Sm/Nd ratios. The calculation of ENd(T) values is therefore nearly independent
of the assumed age. As can be seen in Fig. 5, the whole rock samples from
Thetford do not define an isochron in either the Sm-Nd or Rb-Sr evolution
diagrams. Using the assumed age, we calculate very variable initial isotopic
compositions with &g (T) = +4.2 to -1.5, €5 (T) = -2.6 to +114 (0.7041 to
0.7119). The samples have a wide range of Rb/Sr ratios, ranging from values

much less than bulk mantle values to moderately LIL-enriched values. These
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are quite reasonable for Grenville age crust [Tilton et al., 1958, 1970;
Grauert, 1974]. Typ ages (at 1.37 AE and 1.11 AE) are generally less reliable
but in this case are close to the Tgu,p ages. The sample of Wissahickon schist
has €gy (490) = -6.6, €5 (490) = +134 and Tguup = 1.04 AE, Typ = 1.72 AE. The
Nd model age implies that the Wissahickon sediments were dominantly derived from
Grenville age basement such as the Baltimore Gneiss. The Wissahickon schist is
known to have been metamorphosed at ~ 330 My from K-Ar studies [Lapham and

Bassett, 1964].

4. Discussion

An Sm-Nd age of ~ 49020 My was found for three different rocks from the
Baltimore Mafic Complex. This is in agreement with zircon U-Pb ages [Sinha,
personal communication]. We therefore interpret these results as the igneous
crystallization age of the BMC. This places the time of magmatism prior to or
at the earliest stages of the Taconic Orogeny. Samples from both the
Susquehanna block (Md-32, Md-44) and the BRaltimore block (Md-3) have ages that
are identical within error, confirming the close relationship of these two
J;posures. This age is similar to the age of 505210 My obtained by Jacobsen and
Wasserburg [1979] for the Bay of Islands complex. In contrast to their isotopic
results which demonstrated an oceanic signature for the Bay of Islands complex
[egg(T) = +6.5 to +8.1, €5 (T) = -19.6 to +32.5] our isotopic data clearly
indicate that the BMC was not derived from depleted oceanic mantle. 1In
particular, the negative values of €y (T) and positive values of €g (T) are most
like the isotopic signature of old continental crust. The variation in initial
isotopic composition of both Nd and Sr does not appear to correlate with
stratigraphic position in the complex, rock type, or degree of metamorphism.

Hanan [1980, 1981] has shown that 87Sr/86Sr ratios are shifted to higher values
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in metamorphic minerals along late stage fractures in the gabbro. These fractured
rocks were avoided in the present study. It is clear from our attempt at an Rb-Sr
mineral isochron (Fig. 3d) that there has been redistribution of Rb or Sr on a
mineral scale during post-crystallization metamorphism. Nevertheless, for
reasons which will be shown below, we believe that the variation in whole rock
initial Sr isotopic composition is a magmatic characteristic, and that on the
scale of several centimeters, the whole rocks have remained largely closed
systems since crystallization. That the variation in initial Nd isotopic
composition is a magmatic characteristic is clearly demonstrated by the differ-
ent initial values obtained for our Sm-Nd mineral isochrons. This interpreta-
tion hinges on the assumption that the Sm-Nd mineral isochrons record both the
time of crystallization from a melt and the melt's isotopic composition. It is
possible that the mineral isochrons record a metamorphic event and that the
initial isotopic compositions are a result of large scale introduction of Nd and
Sr from the surrounding rocks. Such a metamorphic event would have had to have
occurred shortly after crystallization in order to account for the agreement
between the Sm-Nd mineral isochron and U-Pb zircon ages. In addition, the
samples chosen for isochron work have anhvdrous, apparently igneous mineralogy
(see Appendix) implying granulite grade metamorphism. Without a hydrous fluid
phase to mediate the process, we believe it is unlikely that isotopic exchange
can occur over a scale of kilometers. Furthermore, as will be shown below,
amphibolite grade metamorphism, presumably in the presence of abundant fluid, did
not appreciably disturb the Nd isotopic signature of mafic rocks from North
Carolina and Vermont. Therefore, we do not believe that the Nd systematics of
the BMC samples record a metamorphic event. In the discussion which follows, we
shall assume that this is the case. In Fig. 6 we have plotted our results for

the BMC in an €y, (T) vs. € (T) diagram. The data define an array lying to
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higher ESr(T) than the mantle array with ENd(T) inversely correlated with Est(T).
It is this coherence, together with the assumption that the ENd(T) values are
magmatic, that leads us to believe that the variation in €Sr(T) is not due to
later metamorphism. The trend in the €y4-€; diagram is exactly what one would
expect for contamination of a mantle-derived magma with high € and low ENd s
old continental crust. Fig. 2 schematically illustrates this along with other
contamination trends and the isotopic characteristics of endmember rock types.
Hanan [1980] suggested that the radiogenic Sr isotopic compositions of the BMC
are due to interaction with seawater. This is almost certainly not the case for
two reasons: 1) Cambro-Ordovician seawater had Egp ~ +72 (0.709) [Peterman

et al., 1970; Burke et al., 1982] a value lower than the initial isotopic
composition of several of our samples; 2) interaction with seawater is not
expected to shift the Nd isotopic composition by a significant amount until
extremely high water/rock ratios are reached (~ 10%) due to the extraordinarily
low concentration of Nd in seawater (~ 2x107!2 g/g) [Goldberg et al., 1963;
Hggdahl et al., 1968; DePaolo and Wasserburg, 1977]. The mixing line between
oceanic crust and seawater is shown in Fig. 2. This process is thought to
account for the spread of €5 (T) at essentially constant €g,(T) seen in Fig. 6
for the Bay of Islands data [Jacobsen and Wasserburg, 1979]. Our data for the
BMC rocks in Fig. 6 do not show this relationship. We suggest instead that the
Baltimore Complex magma was contaminated by or partially derived from older
crustal material. Possible candidates for the contaminant are the Grenville age
basement rocks which are exposed in several mantled gneiss domes in the
Baltimore area and the overlying metasediments. Our data for the Baltimore
gneiss and Wissahickon schist samples are plotted on Fig. 6 at the isotopic
composition they would have had 490 My ago. It is clear from this figure that

the gneisses are suitable candidates for the contaminant in terms of their
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isotopic composition, as would be sediments or metasediments largely derived
from Grenville age basement. The particular sample of Wissahickon schist
analyzed appears to have too low ESr(T) to be a reasonable bulk contaminant.
Undoubtedly there exists a wide variation in both Rb/Sr and €sr within the
Wissahickon schist and it is likely that assimilation of portions of this
formation could lead to the observed isotopic pattern. Several other lines of
evidence support the idea that the BMC magma was contaminated with older crustal
material. Brown primary amphibole is common in the gabbro, suggesting a
relatively high fHZO as might result from the assimilation of hydrous phases,
and partially assimilated mafic xenoliths of uncertain origin are present in the
upper portions of the gabbro [Hanan, 1980]. Further evidence is the observation
originally due to Bowen [1928] that assimilation of aluminous rocks by basaltic
magma should bring orthopyroxene onto the liquidus and increase the anorthite
content of the crystallizing plagioclase at the expense of clinopyroxene

crystallization according to the generalized reaction:

(5102 + A1203) + CaMg81206 = CaA1251208 + Mg3103

Aluminosilicates + Diopside Anorthite + Enstatite
More recent experimental work by Irvine [1975] has substantiated Bowen's
observation. Both the early appearance of orthopyroxene in the crystallization
sequence and high anorthite content of the plagioclase are characteristics of
the BMC. Taken to its extreme, this mechanism should produce norites. We note
that Md-32, a norite sample, is also the most enriched in incompatible elements
of the samples analyzed, as evidenced by the presence of zircon and apatite.
This sample also has the highest €g (T) and lowest €y (T) and would thus

represent the most contaminated sample we have analyzed. The TCHUR model age
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for this sample is 1.2 AE, close to that calculated for the samples of Baltimore
Gneiss (~ 1.26 AE), suggesting that assimilation of the Baltimore Gneiss or a
rock with similar isotopic characteristics caused the variation in initial
isotopic composition of the BMC. A calculation for simple mixing between a
magma with €y, = €5 = 0, and 5 ppm Nd, 100 ppm Sr and a contaminant with

€nd = ~8, €5, = +300, 50 ppm Nd and 200 ppm Sr shows that > 25% bulk assimilation
is necessary to account for the most contaminated samples. This is a rather
large amount. This calculation is clearly an oversimplification but serves to
give a sense of the magnitude of the effect. A more realistic calculation would
include the effects of combined assimilation/fractionation and selective melting
in the contaminant as well as incorporating other isotopic and trace element
constraints. In the absence of information on liquid compositions during the
evolution of the BMC magma, however, such a detailed calculation is not
warranted. Furthermore, the lack of correlation between isotopic composition
and rock type or position in the crystallization sequence suggests that the BMC
magma chamber was chemically and isotopically heterogeneous and that the magma
was therefore not well—miied, thus this basic assumption of most mixing models
cannot be justified in the case of the BMC.

Having documented the probable role of continental crustal material in the
genesis of the BMC, we now ask in what tectonic settings such a process might
operate. From the preceding arguments, it appears that the complex did not form
at an oceanic spreading center and is therefore not an ophiolite if that term is
considered to mean obducted oceanic crust. The remaining possibilities include
oceanic island volcanism, subduction-zone related volcanism and continental
mafic intrusion of an unspecified nature (not related to a subduction zone).
Oceanic island volcanism is an unlikely candidate on the basis of our isotopic

data. Although oceanic island basalts are often derived from less depleted
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mantle sources than normal MORB or a mixture of depleted and enriched mantle, the
large negative ENd(T) together with large positive eSr(T) characteristic of the BMC
have not been found among oceanic island rocks. The most enriched oceanic island
alkali basalts measured to date have &gy = -5.7, €5 = +17 [Dosso and Murthy, 1980]
while the BMC has ESr(T) ~ +100 for &y ~ -6. Subduction related magmas have two
mechanisms whereby interaction with continental crustal material may occur: by
subduction of continent-derived sediments and by intrusion into continental crust.
Although subduction and subsequent melting of sediments has often been called upon
to explain some features of andesitic magmas and is probably an important mechanism
in their genesis [Brown et al., 1982], it is unlikely that sufficient sediment could
be carried down with the subducting plate to produce the strong continental
signature seen in the BMC. This possibility cannot be ruled out, however, as the
work of Whitford [1975] and Whitford et al. [1977, 1979] has shown that some
andesites of the Sunda-Banda Arc, Indonesia, have strongly positive values of €5, (0)
and negative values of €.,(0), probably due to large amounts of continental detritus
from Australia being subducted beneath the arc. In general, however, only those
arcs which are built upon thick continental crust, such as the Andes, have negative
Eygq and positive €sr similar to the Baltimore samples. Studies by DePaolo and
Wasserburg [1977] and James [1982] of Andean volcanics and Nohda and Wasserburg
[1981] of Japanese volcanics have also appealed to contamination by continental
material during intrusion in order to explain the observed isotopic and trace
element compositions. The last case, continental mafic intrusion of an unspecified
nature, is no different in contamination mechanism from the case of a continental
arc. Studies of the Stillwater Complex of Montana [DePaolo and Wasserburg, 1979],
the Shabogamo Intrusive Suite of Labrador [Zindler et al., 1981], the Kalka
Intrusion of Central Australia [Gray et al., 1981] and the Cortlandt Complex of New

York [Domenick and Basu, 1982] have similarly suggested on the basis of Nd isotopic



229

evidence that crustal contamination played a role in the genesis of these mafic
intrusions. We emphasize that the negative values of CNd(T) for the BMC samples
rule out a depleted mantle source for the complex, and that the Complex is therefore
not a fragment of typical oceanic crust. We suggest instead, on the basis of our
isotopic data, that the BMC was intruded into continental crust, possibly as part of
a Cambro-Ordovician arc complex, and was contaminated by old LREE enriched crustal
material with Eng <€ 0 during emplacement. Its present allochthonous nature
[Crowley, 1976] must be due to post-crystallization tectonic movements not related
to obduction of oceanic crust.

We would like to draw attention to our Nd results on the Baltimore Gneiss
samples. In particular, we note that the TCHUR model ages [DePaolo and Wasserburg,
1976a) appear to accurately reflect the time of crustal formation. Previous
isotopic work on the Gneiss has pointed up the complex history of the basement
complex: K-Ar and Rb-Sr mineral systems were reset by metamorphic events in the
interval 300-500 My ago [Wasserburg et al., 1957; Wetherill et al., 1968], and the
U-Th-Pb systematics of zircons show complex patterns of discordance due to episodic
and continuous lead loss as well as possible inheritance of older Pb [Tilton et al.,
1958, 1970; Grauert, 1974]. The TCHUR’ and to a lesser extent the TUR model ages,
appear to be able to see past these later disturbances to the original time of
crustal formation of the Grenville Province at ~ 1.25-1.30 AE.

Our Sr and Nd isotopic data for the Thetford Mines complex are plotted in
Fig. 6. As can be seen in this figure, there is no clear correlation between
€nd(T) and €5 (T). The data scatter from €y (T) = -1.5 to +4.2 and &g (T) =
+2.6 to +114.0 (0.7041 to 0.7119). Like the BMC, the isotopic composition of
the Thetford samples does not appear to correlate with rock type, position
within the complex, or degree of metamorphism. In particular, note that the

upper and lower pillow lava sequences are isotopically indistinguishable.
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The range in isotopic composition characteristic of the TMC is not the signature
of oceanic crust (compare the data in Fig. 6 with Fig. 2). Neither can the
variations in isotopic composition be generated by simple mixing of oceanic
crust with old continental crustal or seawater Sr and Nd. More complicated
processes appear to be involved. The TMC is unquestionably an ophiolite sensu
stricto in that the complex includes all the elements of the ophiolite
stratigraphy. It thus appears that the isotopic and field geologic
relationships are in opposition. We do not believe that metamorphism is the
primary cause of the variations in isotopic composition in the Nd system.
Ophiolites with similar metamorphic histories such as the Josephine Ophiolite
and the Kings-Kaweah Ophiolite of California, which have metamorphic assemblages
similar to the TMC, preserve the Nd signature and, to a lesser extent, the Sr
isotopic signature of oceanic crust (Table 1) [Chen and Shaw, 1982]. Futhermore,
as will be shown below, relatively high-grade amphibolites from North Carolina
and Vermont also preserve the Nd isotopic characteristics of their depleted
mantle source. On the other hand, the case for the observed Sr isotopic
compositions being primary is rather poor. Sr isotopic exchange during
metamorphism is a well-documented process [Lanphere et al., 1964, and many later
studies] and interaction with metamorphic fluids derived from dehydration
reactions in metasedimentary rocks will generally increase the 875r /865t ratio
in mantle-derived rocks. Unlike the Baltimore samples, there is no apparent
correlation between € (T) and €g (T), suggesting that these systems are
decoupled. Several of the samples analyzed contained secondary calcite which
might be expected to have a large effect on the Sr isotopic composition of the
bulk rock, although the presence of calcite does not appear to correlate with

€5 (T) or €5.(0). In addition, the samples have quite a wide range of Rb/Sr ratios,

possibly indicating rather large Rb-Sr fractionation during metamorphism.
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In short, the Sr isotopic system cannot be counted upon to preserve primary
isotopic composition in complex metamorphic terrains and we shall therefore
concentrate our discussion on the significance of the Nd data.

Although the isotopic composition of the TMC is unusual for an ophiolite,
it is not unique. Recent studies of the Vourinous Complex, Greece [Noiret
et al., 1981; Richard and Allegre, 1980], the Troodos Ophiolite, Cyprus [Hannah
and Futa, 1982], and the Bett's Cove Ophiolite, Newfoundland [Coish et al.,
1982] have shown that, in part, they are also characterized by rocks with Eng (D
between 0 and +4 and with relatively radiogenic Sr, although the latter is
usually attributed to interaction with seawater. Both the Troodos and Bett's
Cove ophiolites were also found in these studies to include rocks with a more
normal oceanic signature of Eng ~ *8, a characteristic not seen in the Thetford
samples we have analyzed. The significance of these results for ophiolite
genesis is not clear. The implication is that there are ophiolites of varying
ages which were derived from a mantle source with modestly positive €nd OT from
a blend of magmas derived from normal depleted oceanic mantle and an enriched
reservoir such as enriched mantle, undepleted mantle or continental crust.
These characteristics have been attributed to the source for many oceanic island
basalts [0'Nions et al., 1977; Dosso and Murthy, 1980]. A mixture of sources
might also be expected for arcs and the magmas intruded during the initial
stages of continental rifting to form an ocean basin or marginal basin. The
latter cases would also allow for interaction of the mantle-derived magma with
continental crust.

Church [1977] has pointed out that the TMC is chemically similar to the
Bett's Cove ophiolite of Newfoundland [Coish and Church, 1979] in that they are

\

characterized by the presence of orthopyroxene-bearing cumulates and relatively

low Ti-basalts, among other features. He contrasts these complexes with
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ophiolites characterized by dunite-troctolite cumulate sequences and relatively
Ti-rich basalts with olivine and plagioclase phenocrysts such as the Bay of
Islands Ophiolite. He further identifies these two endmembers with the
ophiolites of the internal and external zones, respectively, of the Tethys
region [Rocci et al., 1975]. Our isotopic data together with the previously
mentioned studies seem to indicate that there is a fundamental difference in
origin between the two endmembers as defined by Church, but it is unclear what
this difference signifies. Clearly, more work %s needed to establish the links
between the variations in major and minor element geochemistry and isotopic
systematics of these ophiolites and to attempt to relate these to modern
analogues. Among modern rocks, these complexes have isotopic and chemical
affinities to boninites, which are olivine, orthopyroxene, and clinopyroxene-
phyric island arc basalts with high Mg0 and SiO2 contents but low TiO, contents
[Kuroda and Shiraki, 1975; Shiraki and Kuroda, 1977]. Recent Nd isotopic data
obtained by Hickey and Frey [1982] has shown that boninites, like the Thetford
Mines samples, are characterized by a large range in €g4(0) (-0.3 to +6.2) which
they attribute to mixing between a strongly depleted mantle peridotite and an
enriched component; either subducted sediments or metasomatized, LREE enriched
mantle. We suggest that the TMC may represent the ancient intrusive and
extrusive counterpart to modern boninites.

In summary, our data on the TMC are not easily reconciled with the geologic
relationships. At face value, they preclude the formation of the complex at a
normal mid-ocean spreading center. Nevertheless, it is possible that the
metamorphism and alteration was so severe that all primary isotopic memory has
been erased.

Our isotopic results for the North Carolina samples are plotted in Fig. 6.

In contrast to the results discussed thus far, the Chunky Gal and Lake Chatuge
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amphibolites clearly have the isotopic signature of ancient oceanic crust. In
Fig. 6, these data generally fall within the field defined by the Bay of Islands
complex [Jacobsen and Wasserburg, 1979] although the Lake Chatuge sample has a
somewhat lower value of ENd(T) than the other samples. Similarly, the sample of
Hazen's Notch amphibolite from Vermont also plots within this field. These
samples all have characteristically oceanic values of ENd(T) > 45 for T = 500 My
but extend from the mantle array to more radiogenic values of SSr(T). The
dispersion in SSr(T) may be due to either hydrothermal interaction with seawater
or continental metamorphic fluids or both. Previous Sr isotopic work by Stueber
[1969] and Jones et al. [1973] showed that the Sr isotopic composition of
ultramafic and mafic rocks from North Carolina was in some cases considerably
more radiogenic than plausible seawater values. In addition, these studies
suggested that the increase in 87Sr/86Sr ratios was correlated with the degree
of metamorphism; samples of unmetamorphosed troctolite and dunite had lower
isotopic ratios than their metamorphic equivalents, amphibolite and
serpentinite. If true, this would clearly indicate exchange of Sr during
metamorphism. It is important to note, however, as has been observed in other
studies of ophiolite complexes [Jacobsen and Wasserburg, 1979; McCulloch et al.,
1981; Chen and Shaw, 1982], that even though the Sr system shows evidence for
substantial post-crystallization isotopic exchange, the Nd system appears to
preserve the primary isotopic composition, even at the relatively high grade of
metamorphism represented by the Vermont and North Carolina amphibolites. This
fact encourages our belief that the Nd isotopic variations observed in the BMC
and TMC are primary and not due to later exchange processes.

Our results on the Vermont and North Carolina amphibolite samples are
significant in that they demonstrate that there are mafic rocks in the

Appalachians which are derived from a depleted mantle source and which, at least
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on isotopic grounds, are good candidates for being fragments of oceanic crust.
The Webster-Addie sample with €gy(T) ~ -1, €5 (T) ~ +29 is clearly
different from the nearby amphibolites and does not have the signature of the
depleted mantle source typical of oceanic rocks. The leaching experiment shows
that the low ENd(T) is not due to the presence of Nd derived from surrounding
metamorphic rocks on grain boundaries. It is difficult to draw any firm
conclusions about the origin of the Webster-Addie body on the basis of this
single sample; however, the isotopic data do not support an origin at a mid-

ocean spreading center.

5. Conclusions

From Sr and Nd isotopic analyses it appears that there is no single origin
for the mafic and ultramafic rocks of the Appalachians. The isotopic data
support the earlier notions of ensialic mafic intrusions in the case of the
Baltimore Mafic Complex, while clearly supporting an oceanic origin for the Bay
of Islands Ophiolite, the Belvidere Mountain Complex, and some of the North
Carolina bodies. The Thetford Mines Complex appears to belong to a class of
ophiolites with peculiar isotopic, and possibly chemical, characteristics, which
have affinities to modern-day boninitic rocks found in oceanic arcs. The
isotopic data would tend to rule out the formation of these complexes at a mid-
ocean sp;eading center. These conclusions are critically dependent on the
observation that the Nd isotopic system is relatively immune to disturbance
during metamorphism and thus preserves the original igneous isotopic signature.
Nevertheless, even if the observed isotopic systematics represent a metamorphic
effect, we find no supportive evidence for an oceanic crustal origin for the BMC,
TMC or the Webster-Addie body. In contrast, the Sr isotopic system alone is

relatively undiagnostic as to the origin of rocks in metamorphic terranes due to the
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relative ease with which Rb and Sr are mobilized during metamorphism. The Nd
isotopic system can readily be exploited in favorable cases to obtain ages on
mafic rocks. When applied to samples of the BMC, this technique yields an age
of 490+20 My for this body which we interpret as the time of crystallization.
0l1d continental crust has a distinctive isotopic signatu;e and combined Nd-Sr
isotopic studies provide a sensitive test for the presence of assimiliated crust
in igneous bodies. Our results on the BMC indicate that a significant fraction
of the Nd and Sr in the Complex was derived from old «continental material such
as the Baltimore Gneiss.

In summary, we believe that studies of Appalachian geology have reached a
point where the diversity in origins for the mafic and ultramafic rocks of this
mountain belt must be recognized and explained. It would appear that simple
models involving only obduction of ridge-generated oceanic crust are inadequate
to explain the observations. Finally, we caution as others have that not every
mafic and ultramafic rock in an orogenic belt is part of an ophiolite nor are

all ophiolites formed at mid-ocean spreading centers.
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Appendix
Sample Descriptions and Locations

(Percentages are visual estimates
and intended only as a guide to modal abundances).

Baltimore Mafic Complex
Md-32 - Norite: Plagioclase, 80%; Opx. 14%; Magnetite, 5%; Sulphide, 1%;
Tr. apatite, zircon, quartz, green trem-actinolite, chlorite.

Conowingo Dam Quad., Md.-Penn, Road from Oakwood to Susquehanna R. in ravine of

Conowingo Creek. 39°41.26'N, 76°11.35'W.

Md-3 - Feldspathic websterite/two pyroxene gabbro: 40% Opx. with Cpx.

exsolution lamallae, 40%; Cpx. with opx. exsolution lamallae, 35%
plagioclase, 25%; tr opaques, green trem.-actinolite.

Baltimore West Quad., Md. Purmell Dr., 39°19.12'N, 76°47.63'W

Md-40 - Metagabbro: Pale green fibrous trem-actinolite after pyroxene 50%;
plagioclase, 30%; cpx., 15%; chlorite, 3%; zoizite + epidote, 1%; opaques,
1%; tr. carbonate, chlorite.

Conowingo Dam Quad. Md.-Penn., RR cut along Susquehanna R., 39°40.43'N, 76°11.13'W.

Md-15 - Feldspathic Orthopyroxenite: Orthopyroxene, 90%; plagioclase, 7%;

cpx., 2%Z; green trem-actinolite 1%; tr. opaques.
Conowingo Dam Quad. Md-Penn, Road from Oakwood to Pilot, 39°41.23'N, 76°10.93'W.

Sample from B. Morgan, his #77-BM-65.
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Md-39 - Hornblende Gabbro: Plagioclase, 40%; cpx., 20%; opx., 15%;

intercumulus brown amphibole, 10%; fibrous green amphibole + ? after
pyroxene, 10%; pale green trem-actinolite, 3%; epidote, 1%; opaques, 1%.

Conowingo Dam Quad, Md-Penn; RR cut along Susquehanna R, 39°40.34'N, 76°10.97'W

Md-30 - Two-pyroxene Gabbro: Plagioclase, 45%; opx., 20%; cpx., 15%;

fibrous pale green amphibole + ? after pyroxene, 15%; zoizite, 2%; chlorite
2%; opaques, 1Z%.
Conowingo Dam Quad. Md-Penn; Road from Oakwood to Susquehanna R., 39°41.74'N,

76°11.95'W.

Md-44 - Two-pyroxene Gabbro: Plagioclase, 60%; opx., 20%; cpx., 20%; tr.

green trem-actinolite, opaques.

Conowingo Dam Quad. Md-Penn; RR cut along Susquehanna R., 39°41.44'N, 76°12.30'W.

Baltimore Gneiss, Wissahickon Schist

Md-7 - Layered Biotite Gneiss: Quartz, 40%; plagioclase, 30%; microcline,

20%; biotite, 10%; tr. apatite, zircon, sphene.
Ellicott City Quad, Md; Bluff above RR tracks along Patapsco R. west of Woodstock.
Woodstock Dome. 39°19.87'N, 76°52.45'W. Near locality sampled by Tilton et al.

[1970].

Md-11 - Augen Gneiss: Quartz, 30%; Microcline, 28%; plagioclase, 25%;

biotite, 15%; muscovite, 1%; sphene, 1%; tr. epidote, allanite, zircon,
apatite, tourmaline.
White Marsh Quad. Md., Hartley Mill Road in Long Green Creek near Crowley's

[1976] type locality. Towsend Dome. 39°27.02'N, 76°28.54'W.
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RL B0-7 - Wissahickon Schist: Quartz, 40%; plagioclase, 35%; biotite, 107%;

epidote + zoizite, 10%; muscovite, 5%; chlorite 1%; tr. opaques, apatite,
zircon.
Conowingo Dam Quad. Md-Penn; Rte. 299 NW of Harmony Chapel. 39°39.0'N, 76°8.3'W.

Sample from K. Sinha.

Thet ford Mines Complex

Qe-40 - Upper Pillow lava (greenschist): Fine-grained chlorite + amphibole,

40%; calcite, 30%; epidote, 20%; quartz + plagioclase, 9%; coarse euhedral
green amphibole. 1%; tr. opaques.

Disraeli Sheet Qe. Rt. 34 north of Lac Coulombe, 45°50.70'N, 71°27.63'W.

Qe-13A#3 - Lower Pillow lava (greenschist): Chlorite, 60%; amphibole after

cpx (?) microphenocrysts, 39%; opaques, 1%; tr. calcite, zoizite.
Thet ford Mines Sheet, Qe. 0.27 km southeast of Colline Poudrier, 46°0.72'N,

71°14.14'W.

Qe-18 - Lower Pillow lava (greenschist): Fine-grained chlorite + amphibole,

55%; quartz + plagioclase, 40%; calcite (in vesicles), 5%; tr. zoizite, opaques.

Thetford Mines Sheet, Qe. On road to Mt. Adstock. 46°1.10'N, 71°12.8'W.

Qe-12A - Metagabbro, screen in dike complex: Amphibole, 55%; Chlorite, 207%;

zoizite + ? after plagioclase (?), 15%; quartz, 10%; tr. opaques, cpx. (relict).
Thetford Mines Sheet Qe. Dike and sill complex at Colline Poudrier. 46°0.83'N,

71°14.65'W.



240

Qe-8B - Metadiabase: Amphibole, 507%; plagioclase, 45%; chlorite, 2%; cpx.

phenocrysts (relict), 2%; zoizite, 1%.

Same location as Qe 12A.

Qe-30A - Metagabbro: Dark, fine-grained alteration products of plagioclase

[= hydrogrossular (?) + zoizite + clays (?)], 75%; amphibole after cpx., 20%;
chlorite, 5%; tr. zoizite, opaques, cpx. (relict).
Disraeli Sheet Qe., Road along northeast end of the northwest arm of Breeches

Lake. 45°55.28'N, 71°27.92'Ww.

Qe-24 - Clinopyroxenite: cpx., 75%; amphibole after cpx., 15%; serpentine

after olivine (?), 7%; opaques, 3%.

Disraeli Sheet Qe. Between Lac de 1'Est and Colline Lemay. 45°56.89'N, 71°24.36'W.

North Carolina Samples

CG-12-1 - Chunky Gal Amphibolite: Amphibole, 50%; plagioclase, 487%; opaques,

2%; tr. zircon, tourmaline.
Rainbow Springs Quad., N.C., 35°4.8'N, 83°35.4'W, see McElhaney and McSween

[1983]. Sample from H. McSween.

CG-2-18 - Chunky Gal Amphibolite: Amphibole, 75%; plagioclase, 20%; zoizite,

5%; tr. zircon.
Shooting Creek Quadrangle, N.C. 35°5.0'N, 83°38.0'W. See McElhaney and McSween

[1983]. Sample from H. McSween.
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C-1 - Amphibolite from Lake Chatuge ultramafic body: Amphibole, 60%;

plagioclase, 40%; tr. epidote, zircon, opaques.

Sample from J. Paque.

XTC-127 - Websterite, webster-addie ultramafic body: cpx., 85%; opx., 15%;

tr. green amphibole, spinel, opaques.

Sample from K. Misra.

Vermont Sample

VJL-360C - Hazen's Notch Amphibolite: Blue-green barroisitic amphibole 507;

epidote, 25%; quartz, 20%; garnet + chlorite after garnet, 5%; tr. rutile,
zircon, apatite, plagioclase.
Jay Peak Quad., Vermont. Near lookout tower on Belvidere Mountain. 44°46.43'N,

72°33.06'W. See Laird [1977], Laird and Albee [1981]. Sample from J. Laird.

California Samples [Chen and Shaw, 1982]

P-59 - Cumulate gabbro: Plagioclase 80%; cpx. 10%; fibrous trem.-actinolite,

5%; serpentine, 3%; brown amphibole, 2%; Tr. chlorite, opaques.

Point Sal ophiolite. Sample from S. Jacobsen.

JP-042 - Cumulate olivine gabbro: Sericitized plagioclase 65%; olivine 10%;

cpx., 10%; serpentine + magnetite after olivine, 10%; fibrous trem.-
actinolite, 57%; Tr. green spinel.

Oregon Mountain, Josephine ophiolite. Sample from S. Jacobsen.
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Y-13b - Cumulate gabbro: Sericitized plagioclase 70%; cpx. 25%; chlorite +

serpentine, 5%; tr. amphibole, opaques.

Josephine ophiolite. Sample from G. Harper.

Ca-10 - Metagabbro: Amphibole after cpx., 70%; plagioclase, 25%; cpx., 5%;

tr. opaques, serpentine, chlorite, zoizite.

Kings-Kaweah ophiolite. 45°4.6'N, 119°24.5'W.
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Table 1. Rb-Sr and Sm-Nd isotopic results.

Sample 1439g*  ppm Nd '47gmt  gSW/Nd Galri®  Big* ppm Sr 87rb* gRb/Sr £g, (T3
lhkNd “’“Nd BSSr Bﬁsr
Baltimore Mafic Complex
Md-32 0.51132 16.1 0.131 -0.334 -6.2 0.71209 302.9 0.0104% -0.874 +114.9
Norite +2 0.5 t4 $0.6
0.51131 16.3 0.130 -0.337 -6.4 0.71214 302.9 - - --
13 10.5 14
Md-32 0.51120 6.7 0.093 -0.526 —— 0.71254 494 .4 L0042 0.949
Plagioclase 2 14
Md-32 0.51140 4.0 0.152 -0.228 -— 0.71272 8.55 .1161? 0.404 -
Orthopyroxene 12 4
Md-32 0.51135 796.9 0.135 -0.314 - 0.71214 205 .6 .0100"* 0.879 -
Apatite +2 13
Md-3 0.51183 0.68 0.227 0.516 -2.2 0.70756 93.6 .0089 -0.893 +50.8
Feldspathic 2 +0.4 12 +0.3
websterite
Md-3 0.51130 0.12 0.068 -0.656 = == —— e == ~=
Plagioclase 12
Md-3 0.51188 0.21 0.253 0.285 == — = == == -
Orthopyroxene 2
Md-3 0.51186 1.86 0.253 0.285 = = — e = -

Clinopyroxene

+3
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Table 1. (Continued). Page 2

Sample 143ng* ppm Nd l“7Sm# gSm/Nd ENd(T)a 87gc* ppm Sr 87gp* be/Sr esr(‘r)a

1utyg Ly 865, 86g,

Md-44 0.51152 1.16 0.190 -0.035 -6.0 0.71052 131.0 0.0125 -0.849 +92.5
Gabbro 22 0.4 18 x] .1

Md-44 0.51160 1.55 0.220 0.119 -= -— - -- -- -
Pyroxene 2

Md-44 0.51114 0.38 0.076 -0.612 - - - - - --
Plagioclase +2

Md-40 0.51152 5.36 0.168 -0.143 -4.5 0.70970 85.1 0.0133 -0.839 +80.7
Metagabbro 3 +0.6 %3 0.4

Md-30 0.51147 2.48 0.168 -0.144 -5.5 0.70950 180.0 0.0146 -0.823 +77.7
Gabbro tl 0.3 10.3 13 0.4

Md-15 0.51171 0.51 0.250 0.273 -6.1 0.71047 25.8 0.0193 -0.767 +91.0
Orthopyroxenite +2 0.4 13 0.4

Md-39 0.51156 4.84 0.159 -0.194 -3.1 0.70916 142.5 0.0230# -0.721 +72.1
Hornblende Gabbro 13 0.7 14 $0.6
Thet ford Mines Samples

Qe-18 0.51194 0.86 0.178 -0.097 +3.0 0.70763 53.5 0.1009 -0.220 +42.5
Lower Pillow +2 +0.4 +3 0.4
Basalt
Qe-13A #3 0.51181 1.94 0.178 -0.097 +0.4 0.70761 72.3 0.0101 -0.878 +51.5
Lower Pillow +3 +0.6 14 10.6

Basalt

Y4



Amphibolite

Table 1. (Continued). Page 3
Sample ll’3Nd* ppm Nd ll°7Sm$ me/Nd ENd(T)a 875, * ppm Sr 87gpp* be/Sr eSr(T)a
l‘-ﬂoNd l"o'-oNd BSSI‘ Bqu
Qe-40 0.51197 1.05 0.201 0.022 +2.2
Upper Pillow +2 $0.4
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Qe-8B 0.51209 1.43 0.205 0.044 +4.7 0.71287 98.6 0.3957 3.784 +87.2
Metadiabase +2 0.5 t4 0.6
Qe-12A 0.51205 0.96 0.211 0.072 +3.2 0.71202 94.5 0.0106 -0.872 +114.0
Metagabbro tl $0.3 13 10.4
Qe-30A 0.51172 0.11 .1813 -0.078 -1.5 0.70412 88.4 0.0039 -0.953 +2.6
Metagabbro 12 +0.4 14 0.6
Qe-24 0.51242 0.11 0.326 0.655 +2.9 0.70936 6.58 0.2457 1.971 +52.6
Clinopyroxenite +2 10.4 15 $0.7
Vermont Sample
VJL-360C 0.51232 6.9 0.217 0.101 +8.0 0.70412 63.1 0.1509% 0.824 ~12.3
Hazens Notch +3 0.5 +3 0.4
Amphibolite
North Carolina Samples
CG 12-1 0.51241 3.42 0.248 0.259 +7.7 0.70543 95.2 0.0143"% -0.827 +20.1
Chunky Gal +2 0.4 16 0.8

96¢



Table 1. (Continued). Page 4

Sample 103ng*  pom Nd 147smt fS/NA g (T STg¥ ppm Sr 87gb* ¢gRb/St € (T2

lhloNd l‘dHNd BGS:‘ 8651‘

CG 2-18 0.51210 12.7 0.182 -0.073 +6.0 0.70680 340.4 0.0290 -0.649 +38.1
Chunky Gal £3 0.5 15 0.7
Amphibolite

c-1 0.51220 2.09 0.226 0.137 +5:1 0.70320 162.0 0.0258# -0.688 =12.7
Lake Chatuge +2 0.5 4 +0.6
Amphibolite
XTC-127 0.51190 0.57 0.231 0.176 =11 0.70691 8.13 0.1323# 0.599 #29 .2
Webster-Addie +2 0.4 14 0.6
websterite
XTC-127 0.51207 0.31 0.278 0.414 -0.9 0.70654 7.30 e == -
leached tl ) +0.3 4
residue
Baltimore Gneiss, Wissahickon Schist Samples

Md-7 0.51119 24 .6 0.117 -0.407 -7.8T 0.72947 199.0 1.363# 15.48 +227.l0'
Biotite Gneiss +2 0.4 13 0.4

Md-11 0551117 69.8 0.115 -0.415 ‘-8.21 0.75406 128.8 3.225# 37.99 +393.2'
Augen Gneiss +2 0.4 16 +0.9

RL 80-7 0.51120 22.4 0.102 -0.484 —6.61 0.721773 123.6 0.6253# 6.561 «*136.2T
Wissahickon 2 +0.3 +3 +0.4

schist

LST



Table 1. (Continued). Page 5
Sample Wing*  ppm Nd Msm® SN e (M@ s omse 87Ret ol
lkhNd l%hNd 8631’ BGSr
California Ophiolitesb
P-59 0.51229 1:.25 0.223 0.134 +8.2 0.70333 298.7 0.0061 -0.926 -14.2
Pt. Sal Gabbro 14 0.9 t4 10.6
JP-042 0.51238 0.74 0.275 0.396 +8.8 0.70349 88.4 0.0686 -0.171 -13.9
Josephine Gabbro %2 0.4 13 0.4
Y-13b 0.51238 1.14 0.257 0.305 +8.4 0.70342 214.7 0.0&70# -0.431 -14.2
Josephine Gabbro %2 0.4 13 0.4
Ca-10 0.51254 1.57 0.243 0.237. +12.4 0.70232 131.6 0.0061 -0.926 -27.9
Kings R. Gabbro %3 $0.5 £3 0.4

*Errors are 20 of the mean; 14344/1%%Nd normalized to !“®Nd/1%2Nd = 0.636151:; 875r/885r normalized to

865r/88sr = 0.1194.
*Uncertainty =0.2%
*Uncertainty = 1.0%.

#Uncertainty = 0.42.

tInitial € values calculated for 490 My.

8Errors on initial € values reflect only the analytical uncertainty and do not include errors due to age

estimates.

blnitial € values calculated using the ages:
200 My.

Kings R. Ophiolite =

Rb measured on separated sample.

PE.

Rb measured on aliquot only--except as noted.

Sal = 160 My; Josephine Ophiolite = 157 My;

867¢



Fig. 1.
Fig. 2.
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Figure Captions

Histogram of €y,(T) values comparing mid-ocean ridge basalts, (MORB),
oceanic island arcs and ocean island basalts [Carlson et al., 1978;
Cohen et al., 1980; DePaolo, 1978; DePaolo and Wasserburg, 1976b,
1977; Dosso and Murthy, 1980; Hawkesworth et al., 1977; 1979a,b; Jahn
et al., 1980; McCulloch and Perfit, 1981; Menzies and Murthy, 1980;
0'Nions et al., 1977; 1978; Richard et al., 1976; Zindler et al.,
1979] and ophiolites (key to ophiolites: Tr - Troodos, V - Vourinos,
BC - Rett's Cove, BOI - Bay of Islands, S - Samail, PS - Pt. Sal,

Jo - Josephine, KR - Kings-Kaweah, U - Kempersai, Urals, To - Toba,
Japan) [Chen and Shaw, 1982; Coish et al., 1982; Edwards and
Wasserburg, 1983; Hannah and Futa, 1982; Jacobsen and Wasserburg,

1979; McCulloch et al., 1981; Richard and Allegre, 1980].

€yq V8. €g, diagram showing contamination trends and possible
endmembers for mixing relationships. Isotopic composition of Cambro-
Ordovician seawater from Peterman et al. [1970], Burke et al. [1982]

and Hooker et al. [1981].

a. Sm-Nd evolution diagram showing internal isochron relationship
for Baltimore Mafic Complex feldspathic websterite sample Md-3.

b. As above, two-pyroxene gabbro sample Md-44.

c. As above, norite sample Md-32.

d. Rb-Sr diagram showing mineral data for Baltimore Mafic Complex
norite sample Md-32. Note the lack of an isochron relationship in

contrast to the Sm-Nd data.



Fig. 4.
Fig. 5.
Fig. 6.
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a. Sm-Nd evolution diagram with data for whole rock samples of the
Baltimore Mafic Complex. Reference isochrons are drawn for 490 My
and ENd(T) = -3 and -6. Note the implied range in ENd(T) and general
correlation about the 490 My isochron.

b. Rb-Sr evolution diagram with the data for whole rock samples of
the Baltimore Mafic Complex. Reference isochron is drawn for 490 My
and initial €g (T) = +75. Note the implied range in €5 (T) and

limited range of Rb/Sr ratios.

a. Sm-Nd evolution diagram with data for whole rock samples of the
Thet ford Mines Complex. Reference isochrons are drawn for 500 My and
€g,(T) = +4 and 0. Note the implied range in €y (T).

b. Rb-Sr evolution diagram with data for whole rock samples of the
Thetford Mines Complex. Reference isochron is drawn for 500 My and
€g.(T) = 0. Note the implied range of €5 (T) and wide variation in

Rb/Sr ratios.

€na(T) vs. €g (T) diagram with data for Vermont, North Carolina

Thet ford, Baltimore and Bay of Islands (BOI) [Jacobsen and
Wasserburg, 1979]. Vermont, North Carolina and Bay of Islands
samples have the isotopic signature of oceanic crust. The Baltimore
(BMC) samples fall on a trend suggesting contamination with
continental crust. The Thetford Mines samples (TMC) do not show any

obvious trend. Compare with Fig. 2.



261

MORB

12 14
12 14
Tr
Es Anclyses ac/ Bor |
/ T\ E‘PS
¥ N-—-

L IT'- L] Ba._' ls - lrERﬁ L)
(o) 2 4 6 8 10 12 14

Figure 1.



*Z @2an81yg

+10} MORB) - CONTAMINATION y
‘| TRENDS
ARCS
+5b -
OCEAN -}
ISLANDS \
€ng © :
BULK \
CAMBRIAN
EARTH |\ SEAWATER
\\ /
-5F
[
CONTINENTAL
T CRUST ;
L 1 1
-0} :
i 4
-100 0 +100 +200 +300

==
)
o

9¢



*¢ 2an3y1g

M3Nd/144Ng

M3NG /144Ng

BMC. GABBRO Md-3

0.5120
T+485219 My
I;0.510933 °
o517
-s
0.5114
{-10
0511 bEine-ze s
a
. -20
0.508 ; Y] 0.30
1475 m/144Nd
BMC. NORITE Md-32
0.5120 -
Ts534184 My
1,-05108737 "
o.su7
-5
0.5114
1-10
0.5111 .
-20
0.308 5 X0 030
1475 m/144Nd

€ng(0)

€png(0)

HM3Ng /14eNd

8757 /085,

BM.C. GABBRO Md-44

0.5120

T=493%29My
I#0.5109033

o.sur

0.5114

o511}
€(T)= -6l
-20
0siosg 0.1 0.30
1475 m /144 Nd
BMC. NORITE Md-32
o728
T=386129 My
140712087 2
07126 1S
0.7124
+10
0.7122
\
L_€(T)e +i14 i
07100 Y o
87Rb/86Sr

€ng(0)

€, (0)

€9¢



143Nd /144Nd

875r/865r

264

BMC. TOTAL ROCKS

0.5125
4+10
0.5120 ¢
0
T=490 My
1 o
O0.51I18 vg
-10 W
0.5110
1-20
QA0S 5 ' 0.15 0.30
l47sm/l44Nd
07155 | 14150
0.7130 9’.
v
o
1+100
T=490 My
0.7105 ¢ (o)
\\ ) e'
NET)=+75
0.7080 A A +50
0 0.012 0.024
°7Rb/°53r

Figure 4.



'43Nd/"4Nd

875r/86g,

265

TM.C. TOTAL ROCKS

0.5130
1+20
0.5125
+10
T=500 My —
e
0.5120 2
4 o0V
0.5115
1-10
F€(T)=0
O.5Il0° ks oie 0.36
I47sm/l44Nd
07140 T T ¥
o}
4+100
o710
° 4
e
0.7080 -o 1+50 \5,
T=500 My
07050
10
—€(T)=0
.7 A A A
. 0200 0.25 0S8
87Rb/86Sr

Figure 5.



*9 2an3y14q

APPALACHIAN MAFIC COMPLEXES

+10 8
BOI (Jacobsen and Wasserburg,1979)
HUNKY
GAL
+5 .
€Euq O
\

-5 S 1
wiss. ¢ BALT onEISS #

SCHIST
10O F >

-100 o +100 +200 +300 +400

e-Sr

99¢



267
Appendix III

Procedures Used for Analysis of Phosphates and Carbonates

AIIT.1 Carbonates

Because of the low concentration of REE found in the modern carbonates
studied, a procedure was devised to extract the REE from a relatively large
quantity of material. This procedure is a modification of the Fe-hydroxide
co-precipitation technique used extensively for seawater analysis [Goldberg
et. al., 1963].

Samples were first cleaned of adhering material in several distilled
water rinses in an ultrasonic cleaner. The surface of each sample was then
etched by brief reaction with ~ 0.05M HCl to remove possible surface con-
tamination, followed by a final ultrasonic rinse in distilled water. The
samples were then dried and weighed. Sample weights varied from ~ 0.5 to
35.0 g. Dissolution was carried out by addition of 2.5M HCl over a period
of 1-2 days to a teflon beaker initially containing the sample and dis-
tilled water to cover. The slow dissolution was necessary to avoid exces-
sively vigorous reaction of the carbonate with the acid, leading to over-
flow from the beaker. The solution was then heated to dryness. At this
point, the organic material present was usually digested by the addition of
several ml. of aqua regia and the solution dried down. The dry residue was
then dissolved in ~ 1.5M HCl and an aliquot corresponding to ~ 0.5g. of
sample taken. This aliquot was spiked for Sm and Nd concentration
measurements. The spiked solution was dried down once more to equilibrate
the spike with the sample. The aliquot was then dissolved in 0.5M HCl. To

this solution, ~ 2-3 mg. of Fe as FeClj solution were added. The Fe was
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then precipitated as hydroxides by the addition of a solution of ammonia
produced by bubbling NH, gas through distilled water. The Fe-hydroxides
quantitatively scavenge the REE from solution. The precipitate was allowed
to settle overnight or longer and as much of the supernatant as possible
poured off. The solution and precipitate were then centrifuged and the re-
maining supernatant pipetted off. The precipitate was rinsed with dis-
tilled water to remove NH,Cl and again centrifuged. The Fe precipitate was
finally dissolved in ~ 0.25 ml. of 1.5M HCl. This solution was centrifuged
and the supernatant loaded on a 2 cm. x 0.4 cm. column of "AG 50W-8X, 100-
200 mesh resin. The sides of the column were rinsed with 2-3 drops of 1.5M
HCl1 and the Fe eluted with 2.5 ml. of 2.5M HCl. The REE were then eluted
with 3.5 ml. of 4.0M HCl. This eluant was collected, dried down and loaded
onto a flat Re filament for mass spectrometry. The yield for this
procedure is > 957 with a blank of < 8 pg. Nd.

For the measurements of isotopic composition, the remaining sample
solution was spiked using the aliquot concentration data as a guide so that
both isotopic composition and concentration could be measured on the same
aliquot. As above, ~ 3 mg. of Fe were added to the solution and pre-
cipitated with ammonia solution and the precipitate cleaned as described
above. After separating the REE from the Fe using the first ion exchange
column, Sm and Nd were separated from the other REE using a second column
as described by DePaolo [1978]. Yield for this procedure is > 85% with a

blank of < 35 pg. Nd.

AITII.2 Modern phosphates

The samples of modern biogenic phosphate were cleaned, dissolved, and

spiked in the same way as the modern carbonates. Unfortunately, the same
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technique of Fe-hydroxide precipitation could not be used to concentrate
the REE from the phosphate solution. Upon addition of ammonia solution to
the acid sample solution, a large amount of white precipitate, probably
hydrous Fe and Ca phosphates, forms at a lower pH than that at which Fe-
hydroxides precipitate. The procedure followed was to load ~ 0.5 g. of
sample dissolved in ~ 3 ml. of 1.5M HCl on a 17 cm. column of AG50W-8X,
100-200 mesh resin. The walls of the column were rinsed with another 2 ml.
of 1.5M HCl, followed by 90 ml. of 2.5M HCl then 15 ml. of 4.0M HCl. The
REE were eluted with an additional 35 ml. of 4.0M HCl. This solution was
dried down and loaded on a flat Re filament for mass spectrometry. Yield
for this procedure is > 90% with a blank of < 30 pg. Nd. This procedure is
not entirely satisfactory; considerable amounts of organic material are
left in the REE cut. The NdO' beam in the mass spectrometer is somewhat
unstable even for an unseparated sample and it is exceedingly difficult to

obtain a good Sm* or Sm0* beam.

AIII.3 Ancient phosphates

These samples, either as chips of phosphorite rock or conodonts were
cleaned in distilled water in an ultrasonic cleaner, were weighed and
dissolved in ~ 1.0M HCl. The solution was separated from any insoluble
residue by centrifuging. The insoluble residue was repeatedly rinsed and
centrifuged in 0.1M HCl. These rinses were added to the sample solution.
The residue was then washed into a clean pre-weighed teflon beaker, dried,
weighed and stored for possible future use. An aliquot of the sample
solution was then taken and spiked for Rb, Sr, Sm, and Nd concentration
measurements. These concentrations were then used as a guide to spike a

second aliquot for both concentration and isotopic composition
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measurements. The chemical and mass spectrometric procedures followed
those given by Eugster et. al. [1970], Papanastassiou and Wasserburg
[1973], Papanastassiou et. al. [1977], and DePaolo [1978]. When aliquots
taken for isotopic composition measurements contained more than ~ 4 mg.
sample, it was often necessary to pass the Sr cut through the first cation
exchange column a second time in order to obtain a clean separation of Ca
from Sr. It is obvious when this is necessary as the CaCl, in the cut is
quite hygroscopic and a small droplet of water quickly accumulates in the
spot in the beaker where the sample dried down. Poor separation of Ca from
Sr results in unsatisfactory Sr runs in the mass spectrometer.

All reported concentrations refer to the weight of the soluble portion
of the sample only (i.e. bulk sample weight minus the weight of the
insoluble residue). Blanks for the chemical procedure are < 45 pg. Nd and

< 250 pg. Sr and are negligible. Yields are > 80%.
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APPENDIX IV

Localities and Sources of Phosphate Samples



Sample #

Description

Locality

Source

Reference

N-33-2

N-33-1

Mor-15

Ph-03

N-33-2

NBS-56-b

Ph-09

Ph-12

Ph-05

Ph-08

Land pebble
phosphorite

Bedded sandy
phosphorite

Pelletal
phosphorite

Coprolitic
phosphate nodules
in limestone
Oolitic
phosphorite

Weathered
phosphorite

Siliceous pelletal-

oolitic phosphorite.
Slightly recrystallized

Dolomitic phosphorite.
Slightly recrystallized

Siliceous
phosphorite

Interbedded phosphate/

Brewster, Fla.

Gafsa, Tunisia

Oulad-Abdaun Basin
Morocco, Composite
of Bed #3

Magdesh Ramon,
Negev, Israel
Phosphoria Fm.
Cokeville, Wy.

Tennessee
"Brown Rock"

Hazara, Pakistan

Guizhou, China

Parc, W. Niger

Kodjari, U. Volta

sand-shale basin deposits.

CIT collection

CIT collection

Z. S. Altschuler

H. A. Lowenstam

CIT collection

CIT collection

1Fpct

IFDC

IFDC

IFDC

Altschuler et al., 1967

Altschuler, 1980

tLT

Altschuler et al., 1967

Altschuler, 1980

Cook and Shergold, 1979

British Sulphur Corp., 1971
Cook and Shergold, 1979

Affaton et al., 1980
Trompette et al., 1980




Sample # Description Locality Source References

Ph-04 Siliceous, hematitic Rum Jungle, IFDC British Sulphur Corp., 1971
phosphorite. Australia Cook and Shergold, 1979
Recrystallized.

JWC-35 Conodonts Madison Ls. J. Wright-Clark Wright-Clark et al., ms.

(Cottonwood Cyn. Mbr.)
Bighorn Co., Wy.

JWC-5-1 " Holt's Summit Ss. " "
Missouri
JWC-37 " Lodgepole Ls. " 1

East Crawford Mtns.
Lincoln Co., Wy.

JWC-32 " Devils Gate Ls. " L
(type Locality)
Nevada

JWC-30 . Genesee Fm. " b

(Genundewa Mbr.)
Erie Co., N.Y.

€T

t IFDC = International Fertilizer Development Corp., Muscle Shoals, Ala.
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Sm-Nd AND Rb-Sr ISOTOPIC SYSTEMATICS OF AUSTRALASIAN TEKTITES

H.F. Shaw and G.J. Wasserburg, The Lunatic Asylum, Division of Geological and
Planetary Sciences, Caltech, Pasadena, CA 91125

" We report Nd and Sr isotopic measurements made on tektites. The purpose
of our study is to use the Sm-Nd and Rb-Sr systems to gain new insights into
the origin of tektites. Over a decade has passed since the first Sr isotopic
measurements were made on Australasian tektites [1,2]. Since that time our
understanding of the behavior and significance of isotopic systems with re-
spect to geochemical processes has greatly increased. In addition, the de-
velopment of techniques to measure Nd isotopic ratios has provided a new and
powerful tool for dating and determining the provenance of rocks. The analy-
s8is of returned lunar samples in the last ten years has clearly shown that a
lunar origin for tektites is highly unlikely [3]. We must, therefore, return
to earth in our search for possible parent materials for these objects.

Results. Our measurements of the 1“3Nd/l144Nd, 87gr/86gy 147gp/lubng,
and 87Rb/®®Sr ratios are presented in Table 1. The measured eM are identi-
cal within errors at approximately -11.35; however, the 147sm/l1““Nd ratios
range from 0.117 to 0.149. Our measured €57 lie in the range of published
values of +108 to +240. Likewise, 87Rb/86Sr for our samples lie in the pub-
lished range of 0.471 to 4.01 [1,2].

Discussion. The large negative measured eMd and positive €ST are clear
signatures of old continental crust. The isotopic data, taken alone, is suf-
ficient to exclude the possible derivation of tektites from young, recently
mantle derived, continental material. The data also clearly exclude any pos-
sible oceanic crustal source. Several authors have determined that the LREE
abundances in tektites are strongly enriched relative to chondritic abundances
[4,5,6,this study]. These studies have also noted the close similarity be-
tween the REE patterns (as well as major and other trace element abundances)
of terrestrial sedimentary rocks and tektites. Oxygen isotope analyses of tek-
tites also suggest affinities to sedimentary rocks [7]. Our results support
the interpretation that Australasian tektites are produced by impact melting
of sediments or metasediments derived from old continental crust. The produc-
tion of tektites from a sediment implies that their isotopic systems have un-
dergone at least a 2-stage growth history. In the first stage we assume the
derivation of a crustal segment with f;(Rb/Sr) = ((Rb/Sr).pyge/(Rb/ST)yR-1)
and f1(Sm/Nd) = ((Sm/Nd).prygt/ (Sm/Nd)cyyr-1) from a uniform reservoir (the
mantle) at time T,. At some later time, Tg, this segment of crust may undergo
weathering and sedimentation producing a sedimentary rock with enrichment fac-
tors fo(Rb/Sr) and f,(Sm/Nd). A third possible stage would involve volatili-
zation upon impact melting leading to a third set of enrichment factors, fj.
We will defer consideration of this possibility for a moment. For the 2-stage
model we measure today the enrichment factor f, and isotopic composition €.
Fﬁam these we calculate model ages TS§ - cSr (fz(Rb/St) . QSr) and Tchur =
€ /(fz(Sm/Nd) . QNd)' These ages are related to the times To and Tg by:

Sr f1(Rb/Sr)
TUR-

(To-Tg) + Tg
£5(Rb/ST)

with a similar equation for ng . We now consider the specific behavior of
the Nd and Sr isotopic systems Y& this model.

The Sm-Nd system has been shown to bé relatively undisturbed by sedimen-
tary and some metamorphic processes [8]. Further, the REE are notably refrac-
tory and will not be readily subject to disturbance by volatile loss upon
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TABLE 1. Sm-Nd, Rb-Sr Results.

Shaw, H.F. and Wasserburg, G.J.

Nd
M 10750/1%%Ng £(S0/Nd) Tepup

: Sr
€57 87Rb/®6Sr £(Rb/ST) Tip

Australite -11.3
0.4
Cambodia A —

Cambodia B -11.2
10.7
Thailand A -11.5
0.5

0.117
0.142
0.119

0.149

-0.405
-0.281
-0.394

=0.242

1.11 134.6
10.6

199.8

0.4

1.14 212.5
$0.4

1.88 204.9
0.7

1.327
2.797
2.945

2.824

15.045 0.54
32.817 0.36
34.612 0.37

33.142 0.37

eNd relative to (1“3Nd/14%Nd)
ST relative to (87sr/86sr) ;g = 7045,
Errors on Sm/Nd and Rb/Sr ra

Errors are 20 of the nean6
(87Rb/865r) o = 0827, AN

AS® = 00654 AE-1,

R = +511836.

tios are ~ 12.

= .0142 AE7!, (147sm/1%%Nd)coyum = +1967,

SR MODEL AGES --AUSTRALASIAN TEXTITES
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Fig.l. T§§ plotted against 1/f(Rb/Sr) showing the lowering of model ages in
a 2-stage model as a result of increasing Rb/Sr during sedimentation. The y

intercept gives the age of sedimentation.
be obtained from TNd

data.

tektites, excluding high Na/K types.

The age of the source region can
Plotted are data for all analyzed Australasian

Data sources: this work, [1], [2].
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Sm-Nd, Rb-Sr IN TEKTITES

Shaw, H.F. and Wasserburg, G.J.

melting. For Nd then, f;(Sm/Nd) = f,(Sm/Nd) (= f3§§m/Nd)) agd ﬁge model age
equation reduces to that of single stage growth: Tcrur=To =€ /Q -fl(Sm/Nd).
It is thus possible to use our Sm-Nd data to obtain a concentration weighted,
mean model age of the sources of the parent material of tektites. In contrast,
sedimentary processes severely disturb the Rb-Sr system, generally by increas-
ing the Rb/Sr ratio in the sediment through preferential Rb uptake relative to
Sr by clays [8]. In the 2-stage model we have for Sr, f, > f) (and for conti-
nental crust £, > 0) so that the calculated model age, TSL , will be greater
than the age o% sedimentgtion by the quantity (fl(RbISr)y§2(Rb/Sr)) e (To-Tg).
In the limit f, >> f;, TUE will approach Tg, the age of sedimentation. Selec-
tive Rb loss by volatilization during melting of the sediment will increase

the calculated model age so that Sr model ages place a lowgr limit gn the age
of sedimentation of a tektite precursor. Table 1 lists TEHUR and TU{ model

ages calculated for our samples. As_expected from the preceding discussion,
TcHyr &re uniformly older than the T%ﬁ ages and imply a significant con-
tribution of crustal material greater than 1.9 AE age to any sedime Eary pre-
cursor of Australasian tektites. We attribute the variability of T%HUR to
similar variations in the sedimentary material. The suite of mineral inclu-
sions found in tektites [9] implies a variety of sources for the sediment so
that this variation is not surprising. In Fig. 1 we have plotted TUE vS.
1/£(Rb/Sr) for all available data on Australasian tektites (excluding the pecu-
liar high Na/K types). A 2-stage growth history results in a linear plot on
this graph, with the y intercept giving the age of sedimentation. The data
indeed define a linear array with intercept ~ 0.25 AE which we interpret as the
maximum age of sedimentation for the tektite parent material. This estimate
compares favorably with Rb-Sr errorchron "ages”™ of 0.1 to 0.3 AE obtained by
Compston and Chapman [3] from some of the data in Fig. 1 With decreasing
Rb/Sr (1.e.N less Rb enrichment during sedimentation), TU§ approaches our
values of T g . In this limit, the 87Rb/86Sr value appears to approach a
value of ~ 8. , this being the averaged ratios of the sources of the sedimen-
tary parent material. This value is at the low end of estimates of this ratio
for average continental crust [10]. We conclude that the Sm-Nd and Rb-Sr iso-
topic systems can be used to infer the provenance of impact derived materials
and, in particular, place significant new constraints on the age of the source
regions for a sedimentary precursor of Australasian tektites. We believe that
Sm~Nd analysis of microtektites should be possible and would provide insight
into their origin and relationship to normal tektites. Finally, Sm-Nd data on
late Cretaceous clays may help identify the location of the meteorite impact
postulated to be the cause of anomalously high Ir contents in these clays

[11]), particularly if the impact occurred in an ocean basin.

Refs.: [1] Schnetzler and Pinson (1964) GCA 28, 953. [2] Compston and Chapman
(1969) GCA 33, 1023. [3]) Taylor (1973) E. Sci. Rev. 9, 101. [4] Taylor(1966)
GCA 30,1121, [5] Frey (1977) EPSL 35, 43. [6] Taylor and McLennon (1979) GCA
43, 1551. [7] Taylor and Epstein (1970) Proc. Lunar Sci. Conf. 1st GCA 1,
1613. [8] McCulloch and Wasserburg (1978) Science 200, 1003. [9] Glass and
Barlow (1979) Meteoritics 14, 55. [10] Jacobsen and Wasserburg (1979) JGR 84,
7411, [11] Alvarez et al. (1979) Science 208, 1095.

Piv. Contrib. No. 3553 (379).
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Sm-Nd, Rb-Sr SYSTEMATICS OF MAFIC COMPLEXES AND
OPHIOLITES OF THE APPALACHIANS AND WESTERN U.S.

H., F. Shaw (Div. of Geological Sciences, Calif.
Inst. Tech., Pasadena, CA 91125)
G. J. Wasserburg and A. L. Albee

We have examined the Sm-Nd and Rb-Sr isotopic
systematics of the Baltimore Mafic Complex (BMC)
of MD and the Thetford Mines Complex (TMC) of
southern Qe. in an effort to identify remnants of
Cambro-Ordovician oceanic crust in the Appala-
chians south of Newfoundland. For comparison, we
also report measurements of Mesozoic ophiolites
of the western U.S. Sm-Nd internal isochrons on
3 BMC gabbros give ages of 490+30My in accord
with zircon ages (Sinha,pers.com.). We interpret
this as the igneous age. BMC samples do not de-
fine Sm-Nd or Rb-Sr whole rock isochrons. Ini-
tial eyg==2.6 to =6.2, egy=+51.2 to +115.3 and
these values are strongly anticorrelated. The
isotopic composition of BMC samples does not de-
pend on degree of metamorphism. An overlying
pillow basalt has eyg=t+2.6,eg,=+43.8 and appears
unrelated to the BMC. TMC samples have eyg=-1.5
to +4.2, egy = +2.6 to +114.2 (T~500My) and do
not form Sm-Nd or Rb-Sr isochrons. Neither the
BMC nor TMC has the Nd isotopic signature of oce-
anic crust (eyg = +8 to +12). Instead, the data
imply that much of the BMC Nd and Sr is derived
from older continental crust. The eyq of the TMC
implies derivation from a relatively undepleted
mantle source or a blend of sources. In contrast
to these results, metagabbros from the King's
River Ophiolite (200My,Saleeby,in press) and the
Josephine Ophiolite (157My, Harper and Saleeby,
1980) of CA have eng=+12.4, egre=-27.9; eyng=t+8.6,
egr=-13.9 respectively. These results are consis-
tent with an oceanic origin for these complexes
and are similar to 1isotopic data reported for
other ophiolites. In particular, eygq has been un-
affected by obduction and metamorphism of these
complexes. Comparing the data for the BMC and TMC
with that of modern oceanic crust and ophiolites,
we must conclude that the mafic and ultramafic
bodies of the Appalachians south of Newfoundland
are not pieces of oceanic crust, if the BMC and
TMC are representative of these bodies.
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APPENDIX VII.

Sm-Nd AND Rb-Sr SYSTEMATICS AND THE ORIGIN OF SANIDINE
SPHERULES FROM A CRETACEOUS-TERTIARY BOUNDARY CLAY
H. F. Shaw and G. J. Wasserburg, The Lunatic Asylum, Div. Geological and
Planetary Sciences, Calif. Inst. of Tech., Fasadena, Ca 91125

Isotopic measurements were made on sanidine spherules from the Creta-
ceous-Tertiary Boundary Clay of the Gredero section, Caravaca SE Spain. Sedi-
ments marking the end of the Cretaceous in Italy, Denmark, and New Zealand
were found by Alvarez et al. [1] to be many-fold enriched in Ir and other
noble metals. This has subsequently been confirmed to be a world-wide phenom-
enon [2,3,4]. The enrichment of these elements (relative to crustal rocks)
has been interpreted as evidence for the impact of a large (~5 km) extrater-
restrial body, a possibility which has stimulated discussion about the role
of such an event in the extinction of a wide variety of species at the end of
Cretaceous time. In his study of the fossil assemblages across the Cretaceous-
Tertiary Boundary, Smit [5] found large numbers (50-300 cm~3 sediment) of
small (50-1000 ym) sanidine spherules in the Ir-rich layer at Caravaca. The
spherules appear to have crystallized from quickly cooled liquid droplets.
Smit found that chemically and structurally the spherules are pure sanidine
with K/Na ~ 100, rich in As, Se, Sb, Zn, contain dark inclusions rich in Fe,
Ni, and Co and up to 202 void space [5]. These objects may have been produced
by the postulated impact event. The lack of geologic evidence on land for the
crater which would be produced by such a large impact has prompted suggestions
that the impact occurred in an ocean basin. We have previously demonstrated
that the Nd and Sr isotopic composition of tektites can be used to infer the
age and location of impact targets [6]. We apply this approach to the sani-
dine spherules. Procedures and Results. Spherules (~100 mg) were picked from
a concentrate provided us by J. Smit. This sample was crushed, leached in
cold ~0.5M HCL and rinsed with water in an attempt to remove carbonate. The
residue was analyzed. We also measured the Sr isotopic composition of carbon-
ate nanofossils associated with the spherules. The spherules have low Nd con-
centration (0.8 ppm, see Table 1), they are LREE enriched (fSm/Nd = -0,21),
and the measured tNé(O) is -7.9. The measured ¢5Tr(0) 1s +66.0 (87sr/86sr =
0.70915) with fRD/ST = +36.5 and Sr concentration 60 ppm. Using the measured
values of £S®/Nd and fRB/ST o correct for in situ decay of Sm and Rb gives
eNd(T) = -7.6, €ST(T) = +26.4 for T = 65 My. The carbonate fossils have
€ST(0) = +45.3 (875r/86Sr = 0.70769) with fRD/ST = -0,.85 and Sr concentration
998 ppm, in good agreement with values for latest Cretaceous seawater [7].
Discussion. The rather large negative eNd(T) result demonstrates that the
spherules were derived from an old LREE enriched source. R = 1.5 AE,
suggesting a Precambrian source if the Sm/Nd ratio of the spherules is close
to that of the source. The small positive eST(T) implies a slightly Rb en-
riched source. In Fig. 1 we have plotted e¢Nd(T) vs ¢ST(T) for the spherules
together with data on tektites. Tektites lie in the field occupied by typical
upper crustal rocks in this diagram. The spherule point has lower eST(T) than
typical upper crustal rocks, implying that its source had lower Rb/Sr. Lower
crustal granulites with low Rb/Sr have isotopic compositions which plot in the
area of the spherule point [8,9]. Thus we infer from the low €ST(T) and high

CHur 8ge that the high Rb/Sr ratio measured in the spherules was not char-
acteristic of the source but is related to the formation of the spherules. The
TSE model age of 0.1 AE is consistent with this. We recognize that incom-
pYete removal of carbonate from the sanidine may be the cause of the low eST(T)
value. This would remove the constraint of low Rb/Sr in the source but would
not eliminate the requirement of strong Rb/Sr fractionation upon spherule for-
mation as the Sr concentration of the sanidine must then be <10 ppm which
results in a very large fRD/ST for the sanidine. In summary, the isotopic




279

Sm-Nd and Rb-Sr of Sanidine Spherules
Shaw, H. F. and G. J. Wasserburg

data require an old LREE enriched, probably low Rb/Sr and hence low K source
for the sanidine spherules and a mechanism for strong Rb enrichment relative
to Sr during spherule formation. Isotopically, the spherules resemble crustal
rocks; either lower crustal granulites or if carbonate contamination is a
problem, upper crustal granitic rocks. Clearly excluded as a source is the
impacting projectile [5] which should have eNd(T) ~ 0 for chondritic REE
abundances. The moon is an unlikely source as €ST(T) is much too high. The
spherules could not have been derived from oceanic crust which has distinctly
different eNd of +8 to +12, thus the ocean basins are ruled out as an impact
site. There remains the problem of producing melt droplets of >80% K-feldspar
composition. Any mechanism for the formation of the spherules must provide
for the strong chemical fractionation of Rb and Sr, K and Na, and enrichment
in volatile elements required by the isotopic and chemical data. Because of
this, total melting of a target by impact is ruled out. Mechanisms which do
provide for fractionation are 1) condensation of target material volatilized
upon impact and 2) impact triggered explosive volcanism of partially remelted
crustal material. The former possibility implies that chemical fractionation
of a Precambrian crustal target occurred during volatilization and condensa-
tion such that K-feldspar-rich condensates with high Rb/Sr and K/Na were
effectively separated as liquid droplets from any more refractory earlier con-
densates ('.a,Mg rich?) and any less refractory vapor (Na rich?). The volcanic
mechanism implies that a melt of the above characteristics was produced by
partial melting and fractional crystallization processes acting on an original
Precambrian crustal source. Contribution No. 3739 (409). Ref.: [1] Alvarez
et al. (1979) Science 208, 1095; [2] Smit and Hertogen (1980) Nature 285, 198;
[3] Kyte et al. (1980) Nature 288, 651; [4] Ganapathy et al. (1981) EPSL 54,
393; [5] Smit and Klaver (1981) Nature 292, 47; [6] Shaw and Wasserburg (1981)
Proc. LPSC XII, 967; [7] Peterman et al, (1970) GCA 34, 105; [8] Hamilton

et al. (1979) Nature 277, 25; [9] DePaolo (1980) Nature 291, 193.

Table 1.

eNd(0) ppm Nd £S/Nd  Sr(0) ppm Sr fRb/ST

Sanidine spherules =-7.9:0.4 0.81 -0.21 +66.0%1.4 60.1 +36.5
Carbonate fossils = = - +45.3+0.6 997.6 -0.85

eNd relative to (143Nd/14“Nd) = 0.511847; €57 relative to (87sr/84sr)
CHUR UR
= 0,7045; Errors are 20 of the mean.
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APPENDIX VIII.

ISOTOPIC CONSTRAINTS ON THE ORIGIN OF APPALACHIAN MAFIC
COMPLEXES

SHAW, Henry F., WASSERBURG, G. J., and ALBEE, A. L., Division of

Geological and Planetary Sciences, California Institute of
Technology, Pasadena, California 91125

Current models for the origin of the belt of mafic and ultramafic
complexes extending the length of the Appalachians stress the role of
obducted oceanic crust and mantle. We have tested these models for
several complexes using the initial isotopic composition of Nd and Sr.
Ophiolites and modern oceanic crust have eNd>+7 and 87sr/86sr < 0.705.
These values are distinct from those of ensialic mafic rocks with
eNd ¢ +3, 875r/88sr > 0.704. Jacobsen and Wasserburg (1979) found
that the Bay of Islands Complex, Newfoundland, has the isotopic signa-
ture of oceanic crust. Our results on amphibolite (Hazens Notch Fm.)
associated with the Belvidere Mtn. Complex, N. Vt., are similar
(eNd = +8, 875r/84sr = 0.7031, for T ~ 500 My) and imply an oceanic
origin. In contrast, the Thetford Mines Complex (TMC) of S. Quebec
has variable initial eNd of +4.2 to -1.5 and 87Sr/86sr of 0.7041 to
0.7119 for T ~ 500 My. Sm-Nd internal isochrons on 3 gabbro samples
from the Baltimore Mafic Complex (BMC), Md., give ages of 490:30 My
in accord with zircon ages (Sinha, pers. com.). Whole rock initial
values are eNd = =2,6 to -6.2, 875r/86sr = 0.7075 to 0.7120 and are
inversely correlated. Isotopic composition in the TMC and BMC does
not correlate with degree of metamorphism or rock type. Neither the
TMC nor BMC has the isotopic signature of oceanic crust. The isotopic
data imply that much of the Nd and Sr in the BMC is derived from older
continental crust. The isotopic composition of the TMC implies a
relatively undepleted source or blend of sources. These results
demonstrate that simple models involving obduction of oceanic crust
cannot explain the origin of all Appalachian mafic complexes; instead,
these rocks must have formed by diverse processes in a variety of
geologic settings. Contribution Number 3773 (420).
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APPENDIX IX.

Pb-Nd-Sr ISOTOPIC STUDIES OF CALIFORNIA OPHIOLITES

CHEN, J.H. AND H. F. SHAW, Div. Geol. Sci., California

Institute of Technology, Pasadena, CA 91125

We report Pb-Nd-Sr isotopic results on gabbroic rocks from the Kings
River (KR, 200 m.y.), the Point Sal (PS, 160 m.y.), and the Josephine
(JP, 157 m.y.) ophiolites in an effort to identify the geological
environments in which these ophiolites formed. The Pb isotopic com-
position of the KR metagabbro (a = 17.56, B = 15.41, Yy = 37.11) plots
within the field of present-day MORB and is similar to the least
radiogenic Pb found in MORB. The low e€gp(-27.9) value for the KR
ophiolite is typical of oceanic samples. Initial eygq (+12.4) for the
KR ophiolite is very high but within the range of modern MORB. These
data indicate that the magma which formed the KR ophiolite was derived
from a depleted mantle similar in Pb, Nd, and Sr isotopic composition
to the source of MORB. In contrast, Pb from the PS ophiolite is more
radiogenic, (a = 18.41-18.58, B = 15.56-15.58, Y = 38.03-38.13) in
particular, the B value is about 5°/cc higher than that in the MORB
for the same a value and is similar to those found in volcanic rocks
from island-arcs. The Pb isotopic composition (a = 18.21, B = 15.51,
Y = 37.86) for the JP ophiolite is intermediate between those of the
KR and PS, and the B value is 1-2°/oo higher than that for typical
MORB. The €yq and €g, values for the PS ophiolite (+8.2, -16.6)
and the JP ophiolite (+8.8, -14.3) indicate an oceanic affinity, but
do not distinguish between MOR or island-arc environments. These
isotopic data clearly show signature of oceanic crust for these ophi-
olites and the presence of the depleted oceanic mantle on the west of
the Mesozoic North American plate. These isotopic data also indicate
that some of the California ophiolites may have formed in geologic
environments other than spreading centers.
Contribution Number 3787 (391)
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'PENDIX X.

Sm,Nd in Modern and Ancient Marine CaCO, and Apatite’

H. F. SHAW and G. J. WASSERBURG (both at Calif. Inst.
of Technology, Pasadena, California 91106)

We report Cg.,,Cyq (concentrations) and €y, of modern
and ancient marine CaCO, and apatite (ap.). We wish to
determine the role of tgese phases in the marine REE
budget and assess their suxtab1l1ty for tracing gyy
variations in seawater through time. Modern coral and
mollusk calcite and aragonite have 0.2-9.0ppb Nd and
Sm/Nd = 0.18-0.27. The €44 of modern biogenic CaCO
reflect surface water: Pacific samples have = 0 to
-2, Atlantic have €y = -8 to -9. 0Gliths have ~65ppb
Nd and Sm/Nd ~ 0.27. These Cyy are 102-10* lower than
previously reported for CaCOj. Well preserved CaCO,
fossils have Cyy = 37ppb to %5!10 ppb High values must
be due to diagensis or Fe-OH coatings. High REE concen-
trations reported for limestones cannot be primary but
must but due to diagnesis or to detrital components.
Modern biogenic ap. (shark's teeth) has ~ 4ppb Nd, 1065-
105 lower than fish debris and 10°-10“ lower than fos-
sil and phosphorite ap. The REE are not enriched by
primary biologic production of ap. or CaCOy: Nd/Ca
(seawater) ~ 7x10”9g/g. REE enrichment must occur after
death of the organism. Negative Ce anomalies in marine
ap. imply that the REE are extracted from seawater.
Although neither this process nor the formation of
phosphorites is well understood, eNd(T) of fossil and
phosphorite ap. may record of ancient seawater. We
determined €y (T) and €g.(T) of conodonts and phos-
phorites. All samples have €g (T) in excellent agree-
ment with seawater Sr curves. U. Dev. -L. Miss (360-340
My) conodonts from E. and W. N. America have €g (T) =
-6 to -7 suggesting a common Nd source. Israeli Tethyan
phosphorite (205 My) has €gy(T) = -1.7 and ~660 My. W.
African phosphorite has ENd?T) = -1.5 implying a con-
tribution of depleted oceanic mantle volcanics to
seawvater at these times. Rum Jungle, Australia phos-
phorite (~2AE) has gy (T) ~ =15, requiring a 3.5AE
crustal Nd source and demonstrating the presence of
significant amounts of ancient continental crust ~ 2 AE
ago. Div. Cont. 3885 (438).



