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We report **Nd/'*Nd and *’Sr/®$Sr isotopic data for Lower Paleozoic phosphatic brachiopod and conodont
fossils. The data appear to represent the isotopic values of Early Paleozoic seawaters. We show that different
paleoceanic water masses can be distinguished on the basis of their €,y signatures. Two sides of what is classically
considered one circulating lapetus Ocean have different ¢y4 signatures from at least the Middle Cambrian until the
Late Middle Ordovician. We infer two ocean basins between North America and Baltica separated by an island and /or
shoal circulation barrier. Thus, it appears necessary to redefine the area of the Iapetus Ocean. The €4 signature of the
redefined smaller Iapetus Ocean ranges from —5 to —9 and the €4 signature of the larger, coeval Panthalassa Ocean,
including part of what was formerly called the lapetus Ocean, ranges from —10 to —20. The first time that the eyxq4
values are identical in these two water masses is coincident with the onset of the Taconic Orogeny of North America.
The paleogeographic geometry we infer from this work is consistent with paleogeographic reconstructions having the
Baltica continent at very high latitudes in the Early/Middle Ordovician. The ¢y4 and faunal distribution support
temperature-controlled conodont faunal provinciality. A rough mean age for exposed continental crust in the Early
Paleozoic can be obtained from the average €,y value of Early Paleozoic Oceans. The data suggest that the mean age
of the crust as a function of time has remained essentially constant or even decreased during the past 500 Ma, and
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suggest substantial additions of new crust to the continents through the Phanerozoic.

1. Introduction

The major oceans of the world vary in their
concentration and isotopic composition of Nd.
Every major ocean water mass today is char-
acterized by a distinctive '**Nd /' Nd isotopic
signature [1-3]. The uniqueness of that isotopic
signature is due to differences in the isotopic
composition of the inputs to each ocean. The
differences in *Nd/!**Nd among oceans are
maintained by the short time scale for the cycling
of Nd within oceans since the residence time of
Nd is considerably shorter than interocean mixing
times. Strontium, however, has a much longer
residence time in seawater. Thus, ¥Sr/*Sr iso-
topic ratios are identical everywhere in oceans
today [4,5].

Changes through time in the '*Nd /' Nd of
seawater at any specific location reflect not only
changes in large scale ocean circulation patterns
but also changes in the isotopic composition of
the inputs to the oceans. These inputs include
river waters, hydrothermal waters and diagenetic
waters. River waters are the most important volu-
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metric input to the oceans and the dominant
source of oceanic Nd [6]. When the differences in
13Nd /" Nd ratios among the ocean water masses
were found, it was initially thought that the flux of
Nd from hydrothermal circulation through mid-
ocean ridges might contribute significantly to these
variations [1]. It now appears that the concentra-
tion of Nd in hydrothermal waters is too low to
significantly affect '*Nd /¥ Nd in any ocean to-
day {7]. The ¥'Sr/%¢Sr ratio of the oceans, how-
ever, is significantly affected by both hydrother-
mal and river water contributions of Sr [6,8,9].

The characteristic '*Nd/'*Nd value of each
ocean reflects the mixing of waters with variable
13Nd/"Nd ratios from many source terranes
around that ocean basin; ie. the '**Nd/!'*Nd
value in an ocean water mass averages
13Nd/'"“Nd from a large area of exposed land.
Thus, the '’Nd/'“Nd of the oceans through
time is useful for tracing the isotopic evolution of
the surface of the continental crust. By coupling
data on Nd and Sr in the oceans, it is possible to
obtain both global and local information.

In this paper, we report '*Nd/'*Nd and



28

¥7Sr /¥ Sr isotopic ratios of Paleozoic biophos-
phate fossils which appear to have recorded the
isotopic values of Paleozoic seawater. Some of
these results have been published in abstract form
[10]. We use the '*Nd/'**Nd data to show that
different paleoceans can be distinguished on the
basis of their Nd isotopic signatures.

2. Biophosphates as tracers for €,,(7) of paleo-
seawater

The '"“*Nd/'Nd of marine authigenic miner-
als may be used to estimate 'Nd/'**Nd of
paleoseawater [11-13,19]. The sample types that
have been used are phosphorites, biophosphates
including fish teeth and conodonts, and Fe-Mn
coatings on foraminifers, and metalliferous sedi-
ments,

Biophosphate samples are probably the best
available material for obtaining '*Nd/!*Nd in
paleoseawaters. They are fossil skeletons which
can be assigned to specific geological ages. Bio-
phosphates therefore give much better age control
than non-biogenic phosphorites. Relatively com-
mon biophosphatic skeletal material includes con-
odonts, inarticulate brachiopods, fish bones and
teeth. The apatite that makes up these fossils has
higher concentrations of REE than any other com-
mon marine sedimentary mineral. Phosphates and
biophosphates have enrichments of REE con-
centrations relative to seawater of 5-6 orders of
magnitude [11,14]. REE concentrations in for-
aminiferal Fe-Mn coatings are 2-3 orders of mag-
nitude lower than phosphorites, and Nd con-
centrations in fossil carbonates are 2-5 orders of
magnitude lower than in fossil phosphates {11,13].
Thus, the REE of carbonate fossils and their
coatings may be more easily affected than phos-
phate minerals by later contamination or alter-
ation. It is also better to use a well characterized
phase that incorporates REE into its lattice like
apatite, rather than rely upon poorly characterized
coatings that are likely to be highly reactive.

Additionally, organic material in biophosphate
skeletons changes color in a systematic fashion
depending on temperature and duration of burial.
The relationship of conodont color to diagenetic
burial history is called the color alteration index
(CAID) {15). By examining the color or CAIl of
phosphatic fossil samples, it is possible to select

the fossils which are least likely to have sufferea
exchange of Nd during high temperature diagene-
sis. Biophosphate samples with CAI of up to 5
(indicating burial temperatures up to 350 ° C) scem
to retain their original Nd signature from the time
of deposition [11].

Because conodonts are found only in rocks of
Triassic to Cambrian ages, and inarticulate
brachiopods are rare in rocks younger than the
Devonian, phosphatic fossils are not available ev-
erywhere. Therefore other authigenic materials like
phosphorites and carbonates (or their coatings)
must also be used. An advantage of carbonate
minerals and fossils is that they are much more
common than phosphorites or phosphatic fossils
throughout the geologic record. Carbonates have
extremely high concentrations of Sr and have been
used to study *’Sr/®Sr as well as O and C iso-
topes in paleoseawater [4,5,16].

All of the sample types used to represent
"“Nd/!'"Nd in paleoseawater have a common
problem. It is not clear that their Nd is derived
directly from contemporaneous seawater. How-
ever, the biophosphatic samples have the best-
studied and clearest relationship to seawater. Nd
concentrations in some shark’s teeth and inarticu-
late brachiopods show that REE concentrations in
apatitic parts of living animals are quite low and
the increase in concentration must occur after the
creatures’ death [11]. Yet, because biophosphate
samples seem to obtain their high REE concentra-
tions while the organism is at or shghtly below the
seawater sediment interface [17], the **Nd /'*Nd
values in well-preserved biophosphatic fossils are
most likely the same as those in contemporaneous
scawater. Their REE patterns appear to reflect
those of contemporaneous seawater [17]. Fe-Mn
coatings on foraminiferas do not have REE pat-
terns similar to those of seawater [13]. Although
not extensively studied, inorganic phosphorites are
presumed to behave similarly to biogenic
phosphates.

3. Samples

Descriptions and locations of our samples are
given in Table 1 and Fig. 1. They are grouped as
follows: European (EU), North American except
Southeastern United States (NA) and Southeast-
ern United States (SE). Four samples are con-
odonts, thirteen are inarticulate brachiopods and



TABLE 1

Biophosphatic fossil samples
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Sample  Species Formation Location Series Stage or Zone
I. European
1B26 Lingula Wenlock Limestone Dudley, England Wenlock, Silurian Homerian
JR8 Conodonts Top of Furudal Lm. Fjacka, Siljan, Llandeihan, e Pygodus
Sweden L /M Ordovician enserius Zone
IB1 Obolus apollinus Sandstone Leningrad, U.S.S.R. L Ordovician -
IB6 Lingulid Sandstone U.S.S.R., near Poland L Ordovician -
IB7 Ungulites obolus Sandstone Pavlovsk, U.S.S.R. M Cambrian -
11. North American (except Southeastern U.S.)
IB3 Lingula cereata Medina Sandstone Lockport, New York (U.S.A.) Basal Silurian Medinian
IB11 Acrotretid Trenton Limestone between Milheim and M Ordovician Trentonian
discina Centerhall, Pa. (US.A))
Cl4 Conodonts Simpson Limestone Arbuckle Mtns. (U.S.A)) L/M Ordovician Chazyan
IB22 Lingulid and Upper Goodwin Unit Eureka, Nev. (U.S.A) L Ordovician Canadian
carbonate of Pogonip Limestone
1B8 Obolus radulus St. John’s Group Near St. John, N.B,, U Cambrian -
Canada
IB12 Acrotretid Steamboat Pass Shale Steamboat Pass, Nev. (U.S.A)) U Cambrian Dunderbergia
physothela Zone
1B2 Lingula ampla Potsdam Sandstone St. Croix, U Cambrian Dresbachian
Wisconsin (U.S.A.)
IBS Obolella dicel- Sandstone Eau Claire, Wiscon- U/M Cambrian probably
lomas sin (U.S.A) Dresbachian
IB10 Acrotretid Lower Pole Canyon Current Gap, Nev. M Cambrian Albertella
prototreta Fm. (US.A) Zone
IB9 Acrotretid Combined Metals Mem- Pioche, Nev. (U.S.A) L Cambrian Bonnia-Olen-
hadrotreta ber of Pioche Shale ellus Zone
111. Southeastern United States
JRSa Conodonts Holston Fm. Thorn Hill, Tenn., west of L /M Ordovician Nemagraptus
Saltville fault (U.S.A)) gracilis Zone
JR5b Conodonts Blockhouse Shale Mosheim, Tenn., east of L /M Ordovician Glyptograptus
Saltville fault (U.S.A.) teretiusculus Zone
1B4 Lingulella Cap Mtn. Member Lion Mtn., Burnet U Cambrian Upper Dres-
arcuata of Riley Fm. Quad., Texas (U.S.A.) bachian

one is a mixture of inarticulate brachiopods and
carbonate fossils. These Early Cambrian to Mid-
dle Silurian samples all have CAI values that are
< 5.
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Fig. 1. Lower Paleozoic sample location map (including a
phosphorite from Tennessee [11], and a metalliferous sediment
from Scotland [19]). All samples are grouped as follows: by

At various times during the Early Paleozoic,
biogeographic provincialism was exhibited by tri-
lobites, brachiopods, graptolites and conodonts
[20-23]. Since provincialism was most pronounced

location: Europe (EU), North America except southeastern
U.S. (NA), and southeastern United States (SE); by faunal
type: North Atlantic (NAT), Mid-Continent (MC), Cosmo-
politan (C), Mixed or Variable (MV). The Tennessee phos-
phorite [11) is a MV sample since it contains no fossils, and is
from a region where either NAT or MC faunas can be found.
A metalliferous sediment sample from an ophiolite sequence in
Scotland [19] is another MV sample. Its location is near Girvan
and appears to be part of the same allochthonous sequence.
Girvan faunas contain Pacific brachiopods, and mixed Atlantic
and Pacific trilobite {23,24].
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TABLE 2

Analytical data for biophosphate samples

b

Sample Location/ 87gr Sm Nd 147G 143Nd I eng(0) ©
Fauna type * sogr (ppm) (ppm) ""NE m
1. European
1B26 England /C - 578.2 2445 0.14155 0.511404 +- 14 —8.66+0.28
JRS Sweden/NAT - 5.683 24.18 0.14211 0.511275+ 25 -11.70 £0.50
IB1 U.SS.R./NAT 0.70919 + 4 75.00 346.9 0.13079 0.511372+ 34 —-9.28+0.67
I1B6 USS.R./NAT 0.70924+ 3 82.29 378.1 0.13165 0.511384+11 -9.04+0.22
1B7 USS.R./NAT 0.70933+ 3 59.05 268.5 0.13304 0.511357+20 -9.58+0.39
11. North American (except Southeastern U.S.)
IB3 New York/C 0.70928 + 7 214.2 636.1 0.20363 0.511544 1+ 34 —-5.91+0.67
IB11 New York/MC 0.70835+3 1.192 7.240 0.09958 0.510705 + 41 —22.32+0.81
Cl14 Oklahoma/MC - 40.04 191.5 0.12643 0.510634 + 12 —-2370+£0.24
IB22 Nevada/MC - 0.683 4,347 0.09507 0.510905+12 —18.51+0.23
1B8 N.B., Canada/MV 0.70921 +5 216.8 945.5 0.13868 0.511053 + 22 -15.52+043
IB12 Nevada/MC - 39.54 219.9 0.10876 0.510872 + 24 —-19.04 +£0.46
IB2 Wisconsin/MC 0.70943 + 8 209.3 961.2 0.13171 0.510618 + 25 —-24.02+048
IB5 Wisconsin/MC 0.70963 + 3 129.9 611.3 0.12847 0.510878 + 13 —-18.93+0.25
1B10 Nevada/MC - 66.21 3329 0.12028 0.511032+18 -15.92+0.37
1B9 Nevada/MC - 80.60 376.0 0.12968 0.511112+ 20 —14.35+0.40
111. Southeastern United States
JRSa Tennessee /MC - 25.15 105.8 0.14382 0.511223+39 -12.19+£0.80
JRSb Tennessee /NAT - 7.637 40.40 0.11436 0.511181 +20 -13.02+040
I1B4 Texas/MV 0.70939 + 2 193.0 868.8 0.13439 0.511385+19 —9.03+0.38

* Fauna types: C, NAT, MC, MV are Cosmopolitan, North Atlantic, Mid-Continent, Mixed or Variable.
" Data normalized to *°Sr/*Sr = 0.1194. The 7Sr/%6Sr of NBS-987 was 0.71025 + 2 and seawater was 0.70917 + 2. Reported errors

are 20 of the mean.
¢ Uncertainty is 0.1%.

¢ Data normalized to '**Nd/'“2Nd = 0.636151. The Caltech Nd standard nNdB (28] gave '>Nd/'**Nd = 0.511130+ 10 and

BCR-1 gave 0.511857 + 15. Reported errors are 20 of the mean.

© Deviations in parts in 10* from the present day bulk Earth (CHUR) value of '**Nd/'*Nd = 0.511847 [29].

in the Ordovician, our characterization of the
Lower Paleozoic faunal provinces is oriented in
terms of Ordovician faunal province names. In
Table 2 and Fig. 1, the samples are also grouped
according to their faunal affiliation: Mid-Conti-
nent (MC), North Atlantic (NAT), Mixed or Vari-
able (MV) or Cosmopolitan (C).

The Ordovician “Mid-Continent” faunal prov-
ince (MC) of conodonts corresponds closely to the
“Pacific” or “North American” province of tri-
lobites and brachiopods and is found mainly in
North America. The conodont “North Atlantic”
province (NAT), or corresponding ““ Acadio-Baltic”
province of trilobites and brachiopods, has been
found mainly in present-day Europe. The NAT
province also occurs as a partial ring around the
North American craton in deep-water facies.
Acadio-Baltic trilobites have also been found in

deep-water facies of easternmost and western
North America. Mixed or Variable (MV) faunas
are exemplified by the Middle Ordovician mixed
brachiopod fauna facies along the eastern sea-
board [20], and at other locations. The Silurian
faunas are designated Cosmopolitan (C).

Our MC samples are all from North America.
They are from northeast, southeast, midwest and
western North American locations. All of our
NAT fauna samples are from Europe, except one
sample from Tennessee. MV and C faunal samples
are from Europe and North America. North
American MV sample locations are New Bruns-
wick and Texas. The New Brunswick sample
(IB12) is from the Gander terrane, described by
Williams and Hatcher [25] as neither from cratonic
North America nor Europe but from somewhere
between the two. The Texan sample (IB5) is from



the southeastern edge of the Llano uplift. This is
an area of periodic transgressive incursions of
Atlantic fauna into a dominantly Pacific faunal
sequence [26] and it is therefore considered varia-
ble.

4. Sample preparation and analytical techniques

Samples JRSa, JRSb, JR8 and C14 were sep-
arated from their carbonate rock matrix by dis-
solution of the carbonate with acetic acid. Samples
IB9 and IB12 were separated from their rock
matrix with formic acid. The phosphate fraction
of these samples was separated from the rest of
the residue by heavy liquids. All other samples
were handpicked in our laboratory from the rock
matrix using stainless steel microtools. All samples
were rinsed repeatedly with ultrapure water prior
to dissolution, weighed (1-10 mg per sample) and
dissolved in = 2N HCI acid. Next, samples were
centrifuged to remove a small fraction of insoluble
residue. The dissolved fraction was used for iso-
topic analysis. Mass spectrometric and chemical
separation procedures for Sm-Nd and Rb-Sr fol-
low the standard methods used at Harvard Uni-
versity [27]. Total processing blanks on Sr and Nd
are 0.1-0.2 ng and 20-30 pg, respectively.

S. Results

Sm-Nd concentrations and isotopic results, and
87Sr /86Sr isotopic results are given in Table 2. In
Fig. 2, measured *’Sr/%Sr ratios are plotted and
compared to the curve of Burke et al. [4]. This
curve provides a narrow range for the Sr isotopic
composition of seawater during Phanerozoic times
based on #'Sr/%Sr analyses of marine carbonates.
Our samples plot on or close to this curve except
for one sample from the beginning of the Silurian,
a time during which this curve has no data points.
It is possible to infer a sharp peak in the 'Sr/*Sr
curve at this time both from this sample and from
the Burke et al. [4] data. Although the Rb/Sr ratio
was not measured for these samples, we measured
very low Rb/Sr ratios of 0.0001 or lower for other
samples of similar material, suggesting that correc-
tions for decay of ¥ Rb are negligible for these
samples. The generally good agreement between
the Burke et al. curve and our Sr isotope data
suggests that the phosphatic fossil values actually
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Fig. 2. The isotopic evolution of Sr in the oceans from the Late
Precambrian through the Silurian. This figure includes our
data, data from Burke et al. [4] and data from Shaw and
Wasserburg [11]. The data of Burke et al. [4] are limestone and
dolomite samples and the three points of Shaw and Wasser-
burg [11) are phosphorites. Our data are phosphatic fossils. In
this figure, data from other laboratories has been corrected to
be consistent with our measured value of #7Sr/%Sr in present-
day seawater of 0.70917. The band enclosed by the solid line is
that of Burke et al. [4]. We have dashed the curve for the Late
Precambnan using the data of Shaw and Wasserburg [11].

represent, or are very close to, seawater isotopic
values.

The fs,, ng» Initial €y, and model ages for all
samples are listed in order of increasing strati-
graphic age in Table 3. Initial eyy values were
calculated with the stratigraphic ages (ZTgrgat)
using the Van Eysinga [18] time scale. Errors given
for ages reflect relative uncertainties of the strati-
graphic ages within the Van Eysinga time scale.
Total absolute uncertainty in ages is somewhat
larger and varies according to the age uncertain-
ties of the tie-points of the time scale.

Most samples have fs,, g Vvalues close to their
mean value ( —0.34), however, the range of varia-
tion is between +0.03 and -0.51. Single stage
model ages relative to a depleted mantle (DM)
evolution can be calculated using the CHUR val-
ues of Jacobsen and Wasserburg [29] together with
€ng(0) = +10 for the modern value of the de-
pleted mantle. This yields present-day values of
13Nd/'Nd = 0.512359 and '¥'Sm/!*Nd =
0.2136 for the depleted mantle assuming a linear
evolution of €y from €y, =0 at the origin of the
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TABLE 3

Initial Nd and model ages for biophosphate samples

Sample Tsrrat® fsmna " o (Ga) © T3, (Ga) © €na(T) location group ¢

EU SE NA
IB26 413 + 1 —-0.2804 2.02 1.62 -58+03 - -
1B3 432 + 2 +0.0352 120 1.64 - : -6.3+0.7
IB11 450 + 5 —0.4937 220 2.54 - - -168+09
JRSa 452 + 3 —0.2688 248 1.93 - -91+08 -
Cl4 458 + 7 -0.3572 3.01 2.79 - -19.6+0.3
JR8 460 + 3 -0.2775 2.3 1.84 —-8.0%0.5 - -
JR5b 463 + 2 -0.4186 1.81 1.86 - -8.1+£04 ~
1B1 485 +15 -0.3351 1.81 1.63 -52408 -
1B6 485 +15 -0.3307 1.89 1.69 -50+£03 - ~
1B22 493 + 7 -0.5167 1.87 2.20 - - -121+04
I1B8 508 + 7 —-0.2950 2.64 217 - -11.8+0.5
IB12 5105+ 0.5 —0.4471 2.15 2.31 - - -133+05
1B4 511 + 1 --0.3168 1.87 1.64 - -49+04 ~
IB2 S12 + 2 —-0.3304 3.22 2.83 - - -19.8+0.5
IBS S13 + 2 —0.3469 2.64 241 - - -145+03
IB7 528 +12 —0.3236 1.89 1.68 —-53+05 - -
I1B10 528 + 3 —0.3885 217 2.13 - - -10.7+04
1B9 560 + 5 —0.3407 2.26 2.05 - -9.6+04

* Ages from Van Eysinga [18].

® fompna = 1(¥Sm/ ¥ NA) e /(Sm /¥ Nd) ¢yyur ) - 1 where (147Sm /" Nd)¢yyur = 0.1967 [29).
¢ Calculated using present-day depleted mantle values of (***Nd/'*Nd)py = 0.512359 and ("7Sm/"** Nd) 5y, = 0.2136.
4 e nal(T) = ({( PN/ " NAXT) cympre /(PN /M NAXT) cyyr ] =~ 1) X 10* using CHUR values of [29).

Earth (see footnote in Table 3). Model ages calcu-
lated relative to such a DM reservoir are given by
ToS = /A )In{1 + [(***Nd/"Nd) 0y —
0.512359]/[(**’Sm /'*Nd) ... — 0.2136]} where
Agm=6.54 %1072 a1 (cf. Goldstein et al. [30]).
The T4 model ages for the EU samples range
from 1.8 to 2.3 Ga; SE sample model ages are

close to these values (1.8-2.5 Ga). Model ages for
NA samples vary widely from 1.9 to 3.2 Ga. The
oldest values are from samples located close to the
center of the North American continent. One sam-
ple (IB3) has a 12 Ga model age which is due to
its positive fg, ng value. Other samples also have
fsm/na Vvalues that are somewhat higher than the
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Fig. 3. The isotopic evolution of Nd in the oceans from the
Late Precambrian through the Silurian. (a) engq is plotted as a
function of time and location groups: Europe, North America
and Southeastern United States. (b) ¢y is plotted as a func-
tion of time and faunal groups which are North Atlantic,
Mid-Continent, Cosmopolitan and Mixed or Variable. Also
shown is onc sample of Hooker et al. {19] and five samples of
Shaw and Wasserburg [11]. This represents all of the available
data on €,y of the oceans from 400 to 700 Ma. Two data
trends are identified in both (a) and (b). The curve with ey of
— 5 to —9 represents the lapetus Ocean as we have redefined it
in the text. The curve with €, of —10 to — 20 represents data
of the Panthalassa Ocean. The two curves join in approxi-
mately the Late Ordovician, coincident with the Taconic Orog-
eny. Note that the ¢y, trends appear to correlate more directly
with sample location than with fauna.



typical continental value of —0.4 [30] suggesting
fractionation in Sm/Nd relative to their continen-
tal sources. Thus, a two-stage model age is more
appropriate for estimating the mean ages of the
continental sources of Nd in our phosphate sam-
ples. We will discuss two-stage model ages in a
later section.

Our Nd isotopic results are shown in an €4(7)
versus age diagram in Fig. 3. Together with six
previously published data points [11,19] plotted in
this figure, these data represent all of the presently
available data on the Nd isotopic composition of
the oceans from 700 Ma to 400 Ma. Table 3 also
groups the ey (T) results according to present
geographic location and age. The groups are
Southeastern North America (SE), the rest of
North America (NA) and Europe (EU). NA is
comprised of samples from both western (W-NA)
and northeastern (NE-NA) North America. Table
3 shows that all EU samples from the Middle
Cambrian through the Early Ordovician have uni-
form €, 4(7) within a range of —5.2+ 0.8. The
only SE sample measured for this interval has
€ng(T) identical to the EU samples. Middle
Ordovician samples of EU and SE have €y (T)
values of —8.0 to —9.1. The NA samples from the
Lower Cambrian to the Middle Ordovician have
consistently lower €,,(T) values, ranging from
—10 to —20. One Upper Cambrian NA sample
has €,(T") of —19.8. This sample is from a site of
maximum transgression of the Upper Cambrian
seas onto the Archean of the Laurentian highlands
of the North American interior [31]. Such low
values seem quite limited in either space or time
since another sample of nearly the same age from
a location 50 miles away has €y y(7) of —14.5. In
general, samples of Late Cambrian age from North
America, including both NE-NA and W-NA, have
similar €y4(7). Silurian samples from both EU
and NA have €. 4(T) ratios of —5.8 and —6.3,
respectively, identical within error.

In Fig. 3b, the ey,(T) results are grouped
according to the faunal affiliations of Mid-Conti-
nent (MC), North Atlantic (NAT), Mixed or Vari-
able (MV), and Cosmopolitan (C). All MC fauna
samples are found in North America, and have
ena(T) of =9 to —16 or lower. All NAT fauna
samples except one are from Europe and have
higher €,,4(7) than MC samples. One NAT fauna
sample from Tennessee has the same value within
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error to the essentially contemporaneous MC
fauna sample from Tennessee. Sample of MV
faunas have either MC or NAT ¢,4(7T) signatures
rather than intermediate values. Silurian C faunas
from both Europe and North America have identi-
cal €y,(T) within error.

Overall, Fig. 3 shows two distinct trends in the
€na(T) data. A comparison of the location distri-
bution of the data in Fig. 3a with the faunal
distribution patterns of Fig. 3b shows a strong
similarity. However, the characterization of the
data by location clearly separates in agreement
with trends in €, 4(7") whereas there is some com-
plication in the pattern of €, 4(7) according to
faunal distributions. During the Late Cambrian to
Middle Ordovician the NE-NA and W-NA sam-
ples have values that are very similar to each
other, but the SE sample have values that are very
different from the rest of NA and similar to EU
regardless of faunal affinity. The simplest inter-
pretation of the data is that the e,y (T) trends
represent two geographically distinct ocean water
masses in the area between Paleozoic NA and
Baltica. One of these water masses seems to have
circulated freely from western NA to northeastern
NA. The other water mass circulated between SE
and EU. This interpretation contrasts with previ-
ous interpretations of ocean distributions in the
Paleozoic. In particular, it diverges from the
classical interpretation of one homogeneous lape-
tus Ocean stretching between eastern Paleozoic
North America and Baltica.

6. Discussion

6.1. lapetus Ocean paleoceanography

In Wilson’s historic 1966 paper, “Did the
Atlantic close and then reopen?” [32], he referred
to an ocean that was the precursor to the Atlantic,
the Proto-Atlantic Ocean (later called lapetus (cf.
[33])). His original conclusions were based in part
on faunal distributions. Since Wilson’s paper, re-
search on the Appalachian/Caledonian mountain
chain has established that an ocean was present
between North America and Baltica in the Early
Paleozoic, and that this ocean closed during the
Taconic/Caledonian and Acadian orogenies {33].
The present-day Atlantic Ocean began to open in
the Jurassic, slightly to the east of the former
suture between North America and Baltica [34,35].
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Some Early Paleozoic reconstructions, such as
Scotese et al. [36] show essentially one global
ocean. If the lapetus was a well-mixed ocean
between North America and Baltica, then the ey
data would have the same values at any time on
all shores. However, our Cambrian/Ordovician
samples from clearly autochthonous continental
sequences in eastern North America have different
€ng Vvalues in the north and in the south. Also,
there are different €, values between northeast-
ern North America and Baltica until at least the
Middle Ordovician. Therefore, there must have
been two ocean water masses present in the area
traditionally assigned to the Iapetus Ocean. Con-
sequently, there must have been some barrier to
circulation within the region formerly ascribed to
the Iapetus Ocean, although the circulation barrier
within this region did not last later than the
Middle Ordovician. A dramatic shift in the ey,
value of the North American samples in the later
Ordovician or earliest Silurian to values identical
to those of European samples indicates unre-
stricted circulation between areas that previously
had separate circulation, and is coincident with
both the Taconic Orogeny of North America and
the quick diminution of faunal provincialism. Ap-
parently, the closing of Iapetus marks the forma-
tion of a globally well-mixed ocean.

The Cambrian to Middle Ordovician circula-
tion barrier may have been an actual mechanical
barrier to circulation, such as a chain of islands or
continental fragments (causing lateral separation
of water masses) or a physical /chemical barrier to
circulation such as stratification of water masses.
The circulation geometry of these two hypotheti-
cal distributions of Cambrian/Ordovician water
masses i1s shown in Fig. 4.

The geometry of circulation in the case of a
mechanical barrier is straightforward (Fig. 4a);
essentially, there are two oceans within the area
traditionally assigned to the lapetus Ocean. High-
lands within the Iapetus have been around under
the names “geanticline” or ““tectonic lands” since
well before the adoption of plate tectonics by the
geological community [37,38]. Recently, the Celtic
terrane of brachiopods was identified as a chain of
islands within the lapetus [39]. Although it is
recognized that the lapetus was a complex and
cluttered ocean [25,40,41], it has not previously
been proposed that islands and shoal prevented
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Fig. 4. Early Paleozoic schematic paleoceanography. (a) Me-
chanical circulation barrier. This figure depicts a model whereby
northeastern North America and Europe (Baltica) are sep-
arated by two separately circulating ocean basins due to a
barrier of an island or shoal chain. (b) Physical /chemical
circulation barrier. This figure illustrates an alternate hypothe-
sis whereby the two seawater masses between northeastern
North America and Europe are stratified, due to poor circula-
tion, polar gyres, or other causes. As discussed in the text, the
Nd isotopic data are most consistent with (a).

circulation between a *“northern” and “southern”
ocean in the area of the lapetus.

Another possible cause of the €, variations is
stratification within the Iapetus Ocean. Stratifica-
tion of ocean water or very slow overturn circula-
tion has been suggested for various times in the
Earth’s history, including the Ordovician [14,22).
Fig. 4b shows one ocean circulation geometry for
stratification. This model is consistent with con-
odont faunal distributions [22] and implies one
wedge-shaped (cold) water mass that existed at all
depths in the water column at high latitudes near
Europe, but only at greater depths at low latitudes
toward North America. Another water-wedge
overrides the cold mass at low latitudes near North
America, and pinches out at shallower and shal-
lower depths with increasing latitude. A similar
example today is Antarctic Deep Water that is
exposed at the surface at high southern latitudes
in the present day Atlantic Ocean and becomes
deeper as it is traced northward [42].

From ¢,y data of the EU and NA group sam-
ples, either hypothesis shown in Fig. 4 is possible.
However, in Southeastern U.S., NAT and MC
fauna occur in facies characteristic of very differ-
ent depths of deposition, yet very close to each
other with no apparent barrier. This faunal distri-
bution indicates that either the faunal distribution
is not strictly correlated to water mass or the
water masses are not separated by a physical
barrner.

In testing these alternate hypotheses, we chose
Lower/Middle Ordovician samples from Tennes-



see that lie directly across the Saltville Fault. The
Saltville Thrust Fault does not have very great
lateral displacements, but has juxtaposed shallow
and deep water facies. Across the fault lie separate
provincial and endemic trilobites, brachiopods and
conodonts [20]). Early Middle Ordovician age was
chosen for the test because of the strong pro-
vincialism during this period, and because EU and
NE-NA samples of this age have quite different
€ng- The sample JRSa is from west of the Saltville
Fault in the Tazewell Confacies. JRSa is com-
posed exclusively of MC fauna conodonts of the
Nemagraptus gracilis Graptolite Zone. Sample
JR5b is from east of the Saltville Fault in the
Blount Confacies Belt. This sample is composed
exclusively of NAT fauna conodonts with the very
similar age of the Glyptograptus teretiusculus
Graptolite Zone.

We may consider three different cases depend-
ing on the Nd isotopic results of these samples.
First, if both samples have ¢, 4(T) signatures iden-
tical to other coeval MC fauna, a mechanical
barrier was present through the length of the
Appalachians. In this case, Iapetus would have
exhibited vertical circulation within each of its two
basins, but not lateral circulation across the whole
ocean. Second, if both samples have distinctly
different €,,4(7) signatures, there would have been
restricted vertical circulation and stratification of
water masses in the lapetus region. A mechanical
circulation barrier would not have been required.
Finally, if both samples have €,,(7T) similar to
coeval NAT fauna, circulation in lapetus was not
restricted vertically and stratification would not
have existed in lapetus. However, in order to
explain the divergence of eyy(T) signatures of
faunas further north in the Appalachians, a me-
chanical barrier to circulation must have existed
and two distinct ocean basins would have been
required in this area.

In fact, the Tennessee MC sample, the Tennes-
see NAT sample and the coeval Swedish NAT
sample have €, 4(T) values within error of each
other. However, their €, (T) values are quite
different from the Pennsylvania MC sample. This
result is only consistent with the final case. Ap-
parently, there was vertical circulation within
Iapetus and a mechanical barrier to lateral circula-
tion must have been present in the northern Ap-
palachian region (which ended south of Pennsyl-
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vania and north of Tennessee).

We conclude that the Cambrian to Middle
Ordovician lapetus Ocean, classically refered to in
the literature as existing between Paleozoic North
America and Europe, was not a single homoge-
neous ocean. From the patterns shown by the €,
time, fauna and location data, different areas of
the Iapetus Ocean had distinct €y, signatures
until at least the Middle Ordovician. The clearest,
most simple interpretation of the €5y distribution
is that the NA samples and EU-SE samples repre-
sent isotopic ratios of two different ocean water
masses from at least the Middle Cambrian to the
Middle Ordovician; and represent one ocean water
mass thereafter, beginning in the Late Ordovician
or Early Silurian. Thus, we have identified two
parts of the classical Iapetus Ocean; a “Southern
Iapetus Sea” and a “Northern lapetus Sea” which
circulated separately until at least the Middle
Ordovician. Clearly, tectonic events may be re-
flected in e, seawater values. The correspon-
dence of the Taconic Orogeny tectonic event to a
major €4(7T) oceanic shift, points to the possi-
bility that €, 4(7) seawater signatures may be
used to help understand the tectonic history as
well as the paleogeography of mountain belts.

6.2. Nd isotopic constraints on Ordovician
paleogeography

In this section, we try to determine which exist-
ing paleogeographic maps are most compatible
with the Nd isotopic data, and how they can be
used to identify the size and location of the
“Southern” and “ Northern” Iapetus Seas and their
relationship to the remaining world oceans in the
Ordovician. Fig. 5a and b show simplified versions
of two published paleogeographic maps from
Ronov et al. [43] and Smith et al. [44], respec-
tively. These maps are generally representative of
the vanations among the published Early Paleo-
zoic paleogeographies [35,43-45]. The paleogeo-
graphic maps generally show one open and well-
mixed global ocean during the Early Paleozoic,
except for the map of Smith et al. [44], which
depicts two oceans in the Early Paleozoic. Since
the Nd isotopic data demand at least two different
water masses until the Middle Ordovician or later,
a first impression would indicate that Smith et al.
[44] were more correct in the paleogeographic
reconstruction.
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The Ronov et al. [43] map in Fig. 5a is based
on both geologic and paleomagnetic data, and is
nearly identical to Bambach et al. [45] and Scotese
et al. [35] in the distribution of continents and
oceans. The Smith et al. {44] map in Fig. Sb relies
only on paleomagnetic data. A significant dif-
ference between the paleogeographic reconstruc-
tions in 5a and b is the position of Baltica, labeled
“BA” on these figures. According to Piper [46,47]
there are no reliable paleomagnetic data for Bal-
tica from the Cambrian to Early Ordovician, and
Middle Ordovician paleopoles are inconsistent.
Various paleogeographic interpretations have
situated Baltica from 0 to 70° south latitude in
the Early/Middle Ordovician. In Fig. 5a, Baltica
1s shown at high, southern latitude; in Fig. 5b it is
nearly at the equator.

Fig. 5c and d, respectively, show the maps of 5a

and b expanded to emphasize the areas around
North America and Baltica. The sample location
of the NA group (light stipple) and the SE-EU
groups (dark stipple) are shown. An arrow to the
south of North America represents restriction of
circulation across this area. An arrow to the north
of North America represents freedom of circula-
tion in that region. A line of squares with x’s are
shown between Baltica and North America. These
schematically represent our proposed island or
shoal barrier. Approximate boundaries of exposed
land areas in Europe and North America are also
shown.

Both figures show the Cambrian to Middle
Ordovician range in €., values for each ocean.
The ocean that lies between North America and
Baltica with ¢4 of —5 to —8 is labeled lapetus
rather than the “Southern lapetus Sea” as we

Fig. 5. Ordovician paleogeography. (a) Early Ordovician paleogeography, simplified from Ronov et al. [43). This version is nearly
identical to the Middle Ordovician paleogeography of Bambach et al. [45]. Both Ronov et al. [43] and Bambach et al. (45] rely on
geologic as well as paleomagnetic data for the construction of their paleogeographic representations. (b) Middle Ordovician
paleogeography, after Smith et al. [44]. This paleogeographic representation is constructed solely on the basis of paleomagnetic data.
Although (a) and (b) are of slightly different times within the Ordovician, it is of no significance here. B4 identifies the Baitica
continent in (a) and (b). (¢) and (d) show expansions of the (a) and (b) maps, respectively to emphasize the areas of North America,
Baltica and the lapetus Ocean in these figures. The sample location of the NA group (light stipple) and the SE+ EU groups (dark
stipple) are shown. A line of squares with x’s is shown between Baltica and North America. These schematically represent our
proposed island or shoal barrier to circulation. In (c) and (d) two oceans (Panthalassa and lapetus) are shown together with their
respective Cambrian/Ordovician range of €y, values. Several lines of evidence (see text) including the ey value of —10.7 in the

Kazakhstan sample ( K') favor the paleogeography shown in (c).



called it earlier. The basis for assigning the name
Iapetus to this region is that it is the predominant
area in which the Proto-Atlantic Ocean of Wilson
[32] was first defined. The other ocean with €4 of
—10 to —20 is referred to as Panthalassa rather
than the “Northern Iapetus Sea”. Historically,
Panthalassa is considered the major ocean of the
Late Paleozoic and Iapetus the major ocean of the
Early Paleozoic. However, we have shown that the
Iapetus was not a global ocean since the €4 data
clearly demonstrate the presence of two oceans in
the early Paleozoic. Thus, the areas called Pan-
thalassa and lapetus in Figures 5¢ and 5d do not
represent traditional locations, but our new inter-
pretation of the extent of those oceans.

In Fig. 5c, the circulation barrier necessary to
separate the different e,y regions has a wide
range of allowable geometric possibilities. In Fig.
5d, the island barrier is constrained to lie in a very
narrow corridor to separate the waters of geo-
graphically close New York and Baltica, yet the
barrier allows mixing of waters from Tennessee
and Baltica which are geographically distant. Fig.
5¢ shows a much wider connection between the
main body of Panthalassa and New York and
New Brunswick than in the Fig. 5d paleogeome-
try. Since there are coherent trends in the ey
data, it is probable that efficient circulation oc-
curred between these areas and the main ocean.
Therefore Fig. 5¢ with the widest connection, is
the most appealing paleogeometry.

In addition, we have measured Nd isotopic
ratios of inarticulate brachiopods from Kazakh-
stan, U.S.S.R. The sample came from the Batrybyr
section in the Maly Karatua range (“K” in Fig. 5c
and 5d). The age of this sample is of the lower-
most Hirsutodontus simplex Conodont Subzone,
and hence is from the base of the Ordovician
period, defined as the base of the Tremadoc epoch.
The Van Eysinga [18] age for this sample 1s 505.0
+ 0.5 Ma.

In the case of the reconstruction in Fig. 5d, this
sample should be in the lapetus Ocean and have
an €y, value close to —5; in the case of the
reconstruction in Fig. Sc, the Kazakhstan sample
should be in Panthalassa and have a lower gy
value. In fact, the sample has €y, (T) of —10.7
(ena(0) = —15.9, fqn ng = —0.389) which is very
close to Late Cambrian/Early Ordovician values
of New Brunswick and Nevada, and unlike Late

37

Cambrian /Early Ordovician values of Baltica and
Texas. This indicates that the paleosouth part of
Kazakhstan was affiliated with the Panthalassa
rather than the Iapetus. Unless the paleoposition-
ing of Kazakhstan is incorrect, this sample con-
firms that Fig. 5¢ is a more correct paleogeogra-
phy than is Fig. 5d.

We conclude that the Early /Middle Ordovician
paleogeographic reconstructions most compatible
with €., data are those that position Baltica at
high latitudes, and those in which lapetus is a
relatively small ocean as shown in Fig. Sc.
Paleomagnetic data of this period for Baltica are
limited. Original magnetic inclinations and dec-
linations have not been obtained from Baltica
samples of this age range because most stratified
rocks of those ages were subject to thermal alter-
ations and/or mechanical deformation in oro-
genic events. However, initial €, values can be
obtained from rocks that did not preserve any
particular orientation, and phosphatic samples
preserve their €., signatures to approximately
350°C. Hence, €y, appears to be a useful tool
extending and complementing paleomagnetic data
in understanding paleogeographic relationships in
orogenic areas.

6.3. Causes of conodont provincialism

The Early Cambrian through Middle Ordovi-
cian marked a period of increasing provincialism.
Trilobites and brachiopods exhibited provincia-
lism in the Cambrnan whereas conodonts became
provincial in the Early Ordovician. Provincialism
was probably more extreme in the Middle Ordovi-
cian than at any other time in the Phanerozoic
[20]. By the end of the Ordovician and into the
Silurian, faunal provincialism waned and cosmo-
politan fossils became the rule.

We can use the €y, signature of faunas and
faunal distribution to find causes for conodont
faunal provinciality. A variety of factors char-
acterize or determine whether biogeographically
provincial or cosmopolitan faunas dominate at a
particular time. Biogeographic provincialism indi-
cates geographic distinctions among populations
of fossils whereas cosmopolitan faunas are found
in diverse locations or habitats. Generally, the
geographic boundaries of faunal provinces are de-
termined by some environmental distinction or
barrer to migration. Biological discriminators of
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environment can include sensitivity to water tem-
perature, light availability, salinity, nutrient avail-
ability, and water depth or pressure. Patterns in
the rock record of provincialism may be com-
plicated by the habitation mode of faunas such as
bottom dwelling, floating or swimming.

It has already been demonstrated that con-
odont provincialism is not determined by geo-
graphic isolation since different conodont faunas
can occur in quite close association, as was the
case in Tennessee. Nor is the cause depth sensitiv-
ity because conodont NAT faunas are found in
shallow water facies near Baltica and in quite deep
facies around North America. The €,y pattern in
Fig. 3b suggests that different faunas can be found
in the same water mass. Therefore, conodonts do
not seem to discriminate primarily on the basis of
water mass characteristics such as nutrients or
salinity. Water temperature can vary according to
depth and latitude within one circulating water
mass, such as in Antarctic Intermediate Water
today [42]. Thus Sweet and Bergstrom’s suggestion
{22] that conodont provincialism 1s water-tempera-
ture dependent is not excluded by the pattern of
€ng data.

We suggest that in the Early and Middle
Ordovician, periods of pronounced conodont pro-
vincialism, the temperature of shallow water near
the Southeastern U.S. shore of the “Southern
Iapetus Sea” was higher than the temperature of
shallow water near the shore of Baltica. This tem-
perature difference probably was due to a latitude
gradient between the Baltica and Southern U.S.
sides of the Southern Iapetus Sea. When Baltica
moved closer to the equator during the closing of
Iapetus (destruction of Northern lapetus Sea),
water temperature differences became smaller and
faunal distinctions were minimized. Temperature
seems to be the only environmental indicator that
satisfies the paleogeographic pattern of €y, and
conodont faunas, as well as the timing of con-
odont provincialism.

6.4. Constraints on mean ages of Lower Paleo-
zoic crust

The modern Pacific, Indian and Atlantic Oce-
ans have average €4 values of —3, —8, and —12
[1,2]. A typical continental fg, ng value of —0.4
[30] yields T3¢ model ages of 1.1 Ga, 1.5 Ga, and
1.8 Ga for the continental sources of Nd in each

of these oceans. The rocks surrounding each ocean
basin are dominated respectively by Paleozoic and
younger rocks, mixed ages, and Proterozoic and
older rocks [48]. Thus, variations in the €4(0) and
Ty model ages of seawaters to some extent
reflect the mean ages of their continental source
areas. The present day average ¢,y value of
seawater is —7 which yields a T4 model age of
1.4 Ga [6).

The T4 model age calculated from ey4(0) of
average seawater (using fs,, ng = —0.4), need not
be equal to the mean age of the continents, (T ).
First, it is possible that young crustal regions
contribute proportionately more Nd to ocean water
masses than is indicated by the “surface age distri-
bution” of rocks in the drainage area for an ocean.
Young orogenic areas erode faster, and hence put
more sediment into the oceans than old stable
areas [49). This may yield suspended load model
ages that are 0.2-0.4 Ga younger than the true
mean age of the drainage area (Goldstein and
Jacobsen, in preparation). Further, it is possible
that ey, in the dissolved load of many major
rivers i1s 1-2 e-units more radiogenic than the
suspended loads of the same rivers [6]. This yields
model ages for dissolved loads systematically
0.1-0.2 Ga younger than suspended load model
ages. Thus, although 7D model ages of the vari-
ous oceans today clearly reflect the mean ages of
their continental source areas, they may be sys-
tematically biased 0.3-0.6 Ga toward younger val-
ues. Assuming that this bias has not changed
dramatically during the Phanerozoic, it should be
possible to obtain an estimate of how (T) has
changed since the Early Paleozoic.

Single-stage T model ages were given in the
results section. However, interpretation of model
ages from ancient marine sedimentary minerals
must be made carefully, because marine authi-
genic and biogenic phases often have '*’Sm/'*Nd
ratios substantially different from their continen-
tal source rocks [11,14]. A two-stage model is
necessary to represent mean continental model
ages using model ages of fossil biophosphatic sam-
ples. The sample evolution from the time of de-
position (Tgrpat) to the present is given by the
fsmyna value of the sample (f,..); the sample
evolution from the time of differentiation of the
crustal source areas from the mantle to the time of
deposition (T334, — Tgrrat) is given by the typical



continental crustal f5, g value of foc=—04
[30]. Thus, the two-stage model age (T,5e4) can be
Nd

obtained from the single stage T;y model age by
the equation:

fCC _fmcas]

7}%?\4 = T,;ﬂ - (Téi‘} - TSTRAT) ﬁ
cC DM

where fpy =0.08592 is the f, g value of the
DM reservoir.

The range in two-stage model ages (T33%,) of
Ordivician samples is 2.1-2.8 Ga for the NA
group and 1.6-1.8 Ga for the EU + SE groups
(Table 3). A rough mean age of crust exposed
during the Early Paleozoic can be derived from
these biophosphate model ages. The mean age is
obtained by averaging the model ages within the
NA and EU + SE groups of samples, and then
averaging among the groups by weighting the
groups by the size of the ocean water mass in
which the samples are located. The average Tgrgpat
value of the samples is 490 Ma, or Early Ordovi-
cian age. Using the paleogeographic maps in Fig.
5¢ and d and assuming a similar average depth for
the two ocean basins, the paleoceanic size of the
Iapetus Ocean would have been between 0.05 and
0.20 of the size of the Panthalassa Ocean. The
T,%4, averages of the NA group (Panthalassa) and
SE + EU groups (lapetus) are 2.3 Ga and 1.7 Ga.
Using the estimated ocean sizes and their T,pd,
values, an average T,53, model age for the sources
of Nd in Early Paleozoic oceans of approximately
2.2 Ga can be obtained. If the deposition age of
0.5 Ga is subtracted, the mean age estimate of the
crust in the Early Ordovician was 1.7 Ga. This is
similar to the mean age of approximately 1.8 Ga
[50] for the crust today, and older than an analo-
gous mean age estimated from the present-day
oceans.

As shown by Jacobsen and Wasserburg [50],
the rate of change of the mean age (T) is related
to the continental mass ( M) and its rate of growth
(dM/dr) through the relationship d(T)/dr =1
- (T)/MYdM/dr) (assuming no recycling).
Since the ocean data suggest that (T) =14 Ga
today and 1.7 Ga at 0.5 Ga ago, we obtain
d{T)/dr= —0.6 for the last 0.5 Ga. It follows
that the average rate of growth during this time
must have been on the order of one crustal mass
per Ga (i.e., (dM/Mdr) =1 Ga™'). Even consid-
ering the bias in the mean age estimates obtained
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using average seawater values, it appears difficult
to totally change this result. This strongly suggests
that substantial additions of new crust to the
continents have continued throughout the
Phanerozoic.

We conclude that the nature of the source
terrane for the paleoceans is indicated by their e,y
signatures or Nd model ages. High ¢y values of
—5 to —9 (representing the lapetus Ocean) for
EU and SE samples indicate substantial input
from young orogenic, volcanic or island arc ter-
ranes, much like the present Pacific or Indian
oceans. The very low ey, values of ~10 to —20
for the NA samples, shows the existence of very
old crustal terranes that surrounded the Pan-
thalassa Ocean in the Early Ordovician much like
the present Atlantic Ocean. Most geologic re-
search on this period has focussed on the active
margins of the relatively small lapetus Ocean
rather than on the passive margins of the very
large Panthalassa Ocean. The mean T,33; model
age of exposed crust in the Early Ordovician is
about 1.7 Ga, similar to the mean age of the
continental crust today.
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