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ABSTRACT Upper Cambrian and some Ordovician sam-
Analyses of the Nd isotopic composition and REE distribution in biogenic apatite ples used in the analysis were separated from the
(organophosphatic brachiopods and conodont elements) from the Cambrian and Ordovician clastic host rock by deionized water, and for the
sequences of the Baltic plate give new insights into the development of the southeastern segmeimhestone rocks weak acetic acid was used (for
of the continental margin bounding the lapetus ocean. The Nd isotope analyses sleg, of ~ details see Methods in Data Repositdil.the
~—8.0 for the Cambrian, indicating that the main source of the sedimentary deposition cameconodonts are light brown or yellowish and have
from weathered sedimentary rocks of Vendian and Cambrian age. The increasespfy, to ~—5.0 conodont alteration indices (CAl) within the
for the Early Ordovician indicates the appearance of a new source of radiogenic Nd in the sur-range of 1-1.5, indicating minor thermal alter-
rounding area—most likely a volcanic arc along the western borderland of Baltic plate from ation. Phosphatic brachiopods from the samples
Arenigian time. Samples of Cambrian biogenic apatite show significantly lower total amounts of also show well-preserved original structures
REE than do the Ordovician samples, and this is probably due to a shorter exposure to seawate(Holmer, 1989). Each sample was carefully
before burial during Ordovician sedimentary accumulation in Baltoscandia. These preliminary examined under the microscope, and no sample
results suggest that biogenic apatite from the Baltoscandian basin preserves geochemical signaith impurities of pyrite, clay, etc., was used.
tures of the water masses that will be important for understanding the evolution of the lapetus Scanning electron microscope with energy dis-

ocean during the early Paleozoic. persive spectrometer (EDS), instrumental neu-
tron activation analysis (INAA), and X-ray dif-
INTRODUCTION During the Cambrian and Early Ordovician fraction analysis were used to reveal any degree

Biogenic apatite is known to concentrate rarBaltica (the East European plate) was located af calcification or silicification. However, most of
earth elements (REE) at the sediment-watédrigh or temperate southern latitudes and formetie Late Cambrian and Early Ordovician lingulid
interface and thus represents the chemical condlite southeastern margin of the lapetus oceahells contain internal secondary apatite de-
tions at the sea floor. The enrichment occurs podtlac Niocaill et al., 1997). From the beginning ofposited as a result of post mortem recrystalliza-
mortem and so is not influenced by metabolisnthe Cambrian, the plate was mainly covered by d@ion and bacterial degradation of the organics
which means that material from various fossiepeiric sea (Baltoscandian and Moscow basins)ithin the shells (Nemliher and Puura, 1997).
species can be used for comparison. As a restuhat persisted until near the end of the Silurian. The REE concentration in selected samples
old biogenic apatite (e.g., fish debris, teethDuring this time, condensed sequences of matweas determined with isotope dilution—mass spec-
thelodont and bones, conodont elements, phosiliciclastic sediments and carbonates wergometry (ID-MS) and instrumental neutron acti-
phatic shells of brachiopods) is the carrier oformed, containing perfectly preserved biogenivation analysis (INAA).
readable geochemical signals concerning redghosphates. The current study of the REE content
conditions (Wright et al., 1987), sedimentaryand Nd isotope compositions in the Late CambriaREE PATTERNS AND Nd ISOTOPIC
environment (Laenen et al., 1997), and the Sr arid Early Ordovician organophosphatic brachioSIGNATURE IN ORGANOPHOSPHATIC
Nd isotopic composition of contemporaneoupods and conodont elements was undertakenBRACHIOPODS AND CONODONTS
seawater (Bertram et al., 1992; Bertram anihvestigate variations in depositional environments Shale-normalized REE patterns for early
Elderfield, 1993). in Cambrian—Early Ordovician lapetus seawateRaleozoic biogenic apatite are shown in Figure

The neodymium isotopic composition of oldas reflected in the preserved geochemical signiB. The shape of the normalized patterns is rather
biogenic apatite is commonly used for provenandere in biogenic apatite from Baltoscandia. uniform for the Late Cambrian and Early Ordo-
analysis and reflects the proportion of radiogenic Material selected for our study includes samvician organophosphatic brachiopod shells and
neodymium in the surrounding source area. Dafdes of Late Cambrian—Early Ordovician organoeonodont elements: slight enrichment of middle
are usually expressed gg, representing devia- phosphatic brachiopods and Early OrdoviciaREE and similar values of La/Sm and Sm/Yb for
tions of*3Nd/**4Nd, in parts per 10000, from the conodont elements. Lingulids of the gener&oth Late Cambrian and Early Ordovician phos-
chondritic uniform reservoir (CHUR). In small Ungula, ObolusandSchmidtitesas well as the phatic fossils. There are two distinct groups of
basins, like the Baltoscandian epicontinental seaiphonotretidéHelmersenia ladogensisepre- REE concentrations. All the analyzed Late Cam-
for which there are only a few possible sourceent Late Cambrian brachiopods. Early anbrian brachiopods display a REE enrichment
areas, the Nd isotopic characteristics should beMiddle Ordovician brachiopods include lingulid
good indicator of REE provenance. Late diageneralhysanotus, AulonotretandLingulasma 1GSA Data Repository item 9895 (methods used,
genetic alteration could affect the acquired REES well as a number of taxa of microbrachiopodSm-Nd isotope data, and description of analyzed

. L . . . material [Table A]; rare earth element data [Table B]),
patterns, but a series of pupllcatlons (see Hglsenostly of acrotretldgs and sphonotreﬂde;. CoNGs available on request from Documents Secretary,
1997) support the hypothesis that the REE signdent samples constitute a mixture of various taxgsa, P.O. Box 9140, Boulder, CO 80301. E-mail:
ture in fossil apatite has an early diagenetic origimf euconodonts. editing@geosociety.org.

Data Repository item 9895 contains additional material related to this article.
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Figure 1. A: Schematic map of Baltoscandia. Striped areas show sampling sites for biogenic phosphate in North Estonia (west) and

St. Petersburg—Ladoga Lake region (east). Star shows sampling site for volcanic ash in Sweden. Middle Cambrian phosphorite
samples were taken from North Greenland, ~300 km northwest, and Early Cambrian and Vendian phosphorite and shale samples

were taken in the Moscow syneclise, ~600 km southeast of mapped area. B: Rare earth element (REE) patterns of Late Cambrian—

Early Ordovician organophosphatic brachiopods and conodont elements from East Baltic, North American shale composite
(NASC)-normalized, mean value + one standard deviation. Samples from Estonia and Sweden are filled-in gray, from St. Petersburg—
Ladoga Lake region are filled-in black. C: Variation of €ng Values in Cambrian—Early Ordovician biogenic apatite. End(r) Scale is
common to C and D. Our project is focused on faunistic changes and their causes, from the Cambrian—Ordovician transition to

Middle Ordovician, which explains concentration of samples in this time span. We have so far no data for Early-Middle Cambrian

part of scale. D: Nd isotopic composition of modern-day oceans as End(o), (95% confidence level; mean values are indicated with
arrows), modified from Bertram and Elderfield (1993). Conodont and trilobite zones of Baltoscandia are after Mens et al. (1984) an d
Dronov et al. (1996); age scale used for calculation of  Enq(r) is after Shergold (1995). Data for B and C are in the GSA Data Repository
(see footnote 1).

within a factor of 5 to 10 of the standard shalef Scotland (Hooker et al., 1981). Late Cambriamentary phosphorites from North Greenland
values (North American shale compositebrachiopods from the East Baltic area show signd early Late Cambria\¢nostus pisiformis—
NASC); for Early Ordovician fossils this factor nificantly lower values okygq) = —7.9 £ 0.9  Homagnostugones) obolids from the East Baltic
ranges from 8 to 50. Taking Nd concentrations §& = 7) and a pronounced increase near therea, which are only slightly younger and located
a proxy of bulk REE contents gives Nd = 251 ££ambrian-Ordovician boundary. Early Cam-on the opposite side of lapetus ocean, suggest
49 ppm (1= 16) for the Late Cambrian and Nd =brian phosphorites from the central part of théhat relatively loweyy values within the range
883 + 358 ppmr(= 18) for the Early Ordovician. East European platform (Gavrilov-Yam bore—8.0 to —9.0 represent the general characteristics
The samples are taken from a large ardwle, ~1000 km southeast of the Baltic Sea) haw# water masses of the lapetus ocean at the begin-
(Fig. 1A), so the higher REE contents in Earlyeygg, ranging from —8.6 to —9.0, whereas Middlening of the Late Cambrian.
Ordovician biogenic apatite are to be regarded &ambrian phosphorites from the Holm Dal For-
a regional geochemical signature of the Earlynation of North Greenland ha€gq) of —-8.0 DEPOSITIONAL ENVIRONMENTS
Ordovician organophosphatic brachiopods an@hree samples). The Upper Cambrian and lowermost Ordo-
conodonts from the East Baltic area. Notwithstanding the commonly observedvician deposits in the East Baltic area are repre-
Nd isotopic compositiorefyy; as a proxy for wide scatter otygy() values in biogenic phos- sented by condensed, unconsolidated quartzose
evaluation) in the fossil apatite of Early Ordophate and fossil apatite (Holser, 1997), the differsands and silts, which form several lithostrati-
vician (Fig. 1C) varies from —6.2 to —4.4; mearence in Nd isotopic signatures between the Latgaphic units separated by discontinuity surfaces
End) = —2.3 £ 0.7 = 12, (mean value + one Cambrian and Early Ordovician of the Easbf highly varying morphology, that locally have
standard deviation), which is close to the —5.Baltic area is statistically significant and #hg, traces of subaerial exposure. There are frequent
value estimated for Early Ordovician lapetus seaalues vary within remarkably narrow limits.  occurrences of bidirectional and multidirectional
water on the basis éf3Nd/1*4Nd ratios of the  Similar Nd isotope compositions between lateross-bedding, wave ripple markolithograce
metalliferous sediments from Southern Uplandsliddle Cambrianl(ejopyge laevigataone) sedi- fossils, and beds of obolid coquina; these charac-

1084 GEOLOGY, December 1998



teristics suggest that the depositional envirorshallower water sediments on continental shelvesd Elderfield, 1993). Circum-Pacific volcanic
ment was above storm wave base for most of tlaed epicontinental basins (Elderfield and Pagetiycs provide more radiogenic Nd in the ocean in
period, and mostly within the peritidal zone 0f1986; Wright et al., 1987). comparison to the relatively old oceanic crust
the shallow shelf (Popov et al., 1989). The mature The enhanced REE contents in Early Ordaand crystalline shields bordering the northern
character of the sands, the condensed charactewimfian versus Late Cambrian organophosphati&tlantic Ocean.
the sequences in the East Baltic area, and theachiopods and conodont elements are consist-Only siliciclastic sedimentation took place
absence of evidence of any significant erosion @&nt with different paleogeographical and taphowithin the northwestern part of the East Euro-
the Precambrian basement in the adjacent argasmical conditions: Late Cambrian brachiopodgean platform during the Vendian. Fine-grained
all suggest that weathering of Vendian and Loweawrere preserved by rapid burial, whereas most gshale has Nd isotope compositions from
Cambrian siliciclastic sedimentary rocks was théhe Early and Middle Ordovician brachiopods‘43Nd/2**Ndmeasure 0.511 505 = 0.000 013
major sediment source. were exposed considerably longer to seawatéeygy = —15.7) in the basal Redkino Stage
Studies of the taphonomy of Holocene lingu- Disarticulated valves and shell fragments ofhrough 0.511 520 + 0.000 008 = —10.5)
lids demonstrate that under nearshore condhe organophosphatic brachiopods, mostly oban the Kotlin Stage to 0.511 890 + 0.000 006
tions, the chance of preservation is very low, aniitls, varying in size from 2 to 20 mm, represen(eyg; = —9.1) in the basal Cambrian Rovno
the rapid burial of lingulid shells during stormthe single source of bioclasts in the Upper Canstage. The phosphorite pebbles collected from
events is an important factor in their fossilizatiorbrian deposits, whereas the biogenic phosphatte Lower Cambrian Lezha Formation (Gavrilov-
(Emig, 1997). It is also probable that the layers the Ordovician carbonates are mostly reprefdam borehole), central part of the East European
and lenses of coquina, which are the main suppgented by 0.5-2.5 mm microbrachiopods anglatform showeyg from —8.6 to —9.0, probably
of the specimens of the Late Cambriaonodonts. The content of biogenic phosphatesiltustrating the evolution of the Nd isotopic com-
organophosphatic brachiopods in this studyhe host rock for the Lower and Middle Ordo-position of the epicontinental marine basin in the
were formed mainly during storms within avician is 10—-100 times lower than in the UppeEarly Cambrian. There is no evidence of volcanic
beach and bar system, which was sometim&sambrian. As the REE concentration in biogeniactivity in the proximity of Baltoscandia in the
subaerially exposed. apatite can reach up to ®®f normal marine Late Cambrian, angygq in the shells of
During the Early Ordovician Raltodus water concentration, phosphatic bioclasts musirganophosphatic brachiopods clearly indicates
deltifer—Paroistodus proteumones) an accumu- be considered an important depository of REEhe predominance of rocks with low proportions
lation of glauconitic sands and clays begarremoved from the water during fossilization,of radiogenic Nd as a source area for respective
which was later replaced by carbonate sedimeparticularly in the shallow shelf environmentsparts of the lapetus ocean.
tation. The net rate of deposition of carbonates igpical for the East Baltic area during the early A substantially different situation was devel-
Baltoscandia was very low and did not exceeBaleozoic. The effect of a simple geochemicalped in the Early and Middle Ordovician in
1-5 mm/1000 yr through the Ordoviciandilution may also be responsible for the observeBaltoscandia. Beds of tephra are reported from
(Jaanusson, 1972), which is comparable to thenrichment in REE in the Early and Middlethe Billingen (lower Arenig) deposits of south-
average rate of deposition of radiolarian ooze i@rdovician biogenic apatite. Assuming a fairlycentral Sweden (Lindstrém, 1979). High alumi-
recent oceans. On the basis of conodont studissable input of REE in the basin, confirmed by aum basalt-andesite-dacite volcanic material
Schmitz et al. (1996) estimated the net sedstable tectonic source area (peneplain), a smalkend tuff are characteristic of the Arenig—early
mentation rate to 2 + 1 mm/k.y. during Lower-amount of REE-scavenging biogenic apatite ohlanvirn of the Smodla, Trondheim area, of
Middle Ordovician in Sweden. The siliciclasticthe seafloor should concentrate more REE p&orway (Roberts, 1982). Numerous K-bentonite

influx into the epicontinental sea was low andveight unit. layers are characteristic of the Ordovician
very fine grained. Numerous discontinuity sur- (Caradoc—Ashgill) and Silurian deposits of
faces that have traces of submarine erosion axel ISOTOPE COMPOSITION OF THE Baltoscandia (Snéll, 1977; Huff et al., 1992). The
also characteristic. There is no evidence, hoBALTOSCANDIAN SEGMENT OF trace element geochemistry of these volcanic
ever, of subaerial exposure and erosion of caltAPETUS OCEAN IN THE EARLY strata indicates that the ash is derived from a
bonate sediments (Lindstrém, 1979). ThesBALEOZOIC continental-crust—based, mature island arc on a

deposits were formed within a shallow shelf envi- The paleogeography and mode of sedimemlestructive Andean-type plate margin setting
ronment under stable marine conditions, mostliary accumulation of the East Baltic area in théRoberts, 1982; Huff et al., 1992).
below the seasonal storm wave base. Late Cambrian—Early Ordovician are important In the Arenig, a subduction zone was located
The biogenic apatite of living organismscontrols oreyg variation in biogenic phosphate. several hundred kilometers from the epiconti-
(thelodonts, fish teeth, and bones) is not enrichéthe g4 in recent seawater is controlled by thenental basin of Baltoscandia (Prigmore et al.,
in REE. Typical values do not exceed 10-20 ppmroportion of radiogenic Nd in the source terran@997). An air-fall magnitude of the Ordovician
of bulk REE content (Wright et al., 1987) owingsurrounding the basin (Goldstein and Jacobsesruptions of 100-1000 khior every discrete
to very low REE concentrations in surfacel987). The short residence time of Nd in &vent indicates large-scale explosive volcan-
bottom, and pore waters (¥8610° of standard marine basin (only a few hundred years) in relasm close to the margin of the Baltic plate. The
shale values; Moller et al., 1994). An exposuréon to the ~18yr of mechanical turnover of the Nd signature of the late Llanvirnian Vamb
time providing water/fossil mass ratios ta®10 deep ocean results in the wide regional and vertielcanic ash in south Sweden (Sturesson, 1992)
leads to the observed REE enrichment in old bi@al scatter o4 values in recent and ancient(*43Nd/24“Nd = 0.512 244 + 0.000 0Q3asured
genic apatite of as much as thousands of parts mereans (Holser, 1997). Nevertheless, the diffeandeygy = —2.4 shows that juvenile crust was
million. The sedimentation rate and taphonomient Nd isotopic compositions of modern-dayalso a source of tephra covering most of Balto-
conditions are the most important factors comsceanic water masses are well documented asdandia. As a result of Nd input, this part of the
trolling the incorporation of REE into brachiopode o) of seawater varies from —15.1 + 3.4 (meafapetus ocean became increasingly radiogenic
shells and conodont elements at the sedimenalue + one standard deviation) in the northerfrom the Late Cambrian to the Early and Middle
water interface. As a result, recent and old bicAtlantic Ocean, through —8.3 + 1.2 for the IndiarOrdovician. The organophosphatic brachiopods
genic apatite from pelagic deep-water sedimen@cean, to -3.5 + 1.7 in the Pacific, reflecting th@nd conodonts of that age havesg#y, signature
have REE concentrations of one order of magngrevalent composition of surrounding sourcef about —5.0 reflecting the change in Nd isotope
tude and higher in comparison to apatite fromareas and large-scale circulation patterns (Bertraromposition of the ancient water masses.
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here, paleotectonic reconstructions EENQ(O) pods,in Williams, A., Brunton, C. H., and Carl- element adsorption in a seawater profile above
' . !/ son, S. J., eds., Treatise on invertebrate paleontol-  the East Pacific rise: Chemie der Erde v. 54,
valu_e_s of QIﬁereht n_ecent oceans (Fig. 1D), the ogy, Part H—Brachiopoda: Boulder, Colorado, p. 129-149.
Pacific Nd isotopic signature seems to be amore  Geological Society of America, and Lawrence Nemliner, J., and Puura, 1., 1997, Shell mineralogy of
suitable model for this part of lapetus ocean in  University of Kansas, p. 473-495. lingulate brachiopods from the east Baltic
the Early and Middle Ordovician, not the modernGoldstein, S. J., and Jacobsen, S. B., 1987, The Nd and ~ Cambrian-Ordovician “Obolus phosphorite:
; ; ; Sr isotope systematics of river-water dissolved Danmarks og Grgnlands Geologiske Under-
day Atlantic Ocean (Arctic or circumpolar) as material: Implications for the sources of Nd and sggelse, Rapport 1996/98, p. 83-91.
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values are characteristic signatures of single-  science Section, v. 66, p. 245-272. Sergeeva, S. P., and Sobolevskaya, R. F., 1989,
reservoir water mass (Holmden et al., 1996), aridoimden, C., Creaser, R. A., Muehlenbachs, K., Key sections and stratigraphy of the Cambrian-
the variations ofyq values in fossil apatite RS T kI e T and N north-gastof the Russian Platform: Leningrad
from the early Pale,OZO'C, of Baltoscandia can be 454 Ma biogenic apatites: Implications for paleo- Nauka, 222 p. (in Russian, English summary).’
regarded as genuine signatures of the part of seawater studies: Earth and Planetary Scien&rigmore, J. K., Butler, A. J., and Woodcock, N. H.,
lapetus ocean close to the Baltic paleoplate. This  Letters, v. 142, p. 425-437. 1997, Rifting during separation of eastern Ava-

interpretation is supported by tlgq isotope Holmden, C., Creaser, R. A., Muehlenbachs, K., Leslie, lonia from Gondwana: Evidence from subsi-
composition of the Mohawkian sea between the S.A., and Bergstrom, S. M., Isotopic evidence for dence analysis: Geology, v. 25, p. 203—206.

L . . . geochemical decoupling between ancient epeiriRoberts, D., 1982, Rare earth element patterns from the
454 Ma Millbrig and Deicke bentonites in €ast-  geag and bordering oceans: Implications for secu- ~ Ordovician volcanites of Smgla, Nordmere,
ern Laurentia, as recorded in conodonts by lar curves: Geology, v. 26, p. 567-570. west-central Norway: Norsk Geologisk Tidsskrift,
Holmden et al. (1998). They identified threeHolmer, L. E., 1989, Middle Ordovician phosphatic V.62, p. 207-209.
“aqua facies”: a shallow-water carbonate plat- inarticulate brachiopods from Vastergétland andghergold, J. H., 1995, Timescales 1. Cambrian: Aus-

. . _ Dalarna: Fossils and Strata, v. 26, p. 1-172. tralian Geological Survey Organisation (AGSO)
form with very hegatlve Nd valuesyy= _1_5_)’ Holser, W. T., 1997, Evaluation of the application of Record 1995/30, 32 p.
a foreland basin ¢(,,= -7.5), and unmodified rare-earth elements to paleoceanography: Palaedehmitz, B., Lindstrém, M., Asaro, F., and Tassinari,
lapetus ocean wates,f,from —0.6 to -5). In their geography, Palaeoclimatology, Palaeoecology, M., 1996, Geochemistry of meteorite-rich marine
terms, our data correspond to an “aqua facies” of V- 132, p. 309-323. limestone strata and fossil meteorites from the

irlooker, P. J., Hamilton, P. J., and O'Nions, R. K., 1981, lower Ordovician at Kinnekulle, Sweden: Earth
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