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Abundant fossil meteorites in marine, condensed Lower Ordovician limestones from 
Kinnekulle, Sweden, indicate that accretion rates of meteorites were one to two orders 
of magnitude higher during an interval of the Early Ordovician than at present. Osmium 
isotope and iridium analyses of whole-rock limestone indicate a coeval enhancement of 
one order of magnitude in the influx rate of cosmic dust. Enhanced accretion of cosmic 
matter may be related to the disruption of the Lchondrite parent body around 500 million 
years ago. 

T h i r t e e n  fossil meteorites were recently 
found in condensed Lower Ordovician 
[-480 million years ago (Ma)] marine Or- 
thoceratite Limestone from the Thorsherg 
quarry in southern Sweden (1) (Fig. 1) .  A 
conservative estimate, assuming only four 
different falls and extremely low sedimen- 
tation rates and using the known volume of 
quarried limestone, indicated one to two 
orders of magnitude higher meteorite influx 
rates in the Early Ordovician than today. 
The  extraordinary meteorite density is ac- 
companied hy nondetrital Ir enrichments in 
the Orthoceratite Limestone (1 ). However, 
the Ir source could not he identified, and 
hydrogenous as well as extraterrestrial Ir 
enrichment are viable explanations. Osmi- 
iun is unique among the nohle metals be- 
cause the decay of lS7Re to lS70s prod~uces 
variations in the isotopic composition of 0 s  
that can he used to distinguish detrital and 
hydrogenous 0 s  sources from extraterres- 
trial and mantle-derived sources. Here, we 
present 0 s  isotope data for the Orthocera- 
tite Limestone to determine the origin of 
the excess nohle metals (2).  W e  also report 
four additional fossil meteorite findings, 
trace element data for seven fossil meteor- 
ites, 0 s  isotope data for one of the meteor- 
ites, and Sr isotope data for biogenic calcite 
( 3 ) .  

The diagenetically altered fossil meteor- 
ites have been identified by their high Ir, 
Au, and Cr  concentrations (Table I ) ,  their 
generally chondritic AuIIr ratios, the occur- 
rence of chromite grains with meteoritic 

composition, and the presence of chon- 
drule-like structures (4 ,  5). A n  age-correct- 
ed 1870s/'8"s ratio of 1.058 and Os/Ir ratio 
of -1 in the center of the Osterplana Ark 
009 meteorite [identical to Osterplana 9 in 
(1 ) I  are comparable to present-day chon- 
dritic meteorites (Tables 1 and 2) .  The 
findings of four additional meteorites after 
July 1996 support the meteorite accumula- 
tion rates estimated for the Early Ordovi- 
cian in (1 ). The  most important new find is 
a large meteorite in the Sextummen bed in 
the upper red interval (Fig. 1 and Tahle 1). 
This meteorite was recovered after quarry- 
ing <600 m2 of the Sextiummen bed in 
addition to the -1700 m2 that yielded the 
first large meteorite hefore July 1996 ( 1 )  
(Table 1) .  Two additional meteorites (di- 
ameter in cross sections = 5 by 4.5 by 3.5 
cm and 5 hy 4 by 3.5 cm) were found in the 
meteorite-rich Arkeologen bed, increasing 
the number of meteorites recovered from 
this bed to 12. With these findings, the 
sea-floor density of meteorites is calculated 
at 1 per 150 m2 in the Arkeologen bed and 
1 per <I150 m2 in the Sextuinmen bed. 
These meteorite densities are high relative 
to those in recent meteorite-strewn fields 
(6). However, we do not know the exact 
vertical position of the different meteorites 
in the two heds, and the meteorites may 
represent more than two fall events. A 
fourth meteorite (diameter -3 cm) was dis- 
covered in the red limestone floor of a 
public building in southern Sweden. The  
floor was quarried in the Thorsherg quarry 
in 1994. It is uncertain from which bed this 
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thology over the meteorite-yielding interval 
is the same in the two quarries. Esser and 
Turekian 17) demonstrated that 0 s  in ma- , , 

rine sediments can be considered a three- 
component mixture of detr~tal,  hydroge- 
nous, and meteoritic 0 s .  Riverine particu- 
late matter and loess, representing eroded 
upper continental crust, are characterized 
by radiogenic '870s/'8"s ratios of -10.5. 

The  0 s  isotopic composition of seawater 
(hydrogenous component) varies as a fiunc- 
tion of the balance among dissolved 0 s  
inputs from riverine, sea floor hydrother- 
mal, and extraterrestrial sources. During 
most of the Cenozoic, seawater 0 s  isotopic 
ratios varied between 3.5 and 8.6 (8). Only 
at the Cretaceous-Tertiary hoiundary were 
ratios as low as -2. Information on Meso- 
zoic and Paleozoic seawater, although miss- 
ing, is important for interpreting marine 
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Fig. 1. Quarried interval at Kinnekulle with posl- 
tions of fossil meteorites and samples studied for 
0s isotoplc compos~tion (Table 2). Solid meteor~te 
symbols represent addltlona finds after July 1996 
(1). A fourth new meteor~te from the Thorsberg 
quarry could not be asslgned to any particular 
bed. Tradtional quarry workers' names for differ- 
ent beds are given. Thcknesses of beds vary 
somewhat along the outcrop. The entlre quarried 
Interval corresponds to -1.75 My; however, only 
an interval correspondng to -1 ,I 7 My IS being 
used for the producton of sawed slabs (I). 
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Table 1. NAA results for fossl meteortes [data for 0sterplana Ark 001 and cies are estimated at 5 to 15% (ma,, not analyzed). Parts of some of the 
009 from (1); other results, (311. Names of fossil meteorites (local~ty + abbre- meteorites are misslng, 
vated name of ped of or~gn) are prelimnary The relative analyical accura- 

Meteorite 

Osterplana Ark 001 
Osterpana Ark 007 
Osterplana Ark 009 
Osterplana Ark 01 1 
Osterpana Bot 001 
Osterpana Sex 002 (sample 1) 
Osterpana Sex 002 (sample 2) 
Osterpana Sex 001 (rm only) 

sedimentary 0 s  isotope data from these 
eras. O n  the basis of the correlation of the 
tnarine '870s/1860s and 87Sr/s6Sr isotope 
records durii~g the Cenozoic (8), we use the 
Ordovician rnarine Sr isotope record as a 
proxy for the coeval 0 s  isotope record. 
Present-day seawater isotope ratios of 0 s  
and Sr are radiogenic, -8.6 and -0.7091, 
respectively. Marine Sr isotope records (9)  
and our Sr isotope analyses (Table 3 )  show 
that Early Ordovician seawater had sirnilar- 
ly radiogenic 87Sr/86Sr ratios of -0.7088. 
This indicates that the marine 0 s  isotove 
cotnposition may have been radiogenic as 
well. Existing cratering and paleoi~tological 
records show no evidence for a major aster- 
oid impact during the Early Ordovician that 
could have resulted in nonradiogei~ic sea- 
water 0 s  isotoue ratios because of dissolu- 
tion of extraterrestrial 0 s  from the itnpactor 
(8, 10). We therefore interpret the nonra- 
diogenic, age-corrected 1870s/'S60s ratios 
o i  1.67 and 3.13 for two sarn~les of the 
lower and upper red interval as indicators of 
a laree  articulate meteoritic or mantle- " & 

derived 0 s  fraction. Re concentratioi~s in 
the red intervals are low (23 and 7.5 pg/g), 
and decay-corrected 1870s/1860s ratios do 
not differ rnuch from the measured ratios. 
Irnrnobile eletnei~t ratios such as Zr/TiO, 
and Ti0,/A1,03 indicate average upper 
continental crustal cornpositioi~ for the de- 
trital fraction (1 ). This is consistent with 
the depositioi~al environment of the Ortho- 
ceratite Limestone in an epicontinental sea 
or intracratonic basin (1 1 ). This fact and 

the association of excess Ir and 0 s  with 
fossil meteorites favor an extraterrestrial 
rather than a mantle origin of the excess 
noble metals. 

A sitnple isotope tnass balance calcula- 
tion assuming a two-cotnponent mixture of 
detrital 0 s  (1870s/1860s - 10.5) and extra- 
terrestrial 0 s  (1870s/1860s - 1.05) yields an 
extraterrestrial 0 s  fraction of 93% and 76% 
for the lower and upper red intervals, re- 
spectively. With the use of the measured 0 s  
concentrations in the two samples, the 0 s  
concentration of the detrital fraction (-10 
to 15% of the whole rock) can be calculated 
at 20 to 40 pg/g, typical for weathering- 
exposed continental crustal material (1 2 ,  
13). In contrast to the red litnestone, a 
radiogenic 1S70s/1860s ratio of 30.9 and Re 
concentrations of 2.14 ng/g have been mea- 
sured in the gray, organic-rich interval. 
High Re concentrations and Re/Os ratios 
reflect hydrogenous Re ei~richtnent typical 
for organic-rich seditnei~ts ( 14). Decay cor- 
rection yields a negative initial 0 s  isotope 
ratio indicative of open-systetn behavior. 
For this reason, the extraterrestrial fraction 
of noble metals in the gray interval cannot 
be estimated using 0 s  isotope data. 

Diffusive loss of noble metals frotn the 
fossil meteorites may have contributed to 
excess concentratioi~s of these elements in 
the limestones. However, our estimates sug- 
gest that <0.5% of the excess Ir in the 
limestone is derived from fossil meteorites, 
with the remainder related to influx of ex- 
traterrestrial dust (15). In the following, we 

use the average Ir content (67 pg/g) of 31 
samples of red lirnestoi~e (1 ) to estimate the 
flux of excess Ir to the sea floor. Chondritic 
Os/Ir ratios in the limestone and the 0 s  
isotope mass balance calculated above indi- 
cate that -85% of the Ir (mean value of 
93% and 76% 0 s )  is extraterrestrial in or- 
igin. We  estimate a rninirnurn extraterres- 
trial Ir accumulation rate of -30 ng 
My-' (My = million years) for the Early 
Ordovician, based on the average excess Ir - 
concei~tration of 57 pg/g and tninilnuln net 
sedimentation rates of 0.2 ctn uer 1000 
years for the red limestone (1 ). O n  the basis 
of 0 s  isotope analyses of deep-sea sedi- 
ments, it was estitnated that extraterrestrial 
0 s  today accumulates at rates of 1.3 to 3 ng 
cm-2 My-' (1 2 ,  16). Sitnilar accurnulatioi~ 
rates prevailed throughout the Cei~ozoic 
(17). 

Our 0 s  isotope data support an enhance- 
ment of an order of rnagi~itude in the illflux 
of extraterrestrial dust in the Early Ordovi- 
cian relative to the present. The difference 
cannot be accounted for by uncertainties in 
the sedirnentatioi~ rate estimates, which are 
critical in all flux calculations. The Lower 
Ordovician Orthoceratite Lilnestoi~e at 
Kini~ekulle is about 20 m thick, and accord- 
ing to conventional paleontologic-strati- 
graphic information, the section represents 
10 ? 5 My (1 ). Any attempt to account for 
the excess Ir by an order of magnitude lower 
seditnei~tation rate would result in an unre- 
alistic depositional time span of -100 My 
for the 20 m-thick section. 

Table 2. 0 s  isotopic ratos and 0 s  and Re analyses. la uncertanties are lated using a depositional age of 480 Ma for all samples and decay constant 
given on the bass of count~ng statistcs. Initla1 1870s/1860s values are calcu- A = 1.64 x lo-" year-' (20). 

Sample s 7 ~ ~ / 1  860s 1 s70~ /1  860s 8 7 0 ~ / i  880~  
(measured) (~n~tial) (measured) 

Fossd meteorite 
osterplana Ark 009, 1.068 i- 0,001 1.058 0.1 2852 i- 0.00012 838 + 8 25.3 i- 1.3 
central part 

Whole-rock limestone 
D4-8 (lower red interval) 1.81 9 i- 0.005 1.674 0.21 886 i- 0.00061 0.0514 -t 0.0054 0.0233 2 0,001 2 
A1 7 (gray interval) 30.89 ir 0.17 6.229 3.719 i- 0.021 0.0268 + 0.0003 2.14 ir 0,11 
I a (upper red interval) 3.269 i- 0.02 3.125 0.3934 i 0.0024 0.01 71 i- 0.0002 0.0075 -t 0.0004 
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Estitnates in ( 1 )  indicate that tneteor- 
ites >500 g acculnulated during the Early 
Ordovician atla rate two orders of magni- 
tude higher than today. The discrepancy 
between this estimate and the order of 
magnitude enhancement for extraterres- 
trial dust accretion may be related to the 
greater statistical uncertainty for the me- 
teorite flux calculations. The Ordovician 
meteorite flux represents an  average for 
1.17 My, whereas accretion rates based on 
recent tneteorite distributions in desert ar- 
eas represent only the past -0.05 My (1 8).  
If meteorite influx to Earth is eoisodic. 
this would be an important circumstance 
to consider. Alternatively, the discrepancy 
could be related to differences in the dy- 
namic behavior of the different source 
regions for tneteorites and extraterrestrial 
dust. Meteoroids are products of parent 
body fragmentation in the asteroid belt, 
whereas extraterrestrial dust is derived 
from asteroidal as well as cometary ( the 
Kuiper belt, the Oort cloud) and interstel- 
lar sources. 

W e  do not know to what extent the 
- 1.75-My period we studied represents an 
anomalv in terms of extraterrestrial matter 
influx, br whether it is representative of a 
much longer time interval. However, it is 
likely that the abundant meteorites reflect 
a short event such as a catastrophic break- 
up of a meteorite parent body in the as- 
teroid belt. Analyses of chromite grains 
from the Osterplana Ark 001 meteorite 
indicate that it is an H or L chondrite (5) .  
Studies of recent meteorites have revealed 
a high abundance of heavily shocked and 
degassed L chondrites with Ar-Ar ages 
around 500 Ma, suggesting a major impact 
on the L chondrite parent body at this 
time (19). It is possible that the high 
meteorite densitv on the Earlv Ordovician 
sea floor is somehow related ;o the disrup- 
tion of the L chondrite parent body at 
-500 Ma. If this is correct, the early 
Paleozoic limestone record mav contain 
important further information about the 
timing, causes, and effects of this major 
event in the history of the solar system. 

fable 3. Results of s7Sr/s6Sr isotopic analyses of 
biogenic calcite. The first two samples are uniden- 
tified shells; the third sample at +3.5 m is a trio- 
b~te pygdium. All vaiues are normalized to avaue 
of 0.71 0140 for NBS 987 standard. Errors are 2u 
of the mean of repeated measurements. Depth is 
relative to the base of the gray interval (Fig. 1). 

Depth 
(m) 
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Measurements of I2C/l3C, I4N/l5N, and 32S/34S 
Ratios in Comet Hale-Bopp (C/1995 01) 
David C. Jewitt," Henry E. Matthews, Tobias Owen, 

Roland Meier 

The 12C/13C, 14N/15N, and 32S/34S isotope ratios in comet Hale-Bopp (Cl1995 01) were 
determined through observations taken with the James Clerk Maxwell Telescope. Mea- 
surements of rare isotopes in HCN and CS revealed isotope ratios of Hi2CN/Hi3CN = 
11 1 rir 12, HCi4N/HCi5N = 323 rir 46, and C32S/C34S = 27 2 3. Within the measurement 
uncertainties, the isotopic ratios are consistent with solar system values. The cometary 
volatiles thus have an origin in the solar system and show no evidence for an interstellar 
component. 

T h e  isotopic abundances of abundant ele- should preserve a record of isotopic abun- 
ments (C, N, 0, S, and others) may reveal dance ratios in the nebula 4.5 X 10"ears 
where cometary material originated. In the old (1). Isotopic anomalies in comets, if 
current paradigm, cometary matter was cap- they exist, might reveal patterns of pollu- 
tured from the solar nebula at the time of tion of the solar nebula by nearby superno- 
the formation of the planetary system and vae, or gas phase reactions in the pre-plan- - .  . . 

etary disk, or even the existence of inter- 
D. C Jewitt, T. Owen, R. Meier, nsttute for Astronomy, 
Unversty of Hawa, 2680 Woodlawn Drive, Honolulu, HI 
96822, USA. Nearlv-solar i so to~e  ratios were mea- 
H. E Matthews, Herzberg Institute of Astrophysics, Na- sured by spacecraft passing the 
tional Research Council, 5071 West Saanlch Road, Vic- 
toria, BCV8X4M6, Canada and Jolnt Astronomy Centre, 'Oms of P/Halle~ (21 3 ) .  '2C/'3C ratio 
660 ~ o r t h  ~ ' o h o k u  place, Hlo, HI 96720-6030, USA has been determined in a few other comets 

"Visiting astronomer at the James Clerk Maxwell Tele- fro" groulld-hased data 1963a (411 
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