
Iridium Abundances Across the Ordovician-Silurian 
Stratotype 

Chemostratigraphic analyses in the Ordovician-Silurian boundary stratotype section, 
bracketing a major extinction event in the graptolitic shale section at Dob's Linn, 
Scotland, show persistently high iridium concentrations of 0.050 to 0.250 parts per 
billion. There is no iridium concentration spike in the boundary interval or elsewhere 
in the 13 graptolite zones examined encompassing about 20 million years. Iridium 
correlated with chromium, both elements showing a gradual decrease with time into 
the middle part af the Lower Silurian. The chromium-iridium ratio averages about 
lo6. Paleogeographic and geologic reconstructions coupled with the occurrence of 
ophiolites and other deep crustal rocks in the source area suggest that the high iridium 
and chromium concentrations observed in the shales result from terrestrial erosion of 
exposed upper mantle ultramafic rocks rather than from a cataclysmic extraterrestrial 
event. 

AMAJOR EXTINCTION OF MARINE IN- the Ordovician-Silurian boundary section 
vertebrates occurred near the end of o n  Anticosti Island, Quebec, Canada. This 
the Ordovician (about 440 millio~i boundary on Anticosti Island is defined by a 

years ago). According to Sepkoski (I) ,  tlie conodont extinction seen in a thin, laterally 
Ashgillian or terminal Ordovician extinction persistent clay bed within a shallow-water 
could have been the second most severe marine carbonate sequence. No iridium 
biological crisis in tlic P11anerou)ic with anomaly, shocked quartz, or spheroidql par- 
about a 20% loss of diversity at the family ticles (microtektites) were observed. . 
level. Interest in major extinctions and their Because the absence of impact s~gnatures 
possible link with collisions of large aster- might be attributed to local prcservatio~i 
oids and comets with tlie earth producing factors, such as highly variable erosion and 
excess iridium, as proposed by Alvarez et  al. depositional rates in shallow water, we dc- 
(2) for the Cretaceous-Tertiary boundary, cidcd to investigate a deep-water section 
previously led Orth et  al. (3) to examine where rates of deposition and erosion are 
whether the terminal Ordovician rcpycucnt- low and relatively uniform. The section cho- 
ed another example of mass cxtinctio~i syn- sen was across tlic Ordovician-Silurian 
chronous with a large impact event. Chc- boundary exposed at Dob's Linn, Scotland 
mostratigraphic studies were performed on (Fig. 1) .  This stratigraphic section includes 

Fig. 1. Index map showing Ordovician-Silur~an outcrops along the English-Scottish border [after 
Williams (6) and Owen in (12)1. The trace of the Southern Uplands Fault shows the approximate 
shoreline in the Upper Ordovician-Lower Silurian. The present Midland Valley were "highlands" in 
Moinian and 1)alradian metamorphic rocks. ?'he Silurian and Ordovic~an outcrop pattern shows the 
position of the depositional trough with Girvan near shore receiving proximal turbidity current deposits 
and Moffat and Dob's L ~ n n  apparently farther offshore at the toe of the submarine fans receiving 
sediments from the northwest. 

the internationally recognized Ordovician- 
Silurian boundary stratotype (4). It was 
selected as the boundary stratotype because 
it contains a sequence of well-detincd grap- 
tolitc zones (5) and contains clear evidence 
of Late Ordovician graptolite exti~ictions 
above the anccps wlie (Fig. 2). Between 
anceps and the overlying extraordinarius 
band the dicellograptids and most diplo-
graptids become extinct. 01lly two genera 
persist into tlic persculptus zone where nu- 
merous biserial forms appear (6).The rarity 
of conodonts in thc Dob's Linn sequence 
and of graptolites at At~ticosti prohibits 
precise correlatio~i between these two Ordo- 
vician-Silurian boundary sections. 

The Dob's Linn section shows little litho- 
logic variability and is characterized by black 
graptolitic shales, pale- and medium-gray 
mudstoncs, relatively thin metabentonite 
beds, and low carbonate content. Abun-
dances for about three dozen elements (7) 
were investigated in 66 samples from the 
clingani zone (Late Ordovician) to the max- 
imus zone (Early Silurian) at Dob's Linn. In 
53 of the 66 samples, iridium concentrations 
were sufficient for more precise analysis. The 
iridium content in the entire section (Fig. 2) 
is relatively high, averaging about 0.120 ng 
of iridium per gram of sample compared to 
numerous other Paleozoic marine shales and 
mudstones. In these shales, iridium concen- 
trations range from 0.02 to 0.120 nglg and 
average about 0.050 nglg. However, such 
values found at Dob's Linn are still as much 
as two orders of magnit~~dc less than that 
found in the Cretaceous-Tertiary boundary 
interval (8 ) .  Correlation of iridium with 
other elements, except for chromium, was 
not found to be significant. Both chromium 
and iridium show relatively high concentra- 
tions, mai~itaining a ratio of CrIIr of about 
10'. Average concentrations, for both ele- 
ments calculated for each graptolite zo~ic 
illcreased with age (9).Chromium is associ- 
ated with detrital rather than authigenic 
minerals in shales and mudstoncs (10). Iridi- 
um occurs in chromites, also with a CrIIr 
ratio of about 10"Il). The positive correla- 
tion of chromium with iridium at this ratio 
may reflect erosional contribution from 
chromium-bearing minerals. 

Paleogeographic reconstruction of tlie 
Upper Ordovician and Silurian rocks of 
southern Scotland (12) shows the Dob's 
Linn sectio~i accumulating in a trough at the 
northern margin of the Proto-Atlantic or  
Iapaetus Ocean. The position of the trough 
is shown approximately by the Ordovician 
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Fig. 2. Chemostratigraphy of chromiu~nand iridium by graptolite 7 ~ n c sat 
1)ob's Linn, Scotland. Extinction horizon after Williams (6) and llerry et al. gram to  e~nphasizcthe consistency of the CrIIr ratio of 10' nlcasi~rcdin this 
in (7).Ordovician-Silurian boundary was placed in 1985 at th6 base of the scction. (C) Chromium and ir~diumaveraged per zone normalirxd to  
acuminatus 7 ~ n eby international agreement (4). (A) Chromium in micro- avcragc aluminiun per zone. Aluminum is used as an indication of the 
grams per gram = lop6 gram per gram. (11) Iridium in picograms per nonmafic contribution to  the sediment. This plot suggests that the major 
gram = 10 gram per gram. Tridiu~nis reported in the figure in this unit change in the relative proportion of the mafic to  nonmafic contributions to  
rather than the more conventional nanograms per gram = 10 'gram per the scdinlcnt occurred before the major extinction. 

and Silurian outcrop pattern given in Fig. 1, 
with land to thc northwest and deep water 
to the southcast. 

An initial form of the trough dcvcloped in 
the Latc Cambrian-Early Ordovician dur-
ing thc complex Caledonian tectonic cvcnts 
that deformed and mctamorphosed earlicr 
sediments to producc uplifted-areas north of 
the trough. Obduction of occanic crust onto 
the contincntal block as far south as the 
Southern Uplands Fault is indicated by tllc 
occurrcnce with these mctamorphosed sedi-
ment of ophiolitcs with eclogites, scrpcntin-
itcs, gabbros, arid bluc schists in Arenig 
(Lowcr Ordovician) rocks near Girvan (13). 
Such rocks with a probablc deep cn~stalor 
even upper mantle orlgin (14) arc potential 
sources for high chromium and iridium 
values. 

Ilcposition of flysch and shales continued 
as the occanic trbugh rcdcvcloped in the 
mid-Ordovician. At Girvan, thick turbiditc 
sequcnccs wcre deposited on deep-sca fans. 
Farthcr offshore at Mott'at (Ilob's Linn), at 
the toe of the fans, the ratc of sedimentation 
was much less and only shalcs and mud-
stones were deposited. 

Thc low ratc of deposition of graptolitc-
bearing shales and mudstones (1.5) contin-
ued through the Ordovician-Silurian 
boundary interval with tllc sourcc of detrital 
matcrial bcing to thc north from the South-
ern Uplands. By Wenlock timc in the mid-
Silurian, a volcanic arc (Cockburnla~ld)had 

dcvclopcd to the southeast of llob's Linn so 
that a southcrn source now could fccd sedi-
ments into thc trough. Accordingly, the 
high iridium concentrations at Dob's Linn 
may bc thc result of continued erosion of the 
obductcd decp crustal material cxposed in 
the Southern Uplands and transported by 
turbidity currcnts into the trough. The grad-
ual declinc In both chromium and i r ~ d ~ u m  
values with time suggests reduction in the 
ultra~naficsourcc area or consumption of 
this source with thc introduction of and 
dilution with normal basaltic matcrial from 
the growing islarid arc dcvcloping to the 
southeast, 

The average scdimcntation rate in the 
analyzcd scction is about 4 m per million 
ycars (m.y.) (1.5). Thc average accumulation 
ratc of iridium1 (averagc conccntration of 
0.120 nglg), assuming an avcragc initial 
sedimcnt dcnsity of 2 g ~ m - ~ ,thcn is about 
95 ng cmp2 m.y.-'. For comparison, Kyte 
and Wasson (16) measured about 30 ng 
cmp2 m.y. ' averaged ovcr 8 m.y. in Plio-
ccnc red clay from the mid-Pacific. In older 
sections (30 to 60 m.y.) from the same core, 
Kytc (17) found 13  ng cm--2m.y.p', which 
is about twice thc iridium value of 7 ng 
cmp2m . y . '  rcportcd by Rarkcr and Anders 
(15) for modern worldwide micromcteoritic 
contribution of iridium. If 13 ng cmp2 
m.y. ' represents an upper limit to the 
avcrage accretion ratc of iridium from mi-
cromitcorites in the Phanerozoic, then con-

scrvatively, greatcr than 80% of the iridium 
in thc llob's Linn scction must havc origi-
natcd as detritus from land. Thc organic-
rich graptolitic shales, cspccially those com-
mon in the anceps zonc, contain somcwhat 
lowcr iridium concentrations than the adja-
cent mctabcntonites and mudstones-shales, 
suggesting dilution of the dctrital chromc-
bearing minerals. 

The lack of an iridium spike near the 
major extinction and the pcrsistcncc of high 
but declining iridium values throughout the 
boundary interval, related to the local terrcs-
trial, albeit, ultra~naficsource indicate that 
an cxtratcrrcstrial sourcc is not required. 
The persistence of high concentrations of 
iridium arid chro~niumovcr thc measurcd 
scction across the boundary can bc attrjbut-
ed to dctritial ultramafic matcrial with a 
small contribution from micromctcorites 
because of the low ratc of deposition at this 
location. None of thc iridium chemostratig-
raphy found at Doh's Linn should have any 
obvious influence on cxtinctions. The cause, 
or causes, of thc Late Ordovician extinctions 
remain to be determined, but might bc 
related to nontectonjc cvcnts such as the 
global Late Ordovicia~iglaciation (18).Chc-
n~ostratigraphicstudies evaluating thc rcla-
tions among more chemical clcmcnts at 
Dob's Linn and at other dccp-watcr Ordovi-
cian-Silurian boundary scctions elsewhere, 
such as in China (I!?), may help resolvc this 
question. 
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Melittin-Like Peptides from the Shark-Repelling 
Defense Secretion of the Sole Pardachiw pavoninw 

STEWART KAZUO TACHIHANA,*A. THOMPSON, KOJI NAKANISHI, 
KUHOTA 

Three ichthyotoxic peptides, pardaxins P-1 to P-3, have been isolated from the defense 
secretion of the sole Pardachiw pavoninus. Pavoninins, the steroid glycosides with 
shark-repelling ability, had previously been isolated therefrom. Each pardaxin consists 
of 33 amino acid residues having a distinctly hydrophilic carboxyl terminal region and 
a predominantly hydrophobic remainder; the pardaxin is thus strongly surfactant. 
These peptides show marked physical and pharmacological similarities to melittin, the 
major active constituent of bee venom, yet they lack sequence homology. They are 
probably also responsible for the predator-repelling property of the sole. 

SOLES OF THE GENUS I'AIWACHIRUS 
secrete toxic material from thc pecu- 
liar mucous glands that linc their dor- 

sal and anal fins ( 1 ) .  In addition to being 
ichthyotoxic and hcmolytic (2) ,the crude 
secrction of Pardachzrus mamzo~atus, Moses 
sole in the Red Sca, protccts the fish from 
shark attacks (3, 4); thc secretion of P. 
pavoninus, peacock sole in the western I'a- 
cific, presumably does the same (1).We 
have shown that groups of steroid monogly- 
cosides, pavoninins from P. pavonznus and 
mosesins from P. mamaratus, are responsi- 
ble in part for the toxicity and shark-repel- 
lent activity of the secretions (5). 

On the other hand, Primor et al, reported 
isolation of pardaxin, an ichthyotoxic pro- 
tein from the secretion of P. marnwratus ( 6 ) ,  
but its complete amino acid sequence has 
not been reported. We report hcre the isola- 
ti011 and primary structures of three toxic 
peptides from the secretion of P. pavoninw. 
These peptides are nearly identical to par- 
daxin (71, and therefore have been named 
pardaxins 1'-1 to P-3, where P refers to the 
species name. 

Five P. pai~onznus, averaging 20 cm in 
length, were captured along sandy areas near 
coral reefs around Ishigaki Island, lcyukyu 

Archipelago, Japan. We cxprcsscd the toxic 
secretion from the fish once daily over a 4-
day period beginning on the first day of 
capture by placing the live fish in a shallow 
pan and prcssing lightly along the base of 
their dorsal and anal fins. The collected 
secretion was stored frozen until lyophiliza- 
tion, which yielded 27 g of crude material 
including an undeternlined amount of sea 
salt. Typically, 1g of this material was twice 
precipitated from 10ml of 0.1M acetic acid 
or 0.1M ammonium hydroxide by slow 
addition of 100 ml of cold acetone. This 
procedure produced a precipitate (420 mg) 
that was free of pavoninins-lipophilic ac-
tive factors with shark-repellent activity 
(5)-and yet was ichthyotoxic and hemolyt- 
ic. Incubation of the precipitate with chp- 
motrypsin destroyed the activity, demon- 
strating the peptidic nature of the active 
components. 

The ichthyotoxic factor in the precipitate 
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