
instrument before and after the Uranus 
encounter, may also provide evidence 
for or against the disk-dynamo interac- 
tion model. This model predicts (4) that 
the nightside aurora, i f  any, should be 
dimmer than the dayside aurora, and that 
the morphology o f  the dayside auroral 
emission region should depend on the 
orientation o f  the magnetic dipole mo- 
ment relative to the solar wind, forming a 
bright circular ring at the polar cap 
boundary i f  the north magnetic pole 
faces the sun or a difuse glow filling the 
center o f  the polar cap i f  the south mag- 
netic pole faces the sun. No such predic- 
tions are available for an Earth-like inter- 
action model within the expected pole- 
on geometry. 

I f  the observations o f  bright Lya radi- 
ation from Uranus are being interpreted 
correctly as indicating a polar aurora ( I -  
3 ) ,  the aurora is a powerful one. Accord- 
ing to either o f  the theoretical models 
described herein, the inferred auroral 
emission output o f  at least 6 x lo9 W 
(14) implies a large magnetosphere, 
which in turn implies a large planetary 
magnetic moment. It is apparent that 
remote sensing o f  auroral emissions does 
not provide a precise determination o f  a 
planetary magnetic moment because o f  
the uncertainties in the various mecha- 
nisms involved and their efficiencies. 
However, reasonable lower limits can 
already be established that indicate that 
Uranus has a significant dipole moment. 

I f  we accept the present interpretation 
o f  the IUE observations o f  Uranus (1-3), 
then the surface magnetic field o f  Uranus 
must have a value o f  at least 0.6 G ,  
making it the second strongest magnetic 
field o f  any o f  the planets. At this lower 
limit the magnetosphere, operating at 
maximum efficiency, is just large enough 
to collect enough power from the solar 
wind to drive the aurora. The most prob- 
able value o f  the surface magnetic field, 
again based on the IUE results, is -4 G 
according to the disk-dynamo model and 
-13 G according to the Earth-like mod- 
el. The upper limits range from 20 to 300 
G and are hardly to be taken seriously. 
During the next few months Voyager 
approach observations should allow us 
to sharpen our estimates; in early 1986 
Voyager will test our theoretical under- 
standing by direct measurements in 
situ. 
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Margin to Craton Expansion of Late Ordovician Benthic 

Marine Invertebrates 

Abstract. A biostratigraphic survey of 57 Late Ordovician marine shelly inverte- 
brates fiom the Climacograptus manitoulinensis zone of eastern Canada supports 
suggestions that throughout the Early Phanerozoic benthic marine speciations 
occurred preferentially in marginal marine environments. The species subsequently 
spread onto the cruton. There is no obvious positive correlation between the times of 
jirst appearance of new associations or novel communities along the continental 
margin and the jirst appearance on the cruton of the species making up these 
communities. Tal;onomic similarities between marine communities that occupied 
both marginal and crutonic regimes may reject a more static local ecology than the 
evolutionary dynamics of a piecemeal species-by-species reassembly. 

The suggestion that many Paleozoic 
benthic marine invertebrates expanded 
from nearshore marginal marine environ- 
ments into the cratonic offshore seas is 
the subject o f  this investigation. El- 
dredge ( 1 )  especially recognized the im- 
plications o f  such movement with regard 
to modes o f  speciation. Allopatric speci- 
ation was more likely to have taken place 
along the more spatially heterogeneous 

miles k m 

marginal environments. In many studies 
o f  faunal migrations the offshore, as 
compared to the marginal nearshore, en- 
vironments usually have referred to 
bathymetrically deeper waters. Recon- 
structed shelf profiles then often resem- 
ble the present, passive Atlantic margin 
(2) .  Eldredge, however, defined the o f f -  
shore as the epicontinental or epeiric sea 
regimes-that is, those marine environ- 
ments that covered the continents during 
much o f  the Paleozoic and that seeming- 
ly lacked the degree o f  spatial heteroge- 
neity characteristic o f  more marginal 
habitats. 

The details o f  multispecies expansion 
have been clouded by biostratigraphic 
imprecision especially in correlation be- 
tween localities in different geological 
provinces (3). Correlations often must be 
carried out through the use o f  temporally 
persistent species, and although accu- 
rate, faunal zones can span millions o f  
years. In the case o f  the Ordovician the 
most reliable zones used to correlate 

Fig. 1. Locality map of eastern North Ameri- 
ca showing the location of the Workman's 
Creek (WC), which is also known as the East 
Meaford Creek, and the Nicolet River (NR) 
exposure (8).  The heavier barbed line indi- 
cates the edge of the thrust belt or highly 
folded strata. 
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from marginal to cratonic sections have xy coordinate system. Bases and tops of  
been defined through the use o f  con- species ranges (that is, the first appear- 
odonts or graptolites (4). 

W e  have correlated two stratigraphic- 
ally continuous, but geographically iso- 
lated, Late Ordovician exposures (Mays- 
villian Stage) from eastern Canada (Fig. 
1 )  (5)  by using the well-preserved and in 
situ shelly benthic marine macroinverte- 
brates and a graphical technique first 
introduced by Shaw (6). These correla- 
tions were drawn within the upper two- 
thirds o f  the 3-million-year Climacograp- 
tus rnunitoulinensis zone, as defined by 
Riva (7). Detailed stratigraphic collec- 
tions permitted us to identify 112 inverte- 
brate species from the Nicolet River 
mudstones and 71 species from the 
Workman's Creek (also known as East 
Meaford Creek) mudstones (8).  Fifty- 
seven species are common to both sec- 
tions, perhaps a surprisingly high per- 
centage since a 250-foot (76.25-m) thick 
portion o f  the Workman's Creek section 
turned out to be equivalent to about a 
1000-foot (305-m) thick interval along the 
Nicolet River. 

In Shaw's technique each exposure is 
considered a single axis in a two variable 

55 & l o  
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ances and last occurrences) are plotted 
as points on this xy graph. As explained 
by Shaw and a number o f  subsequent 
investigators (6), the points that tend to 
fall along a straight line represent points 
o f  equivalent time for both sections. A 
regression line can be drawn through 
these points-Shaw called it a "line o f  
correlation." Once this line has been 
established, any discrete points falling 
away from it represent events with a 
reasonably high probability o f  having 
occurred earlier or later in one local 
section than in the other one. 

Biostratigraphers who have used 
Shaw's line-of-correlation technique 
rarely have addressed the ecological or 
evolutionary significance o f  the discrep- 
ant points; these were dismissed, and 
often quite logically, as representing 
only a portion o f  the species range and 
one that had resulted from the effects o f  
the local environment. Before attempt- 
ing to establish a line o f  correlation, we 
eliminated all those species (2 1 o f  the 57) 
whose first introductions were within the 
lowermost 20 feet or whose last occur- 

B 
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Fig. 2. (A) Scatter diagram incorporating the 
20 last occurrences (that is, presumed extinc- 
tions) in common between the cratonic Work- 
man's Creek exposure [x axis; Georgian Bay 

2 0 0 \  ! 0 3 ; ~  ! -?? ! ! ???m) 

20  60  100 140 180 2 2 0 ( f e e t )  

Formation (31 and the marginal Nicolet River workman's Creek 
exposure [ y  axis; Nicolet River Formation 
(7)l. A reduced major axis "line of correla- 
tion" has been drawn through the points of last occurrence for these 20 species (9). The 
darkened points are those species for which first appearances are recorded in (B). Seven of the 
20 last occurrences are represented by only a single sample (open triangles). One taxon, the 
pleurotomariid gastropod, Lophospiru cf. L ,  ventricostu (Hall) (species 24, solid square) is a 
taxonomic enigma for it probably represents more than one species. (B) Scatter diagram offirst 
appearances of 23 species. The solid circles are species for which last occurrences were plotted 
(A). The open circles are species that have been found throughout both stratigraphic sections 
and in the stratigraphically highest samples and, hence, presumably have not undergone 
extinction during the lower two-thirds of the Climacogruptus rnunitoulinensis zone. Point B 
(solid triangle) records the first appearance of the trepostome bryozoan Bythoporu dendrinu. 

rences were in the uppermost 20 feet (6.1 
m )  o f  the Workman's Creek section, as 
well as last occurrences that were be- 
yond the 2250-foot (686.25-m) level at 
Nicolet River. By doing this, we were 
attempting to avoid a very basic sam- 
pling bias wherein the first appearance or 
the last occurrence o f  any given species 
was a result o f  the availability o f  the 
exposure and not reflective o f  its actual 
stratigraphic distribution. 

Rather than a single regression analy- 
sis o f  the first appearances and last oc- 
currences o f  the remaining 36 species 
(9) ,  three separate reduced major axis 
analyses were carried out so that the 
most precisely defined line o f  correlation 
could be determined. An analysis o f  last 
occurrences (n  = 20) provided a much 
more reliable line o f  correlation (2 = 

0.667) than analyses o f  all the data points 
for the 36 species (n = 43; 2 = 0.108) or 
only those o f  first appearances (n = 23; 
2 = 0.027). Thus it appears that the ben- 
thic species within these Late Ordovi- 
cian marine environments may have 
been going extinct in a manner similar to 
Cenozoic planktonic Foraminifera re- 
cently documented by Emiliani ( lo ) ,  who 
emphasized the occurrence o f  geographi- 
cally widespread synchronous extinc- 
tions o f  individual species. 

The reduced major axis line o f  correla- 
tion for the last occurrences o f  20 species 
common to both sections is shown in 
Fig. 2A, and 2B incorporates this line o f  
correlation on a graph showing the first 
appearances o f  23 species common to 
both sections. Although no first appear- 
ances are recorded for the first 20 feet 
(6.1 m)  o f  the Workman's Creek section, 
for again these appearances could be 
based simply on the availability o f  expo- 
sure, it is obvious that the overwhelming 
majority o f  the first appearances have 
occurred initially within the marginal Ni- 
colet River section-that is, they are 
well below the line o f  correlation. From 
this relation we can draw five conclu- 
sions. 

1 )  The hypothesis o f  some kind o f  
preferential expansion o f  species from 
marginal environments onto the craton 
appears to have been supported by the 
analyses o f  these Late Ordovician data. 

2) Species appear to have spread 
across the craton at variable rates; there 
were some species whose movement 
was geologically instantaneous and 
hence almost migrational on an ecologi- 
cal time scale [for example, the modio- 
morphoid and palaeotaxodont bivalve 
mollusks (species 52, 55, and 56)]; 
whereas the spreading rate o f  gastro- 
pods, whether bellerophontid (20), pleur- 
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otomariid (24 and 41) or murchisoniid 
(13), across the craton, was relatively 
slow. 

3) This pattern of  movement o f  these 
benthic marine invertebrates across the 
craton may be positively correlated with 
the physical effects o f  the retreat o f  the 
Late Ordovician seas from the North 
American craton. Thus as the epeiric 
seas became shallower, those species 
that had previously occupied shallow- 
water marginal regimes were able to col- 
onize the craton. However, even when a 
number o f  species appeared almost geo- 
logically instantaneously (that is, a new 
or novel community) along the continen- 
tal margin (such as the cluster o f  species 
near the 200-foot or 61-m Nicolet River 
horizon), this marginal community 
seems not to have spread intact onto the 
craton; rather, the first appearances o f  
individual species are staggered through- 
out the entire cratonic section. 

Zinsmeister and Feldmann (11) docu- 
mented examples of  speciation in Ceno- 
zoic marine invertebrates in the extreme- 
ly seasonal high latitudes. Movement o f  
these species into lower latitudes was 
very variable, and differences in the 
rates o f  spreading have given rise to 
heterochronic stratigraphic relationships 
that are based on first appearances. 
These heterochronic relationships may 
have resulted from the combined effects 
o f  the variable expansion of  the physical 
habitat within which speciation had oc- 
curred and the possibility that some spe- 
cies may have undergone adaptational 
migrations-that is, physiological adap- 
tations, rather than just a simple tracking 
o f  a single initially preferable habitat. 
For whatever reasons, in our example, 
colonization o f  the craton usually did not 
occur until well after the initial specia- 
tion events had taken place somewhere 
along the margin. 

4) During the Late Ordovician, move- 
ment from the craton toward the conti- 
nental margin was a very rare event, 
with the only obvious candidate being 
the thick-walled ramose trepostome 
bryozoan Bythopora c f .  B .  delicatula 
(Nicholson) (species 57). Specimens of  
the genus Bythopora are common in both 
sections, yet the first appearance o f  a 
significantly thinner walled, presumably 
ancestral, Bythopora [c f .  B.  dendrina 
(James)] does take place along the mar- 
gin (point B, Fig. 2B). Bythopora den- 
drina continues throughout both sec- 
tions, but B.  delicatula appeared first on 
the craton, indeed well before it was 
recorded along the eastern margin. Ex- 
planations for this apparent reversal in 
migration are obscure, but from Pachut's 
(12) study o f  trepostome phenotypic 

variance within and among colonies, it 
could be that some different modes o f  
speciation affected colonial populations 
on the stable craton. 

5 )  Jablonski et al. (2) have outlined a 
model o f  benthic community migrations 
from shallow to deeper water regimes. 
Implied within this model is that biologi- 
cally "innovative" speciations have oc- 
curred in the shallow-water regimes, and 
it was there that some community-level 
integrative structure was formed. These 
"innovative" communities then migrat- 
ed progressively through time as a 
whole. 

The results o f  our studv do not address 
the "innovative" versus a more "mun- 
dane" aspect o f  speciation, nor do we 
take issue with the notion o f  large-scale 
geographic movements of  most species; 
rather we call into question evolutionary 
explanations that require these geo- 
graphic movements to have been under- 
taken by integrated communities o f  spe- 
cies. It seems as if a more static ecologi- 
cal analysis has masked the evolutionary 
dynamics o f  the piecemeal, species-by- 
species reassembly o f  the cratonic com- 
munities from the original marginal 
parts. 
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