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Orphan Knoll is an isolated, drowned continental fragment 550 km northeast of Newfoundland. The 
top of Orphan Knoll stands at 1800 to 2000 m and is marked by a series of protruding mounds. 
Dredging at the base of one of the mounds in 1971 obtained a suite of fossiliferous limestone pebbles 
that are interpreted to reflect nearby bedrock. The shallow marine limestone facies include mudstone, 
wackestone, packstone, and grainstone. The pebbles yielded Late Ordovician, Silurian and Devonian 
conodonts, as well as Ordovician/Silurian scolecodonts, chitinozoans and graptolites. Similarly, 
sponge spicules suggest the presence of Late Ordovician as well as Middle Devonian material includ
ing a Silicunculus-type of hexactinellid anchoring basalia and an octactine heteractinid spicule of Ensi-
ferites, respectively. A Middle to Late Ordovician silicified ostracod fauna appears to be endemic at 
the species level including forms with both North American and North European affinities with a 
genus and two species that are new to science. 
We conclude that the Upper Ordovician to Silurian and Devonian material is not ice-transported but 
reflects the bedrock of nearby mounds. Thus, the Ordovician marine intracratonic platform sediments 
were much more extensive than previously known and a marine re-entrant penetrated the Devonian 
Old Red Sandstone province in an area where marine limestones were previously unknown. 
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I n t r o d u c t i o n 

O r p h a n K n o l l is a submerged, isolated continental remnant l y i n g i n the south
western L a b r a d o r Sea of the N o r t h w e s t A t l a n t i c Ocean, 350 k m n o r t h of F l e m i s h 
C a p , 550 k m northeast of the i s l a n d of N e w f o u n d l a n d a n d 50 k m south of the C h a r 
lie G i b b s Fracture Z o n e (Fig. 1). The K n o l l is k idney-shaped ; it is c. 75 k m i n breadth 
a n d is elongated i n a northwest-southeast direct ion between 49°55'N a n d 51°25'N 
over c. 150 k m . The detai led interpreted bathymetry m a p , m a d e f r o m collected 
soundings , that appeared i n L a u g h t o n et a l . (1972), a n d i n R u f f m a n & v a n H i n t e 
(1973) is s t i l l the best m a p of the feature (Fig. 2) a n d has been incorporated into 
C a n a d i a n H y d r o g r a p h i e Service (C.H.S.) N a t u r a l Resource M a p 800A ( C a n a d i a n 
H y d r o g r a p h i e Service, 1971) a n d the related 1:250,000 series (Woodside, 1988). 

The K n o l l appears to be separated into t w o parts (Fig. 2); the larger southern part 
rises to depths of less than 1800 m w h i l e the smaller northern extension o n l y rises to 
depths of s l ight ly less than 2400 m . The northeast m a r g i n falls direct ly to the abyssal 
p l a i n at 4000 m a n d the feature is separated f r o m the L a b r a d o r a n d F l e m i s h C a p con
t inental shelves b y water 2800-3400 m deep. The northeast side has steep slopes of 
u p to 30°; whereas the southwest slopes are more gentle, b e i n g i n the range of 5-10°. 
The northeast m a r g i n is quite l inear except for the southern extension where a v e r y 
steep offshore seamount a n d t w o smaller features stand s l ight ly seaward of the m a i n 
b o d y (Fig. 2). P a r s o n et a l . (1984) have suggested that the three abyssal peaks are 
c o m p o s e d of fau l t -bounded pre-Jurassic blocks. The western margins of the K n o l l 
are b r o a d l y semicircular i n outl ine w i t h a canyon- l ike feature inc ised into the south
ern f lank (Fig. 2). 

O r p h a n K n o l l w a s surveyed a n d d r i l l e d b y D / V G L O M A R C H A L L E N G E R o n 
L e g 12 of the Deep Sea D r i l l i n g Project (DSDP) as Site 111 f r o m June 24 to 28, 1970 
a n d the K n o l l ' s status as a continental remnant w a s established (Laughton et a l . , 
1972; R u f f m a n & v a n H i n t e , 1973). In M a y , 1971, the U S N S L Y N C H , cruise 7/11/71 
of the U . S . N a v a l Océanographie Office (Ruffman, 1971) dredged o n the p r o n o u n c e d 
bathymétrie h ighs (mounds) f o u n d to the northeast of D S D P Site 111. These m o u n d s 
rise over 300 m above the flat plane of the u p p e r surface of the K n o l l . 

The A t l a n t i c Geoscience Centre of the Geologica l S u r v e y of C a n a d a v i s i ted 
O r p h a n K n o l l i n 1978 a n d d i d a l ine of seismic refraction w o r k . T w o dredge stations 
were attempted w i t h signif icant recoveries of rock i n b o t h cases (Keen, 1978). The 
Br i t i sh Institute of Océanographie Sciences w o r k e d over the O r p h a n K n o l l area i n 
1979 a n d 1981 o n M / V S T A R E L L A a n d M / V F A R N E L L A respectively, gathering a 
f e w s ix-channel seismic reflection profi les, G L O R I A sidescan sonograms a n d echo-
sounder data (Parson et a l , 1984; 1985). Other than the above f i e ld w o r k a n d a f e w 
other papers (Hart , 1976; v a n H i n t e et a l , 1975; H a c q u e b a r d , 1981; H a c q u e b a r d et a l . , 
1981; W o o d s i d e & Verhoef, 1989; Nederbragt , 1989) little attention has been p a i d to 
O r p h a n K n o l l since the d r i l l i n g b y the D S D P i n 1970. 

A 1972 manuscr ip t b y R u f f m a n & v a n H i n t e report ing the 1971 d r e d g i n g of 
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Fig. 1. Index map showing the location of Orphan Knoll (outlined by the dashed approximate 2000 m 
depth contour) relative to the east coast of Canada and the 1000 m depth contour. Possible ice-trans
ported sedimentary rock could be generated by glaciers in East Greenland, West Greenland, SE coast 
of Ellesmere Island (EI), Jones Sound (JS), eastern part of Devon Island, Bylot Island (Bí), east coast of 
Baffin Island or by pack-ice from Hudson Bay or Foxe Basin. FC - Flemish Cap, NFLD - Island of 
Newfoundland, NB - New Brunswick. 



4 van Hinte & Ruffman et al. Palaeozoic microfossils from Orphan Knoll. Scripta Geol., 109 (1995) 

marine Palaeozoic rocks f r o m the m o u n d s o n top of O r p h a n K n o l l w a s rejected b y 
N a t u r e ; the editors' reviewer apparent ly felt the material c o u l d o n l y be ice-transport
ed debris f r o m a nor thern locality. It remained 'publ ished b y Xerox ' u n t i l 1989 w h e n 
it appeared as part of O p e n Fi le 2065 of the Geologica l Survey of C a n a d a (Ruf fman & 
v a n H i n t e , 1989). The preparat ion of O p e n Fi le 2065 p r o m p t e d the authors to initiate 
a reexaminat ion of the 1971 dredge material . 

M o u n d s of R e f l e c t i o n U n i t 2 

The top of the northeastern part of O r p h a n K n o l l is m a r k e d b y a series of p r o 
n o u n c e d bathymétrie highs that are seen, o n almost every seismic prof i le or bathy
métrie transect of the K n o l l , to protrude through the cover of younger sediments 
(Fig. 3) a n d to stand u p to 300 m above the general ly s m o o t h u p p e r surface of the 
K n o l l . T h e y were first m a p p e d b y C H A R C O T 5 i n 1969 (LePichon et a l . , 1971) a n d b y 
C . N . A . V . S A C K V I L L E i n 1969 o n its 69-041 cruise (Laughton et a l , 1972). L a u g h t o n 
et a l . (1972) referred to these structures as l a y e r 2' i n their D S D P Site 111 seismostra-
t igraphy (Fig 3). These bathymétrie highs are of v e r y short 'wave length' a n d appear 
to be quite sharp projections f r o m the seafloor o n the seismic profi les w i t h v e r y h i g h 
vert ica l exaggerations. 

L a u g h t o n et al . (1972) a n d R u f f m a n & v a n H i n t e (1973) interpreted these features 
as 'narrow r idge structures' or a 'tight series of l inear ridges' . R u f f m a n & v a n H i n t e 
(1973) also noted that any single ' h i l l ' was less than 3 k m w i d e . P a r s o n et al . (1984) 
referred to these features as 'mounds ' . K e e n (1978) a n d Legaul t (1982) cal led t h e m 
'pinnacles' , perhaps h a v i n g been inf luenced b y the severe vert ical exaggeration of 
circa 25:1 seen o n cont inuous seismic a n d echosounder records. 

P a r s o n et al . (1984, p . 62) noted that 'Neither seismic reflection profi les nor prec i 
s i o n echo soundings accurately de l imi t the vert ical cross-sectional shape of the 
m o u n d - l i k e features, due to the interference of hyperbolae a n d abundant side echoes 
o n the records. ' They used G L O R I A (Geological L O n g Range Inc l ined A s d i c ) s ide-
scan sonograms i n conjunction w i t h subbottom p r o f i l i n g data to f i n d that most of the 
m o u n d s h a d a 'vertical ly flattened conical f o r m , w i t h a range i n height between 115 
a n d 320 m above sea f loor ' a n d that some of the par t ia l ly -bur ied m o u n d s 'probably 
exceed 600 m i n total height a n d have a basal w i d t h of 3-4 k m . The flanks of these 
features thus slope at angles of a r o u n d 15 to 20°.' The present authors interpret some 

Fig. 2. From Laughton et al. (1972, fig. 2). Bathymetry of Orphan Knoll in corrected metres. Contour 
interval 200 m except over the Labrador Basin where the interval is 100 m. Solid contours indicate that 
the contour is defined, while presumed contours are shown as broken lines. The sources of informa
tion are indicated by ships' tracks. Tracks indicated only by figures are from the U.S. Navy collected 
sounding sheets and the quality is completely unknown. The exact northwest and southeast extension 
of the feature is unknown though the 1979 cruise of M / V STARELLA and the 1981 cruise of M / V 
F A R N E L L A have done an additional line in the two areas respectively. The minimum soundings to 
the top of some of the more pronounced mounds are indicated. Letters shown refer to profiles refer
enced in the Deep Sea Drilling Project text from Leg 12 and in one of the following figures (Fig. 3 -
Line GH). 
In the 1972 interpretation of the bathymetry the pronounced 'peaks' on top of Orphan Knoll were 
interpreted as a series of linear ridges; they are now known to be isolated features or groups of fea
tures and are better referred to as 'mounds'. 
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Fig. 3. After fig. 7 from Laughton et al. (1972) showing a line interpretation of the west to east seismic 
profiling traverse of Orphan Knoll by G L O M A R C H A L L E N G E R 12 (line G - H , Fig. 2). Vertical exag
geration about 25:1. The buried structure on the left (seismostratigraphic Unit 2?) is a buried mound 
of the southwest zone of mounds. Differential compaction over the westernmost feature has caused 
some normal faulting and a small topographic high is found on the Knoll's upper surface over the 
buried feature. 
The seismostratigraphic units are those used in Laughton et al. (1972). The unknown basement (Unit 
1) is overlain by dipping non-marine Jurassic (Bajocian) sandstone rich in anthracite fragments (Unit 
3). A n Albian-Cenomanian shallow marine section overlays the unconformity on top of the Jurassic 
(Unit 4) and a Maastrichtian chalk overlays a hardground on top of the Cenomanian with an overly
ing deep Palaeocene section (Unit 5). Orphan Knoll sank to its present depth beginning at the end of 
the Cretaceous and the 180 m Cenozoic deep marine section is draped over the top of the Knoll (Units 
6a, 6b). The Palaeozoic mounds (Unit 2) or reactivated diapirs appear to originate in the unknown 
basement and penetrate all horizons to outcrop on top of the Knoll. 

of the features they have examined to have slopes of u p to 30°, a n d suspect that 

slopes are even steeper locally. 

P a r s o n et a l . (1984) m a p p e d close to 250 i n d i v i d u a l m o u n d s o n the cruises of 

M / V S T A R E L L A i n 1979 a n d M / V F A R N E L L A i n 1981 o n the northeastern part of 

the u p p e r surface of O r p h a n K n o l l (Fig. 4). They f o u n d the m o u n d s to be discrete 

a n d g r o u p e d i n a general ly N W - S E t rending zone a long the northeast m a r g i n . T h e y 

s a w no evidence of the earlier-suggested N W - S E t rending r idge- l ike character 

(Laughton et a l . , 1972; R u f f m a n & v a n H i n t e , 1973). 

There is a second zone of v e r y l o w or b u r i e d m o u n d s a long the southwestern 

side of O r p h a n K n o l l s h o w n i n L a u g h t o n et a l . (1972) to the southwest of a s m a l l 

Cretaceous bas in (Fig. 5). M o s t of these U n i t 2 features are b u r i e d as seen o n the left 

of F i g . 3. V e r y f e w break the surface of O r p h a n K n o l l , as seen o n the south-nor th p o r 

t i o n of the L Y N C H 7/11/71 prof i le (Fig. 7 to the left of the a r r o w at Site 111) a n d o n 

the G L O M A R C H A L L E N G E R June 25, 1970 l ine at 0320 local time (fig. 9 of L a u g h -
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Fig. 4. After Parson et al.'s (1984) fig. 4, showing a schematic interpretation of the distribution of the 
northeast zone of mounds on top of Orphan Knoll, superimposed on a simplified bathymetry. The 
black shaded features are mounds definitely located on two GLORIA sonographs recorded from per
pendicular tracks. The unshaded features were observed from only one direction. S = mounds obser
ved on both a seismic profile and on the GLORIA sonograph. The inset map shows the extent of sono-
graph coverage in the main figure; darker shading indicates double coverage, and the unshaded area 
inside the limits has only single swath coverage. Only the southeast and southwest corners and the 
northeast margin of the area were not insonified at all. ST = M / V STARELLA line in 1979, FA = M / V 
F A R N E L L A line in 1981 and DE represents a deep seismic line operated by Seiscan Delta. 
DSDP Site 111 is shown west of the mounds. The locations of the 1971 L Y N C H Rock Dredge #1 and 
#2 are shown along with the track of the 1971 L Y N C H Biologic Dredge #1 which is the subject of this 
paper. Both the H U D S O N 78-020 rock dredge hauls appear to have been from the same mound as the 
LYNCH's attempted Rock Dredge 2. 
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ton et a l . , 1972). In this last case, Reflect ion U n i t 2 (the m o u n d ) is p r o t r u d i n g t h r o u g h 
s h a l l o w l y - d i p p i n g Jurassic non-mar ine sandstone (Reflection U n i t 3 o n F i g . 3) a n d 
t h r o u g h flat-lying A l b i a n - C e n o m a n i a n sha l low water carbonates. Genera l ly the 
m o u n d s seem to m a r k the edge of the A l b i a n - C e n o m a n i a n bas in or to flank it, s u g 
gesting a possible structural relat ionship (compare F i g . 4 to F i g . 5). 

D r e d g i n g the m o u n d s 

T w o attempts to dredge the p r o n o u n c e d bathymétrie h ighs o n the top of O r p h a n 
K n o l l have occurred. The first w a s b y A l a n R u f f m a n o n the U S N S L Y N C H cruise 
7/11/71 o n M a y 23,1971 (Ruffman, 1971), a n d the second w a s b y the H U D S O N 78-
020 cruise i n 1978 (Keen, 1978). 

The first 1971 rock dredge station was unsuccessful , but the second recovered 4.1 
k g of pebbles [Rock-dredge N o . 2, L Y N C H Station D2-7-11-71, 50°33.2'N, 46°10.7'W, 
d e p t h c. 1600 m (Ruffman, 1971), F i g . 4]. A t the t h i r d dredge station (Figs. 4, 6), 
w h i c h w a s just to the west of the zone of m o u n d s (Fig. 7), the C a n a d i a n N a t i o n a l 
M u s e u m of N a t u r a l Sciences' special ly designed 'Arct ic Dredge ' (Clarke, 1972), w a s 
used to collect a bio logic m u d sample. This w a s L Y N C H Station D3-7-11-71 (Bio-
dredge N o . 1), average pos i t ion 50°33.3'N, 46°21.9'W, d e p t h 959.5 f m uncorrected or 
1775 m corrected, at c. 0140 G M T M a y 23,1971 (sl ightly adjusted f r o m the 0130 t ime 
a n d p o s i t i o n used i n R u f f m a n & v a n H i n t e , 1989). U n l i k e C l a r k e (1974), w e consider 
that the averaged satellite pos i t ion m i d w a y d u r i n g the b o t t o m time of the dredge 
h a u l is the most reasonable pos i t ion to use. 

The b io logic dredge s l o w l y dragged over about 1.0 k m of ocean f loor i n a n 010° 
d i rec t ion d u r i n g its 50 minutes of bot tom t ime as L Y N C H w a s a l l o w e d to drif t . The 
dredge y i e l d e d a suite of 6.41 k g of pebbles, 2.5 k g of w h i c h , or 39.2% b y weight , 
were somewhat angular l ight grey-buff l imestone w i t h numerous borings , or l i m e 
stone w i t h a weathered dark surface (PI. 14, figs. 1, 2). The A r c t i c Dredge w a s 
des igned to exclude larger rocks a n d to collect m a i n l y m u d w i t h its entrained b i o l o g 
ic samples (Clarke, 1972). The cha in bag w o u l d not have d u g more than 5-10 c m into 
the ocean floor as it dragged a long. The m u d a n d the pebbles collected i n the bag of 
the b io logic dredge therefore were deposi ted w i t h i n the past 1000 years (assuming 

Fig. 5. Map of seismostratigraphic Unit 2 mounds as they were known in 1972 superimposed on a 
simplified bathymetry map of Orphan Knoll. This is fig. 23 from Laughton et al. (1972) modified to 
add the nearly-buried Unit 2 feature that outcrops on the G L O M A R C H A L L E N G E R profile I-I'-J (Fig. 
2) to the south-southeast of Site 111. This is the only mound presently known to penetrate the rocks of 
the small Cretaceous basin. The mounds are shown predominantly along the northeast margin of the 
upper surface of Orphan Knoll with a second, less dense (or less known), series along the southwest 
margin of the Knoll which are buried by Tertiary-Quaternary pelagic sediment. The small Albian-
Cenomanian basin of flat-lying carbonates (Unit 4) tends to lay between the two zones of Unit 2 
mounds and strikes NW-SE (see fig. 25 in Laughton et al , 1972). The Albian-Cenomanian sediment 
thickness is shown in the superimposed heavier contours in units of 0.1 s of two-way travel time from 
seismic profiles ( Laughton et al. , 1972). The small basin contained a shallow sea with carbonates 
deposited between the two zones of Ordovician-Devonian mounds; the two zones may have been 
subject to subaerial erosion during the Albian-Cenomanian though no evidence of Palaeozoic erosion 
products was reported in Laughton et al. (1972). 
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Fig. 6. Map showing 1971 track of USNS L Y N C H , superimposed on simplified bathymetry, as it came 
up over Orphan Knoll and proceeded eastward across the northeast zone of mounds (track BC) then 
returned to the west to dredge unsuccessfully at Rock Dredge Station Nos. Dl-7-11-71 and D2-7-11-71 
(1 and 2 on the map). Biologic Dredge Station No. 1 was obtained at L Y N C H Station No. D3-7-11-71 
(No. 3 on the map). The bathymetry is in corrected metres; solid contours are defined and the dashed 
contours are interpreted. DSDP Site 111 is shown. 
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the 10 c m / k a sediment accumula t ion rate f o u n d f r o m D S D P Site 111; L a u g h t o n et a l , 
1972) a n d certainly w i t h i n the past 5 ka . The dredge o n l y y i e l d e d extant biota (Clarke, 
1973; 1974) a n d examinat ion of the m u d s h o w e d m o d e r n Pleistocene/Holocene coc-
coliths w i t h no r e w o r k e d forms (pers. c o m m . , K . Perch-Nielsen) . Thus , if the pebbles 
were transported to O r p h a n K n o l l f r o m a distant northern source, then this occurred 
v i a m o d e r n pack ice or iceberg processes. 

The other dredge w o r k done o n the m o u n d s of O r p h a n K n o l l w a s b y the A t l a n t i c 
Geoscience Centre H U D S O N 78-020 cruise o n July 10, 1978 w i t h t w o dredge hauls 
(Keen, 1978). These t w o attempts o n opposite sides of a nearby m o u n d (Fig. 4) result
ed i n 16.3% a n d 19.1% (by weight) l imestone, skeletal l imestone a n d dolomite , or, 36 
a n d 57 pieces of carbonate, at Dredge Stations 78-020-001 a n d 78-020-002, respective
l y (Ruf fman & v a n H i n t e , 1989). 

P a l y n o l o g i c a l sl ides of one cobble of Dredge Station 78-020-001 [50°33.0'N, 
46°11.6'W, 890 f m (1628 m) uncorrected depth] were s tudied b y Jocelyn A . Legaul t 
for acritarchs a n d chit inozoans. Legaul t (1982, p . 1854) conc luded that T h e age of 
some of the Paleozoic bedrock i n the area of O r p h a n Knol l , . . . i s Late O r d o v i c i a n . . . . 
This is i n accord w i t h a prev ious ly-determined age of Caradoc for strata at southeast
ern Baf f in Is land to the n o r t h of this local i ty ( M a c L e a n et a l , 1977). That age determi
nat ion w a s based o n a coral , scolecodonts, a n d chit inozoans. ' The bedrock nature of 
this sample has been quest ioned b y Grant i n P a r s o n et a l . (1984) a n d b y G r a n t (1988). 
G r a n t (1988) a n d R u f f m a n (1989), w h o reexamined the dredge, bo th po in t out that the 
single sample examined b y Legaul t c o u l d have been transported b y glacia l or pack 
ice f r o m southeast Baf f in Is land a n d note that none of the other l imestones f r o m the 
1978 dredge h a u l have yet been examined. 

W h i l e the 1978 dredge h a u l of H U D S O N st i l l requires more w o r k , the 1971 
dredge h a u l of L Y N C H has n o w h a d exhaustive w o r k done o n it a n d has y i e l d e d 
some most interesting faunas a n d conclusions that meri t report ing at this t ime. This 
paper concerns the fauna f o u n d i n the 2.5 k g of l imestone pebbles of Bio-dredge N o . 
1, L Y N C H Station D3-7-11-71. 

A l l micro fauna l sl ides, w a s h e d residues a n d t h i n sections, as w e l l as four of the 
or ig ina l , unprocessed, l imestone pebbles w i t h a c o m b i n e d weight of 15.1 g (Pl . 14, 
f ig . 1), t w o t iny h a r d l imestone pebbles of 1.0 g a n d the r e m a i n i n g 3.9 k g of r o u n d e d 
glacial erratics of granitic a n d metamorphic rocks have been archived at the ' N a t i o 
naal N a t u u r h i s t o r i s c h M u s e u m " i n L e i d e n (collection nrs. R G M 414 000 - 414 111 a n d 
414 132 - 414 149), a long w i t h f ive s imi lar erratic crystal l ine rocks, one 110 g pebble of 
dark a n d l ight laminated micri te f r o m Rock-dredge N o . 2, L Y N C H Station D2-7-11-
71 a n d a detai led l i s t ing of the L Y N C H 1971 samples (van H i n t e & R u f f m a n , 1990). 

L i t h o l o g i e s a n d sample treatment 

L i t h o l o g y 

Twenty of the larger l imestone pebbles (total c. 500 g) of Bio-dredge N o . 1, a n d 
one pebble of Rock-dredge N o . 2, were macroscopical ly g r o u p e d under eight rock 
types. 
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Facies 1 (Pl . 15, figs. 1-6). 
L i g h t to m e d i u m grey, buff wackestone. 
Microfac ies : micri t ic-skeletal l imestone w i t h abundant c r i n o i d fragments, c o m m o n 
ostracods, some bryozoans , brachiopods, b ivalves a n d rare sections of trilobites, gas
tropods, conodonts , corals, a n d sponge spicules; skeletal remains m a y s h o w some 
sort ing. 
D e p o s i t i o n a l environment : l o w energy, sha l low marine . 
M a t e r i a l : 7 pebbles, t h i n sections JV340-344, JV346, JV352. 

Facies 2 (Pl . 16, f ig . 2). 
L i g h t to m e d i u m grey, buff grainstone. 
Microfac ies : sparit ic , skeletal-detrital b u r r o w e d l imestone w i t h r o u n d e d , s l ight ly 
coated grains. M a n y gastropod fragments, some cr inoids a n d brachiopods . 
D e p o s i t i o n a l environment : h i g h energy, sha l low marine. 
M a t e r i a l : 1 pebble, t h i n section JV345. 

Facies 3 (Pl . 16, f ig . 5). 
L i g h t grey, buff mudstone. 
Microfac ies : dense micri te w i t h rare fragments of ostracods, brachiopods , trilobites, 
a n d bryozoans . 
D e p o s i t i o n a l environment : l o w energy, sha l low marine . 
M a t e r i a l : 2 pebbles, t h i n sections JV347, JV349. 

Facies 4 (not i l lustrated). 
L i g h t grey, buff mudstone . 
Microfac ies : dense micri te w i t h o u t fossils. 
D e p o s i t i o n a l environment : l o w energy, sha l low or deep marine. 
M a t e r i a l : 3 pebbles, t h i n sections JV348, JV354 a n d JV359. 

Facies 5 (a: P L 14, f ig . 4; P L 16, f ig . 3; b: P L 14, figs. 3 a n d 5; P L 16, f ig . 6). 
L i g h t grey, buff, (a) homogeneous or (b) laminated fine, sugary do lomi t i c mudstone . 
Microfac ies : recrystall ised calcareous dolomite , do lomit i c micr i te or d o l o m i t i c 
wackestone i n w h i c h the skeletal remains are not identif iable because of recrystal l isa-
t ion . O n e pebble a n d the Rock-dredge N o . 2 pebble s h o w l a m i n a t i o n because of a 
para l le l arrangement of tiny, b r o w n , f l aky plant remains. 
D e p o s i t i o n a l environment : l o w energy, sha l low marine (lagoon). 
M a t e r i a l : (a) 3 pebbles, t h i n sections JV350, JV356 a n d JV357; (b) 2 pebbles, t h i n sec
tions JV351 a n d JV430 (from Rock-dredge N o . 2). 

Facies 6 (not i l lustrated). 
Grey, non-calcareous, sandy mudstone. 
Microfrac ies : very fine, subangular, micaceous sandstone w i t h composite grains. 
D e p o s i t i o n a l environment : non-diagnost ic , poss ibly deltaic f l o o d p l a i n . 
M a t e r i a l : 1 pebble, t h i n section JV353. 

Facies 7 (PL 16, f ig . 1). 
M e d i u m grey, buff skeletal mudstone. 
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Microfac ies : skeletal p e l l o i d a l packstone; the skeletal elements are large, u n b r o k e n 
b r a c h i o p o d shells, ostracods, gastropods, a n d cr inoids . 
D e p o s i t i o n a l environment : l o w energy, outer (?) carbonate shelf. 
M a t e r i a l : 1 pebble, t h i n section JV355. 

Facies 8 (Pl . 16, f ig . 4). 
L i g h t grey packstone. 
Microfac ies : c r i n o i d a l l imestone w i t h some ostracods a n d a sol i tary coral or b r y o -
zoan . 
Depos i t iona l environment : m e d i u m energy, s h a l l o w marine. 
M a t e r i a l : 1 pebble, t h i n section JV358. 

S a m p l e treatment 

T w o t h i n sections (one covered, one uncovered) were m a d e of each of the 20 B i o -
dredge N o . 1 pebbles used for the facies descr ipt ion (thin sections JV340- JV359), a n d 
of the micr i te a n d a non-carbonate erratic f r o m Rock-dredge N o . 2 ( thin sections 
JV430 a n d JV360, respectively). The remains of eight larger pebbles were then p r o 
cessed for conodonts (samples B3273 - B3280 of Table 1). Initially, six of the larger 
pebbles were saved for arch iv ing , but, because w e were eager to f i n d more fossils, 
t w o were later processed for conodonts a n d p a l y n o m o r p h s (samples B3291 a n d 
B3292 of Table 1), a n d so was half the micr i te pebble of Rock-dredge N o . 2 (sample 
B3295 of Table 1). 

A l l other samples are composites of s m a l l to v e r y s m a l l pebbles f r o m the var ious 
bags i n w h i c h the material h a d been sh ipped . O n in i t ia l receipt of the dredge h a u l 
mater ia l , six large composite samples were processed for conodonts (samples B3259 -
B3264 of Table 1): samples B3259, B3260 a n d B3263 were made u p of macroscopica l ly 
selected skeletal l imestone, micri te a n d unidenti f iable coated pebbles, respectively; 
sample B3261 h a d siliciclastic pebbles w h i l e those of samples B3262 a n d B3264 were 
too s m a l l to be macroscopical ly ident i f ied. T w o addi t ional b u l k samples were crushed 
a n d w a s h e d for calcareous microfossi ls (samples 48337 a n d 48338 of Table 1), their 
w a s h e d residues were p i c k e d a n d then processed for conodonts (samples B3349 a n d 
B3350, respectively, of Table 1). F inal ly , the finest mater ia l left i n the sample bags a n d 
the t i n y remains of t h i n sect ioned pebbles, were c o m b i n e d a n d processed for cono
donts a n d p a l y n o m o r p h s (samples B3293, B3294 of Table 1). 

M i c r o f a u n a a n d age of the l imes tone pebb les 

The s tandard ac id processing for conodonts not o n l y y i e l d e d phosphat ic a n d 
some larger organic w a l l e d microfossi ls , but also gave w e l l preserved s i l i c i f ied ostra
cods a n d sponge spicules. N o attempt w a s made to ident i fy the f i sh bone a n d scale 
remains or the fragments of bryozoans , c r i n o i d stems a n d gastropods that were also 
f o u n d i n these sample preparations. The f e w microfossi ls recovered f r o m the 
crushed-and-washed samples are p o o r l y preserved. 

Table 1 records the microfoss i l d i s t r ibut ion i n these sample preparations a n d i n 
those t h i n sections that were made f r o m the same pebbles. The fossi l content of other 
t h i n sections is recorded i n the microfacies descr ipt ion of the l i tho logy section above. 
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Table 1. Microfossil distribution in samples and thin sections. 
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single pebbles 
B3273 1 JV340 - 1 - - - 2 X 2 - X 1 X X X 

3274 1 343 - X 1 - - - X - - X - X X X 

3275 2 345 X X - X - -
3276 3 347 - 1 2 - - - X - - - X X X -
3277 4 348 0 

3278 6 353 0 

3279 7 355 - - - - - - >25 1 X X - X - -
3280 8 358 - - - - - - X 3 - x2 X - - -
3291 5a * - - - - - 1 - - - - - - - -
3292 5b * 0 

3295 5b *430 - - - + + 

mixed pebbles 
B3259 1 - - 29 1 - - 2 - 6 1 - - - - -
3260 5 - - 9 - 1 - 3 - 14 2 2 1 - - -
3261 m - 0 

3262 m - - 6 - - - - 2 12 1 12 4 - - -
3263 m - - 9 - - - - - 15 - 9 3 - - -
3264 m - - - 2 - - - - 5 - 6 - - - -

48337 m - - - - - - - 1 - - 2 - - - -
48338 m - - - - - - - 2 - - 5 1 - - -
3349 m - - - - - - - - 5 - - - - - -
3350 m - - 1 1 
3293 m - 0 

3294 m - - 1 2 - + - - 15 - 2 - - - -

A = facies type, m-mixed; B = thin section number; * = photograph 
χ = present in thin section; + = present in palynologie preparation 

Unfortunate ly , w e made o n l y f ive pa lyno log ica l preparations of w h i c h t w o have 
become m i s p l a c e d over our 23-year o l d endeavour. 

C o n o d o n t s (Pis 1-3) 

A l t h o u g h m a n y of the conodonts recovered are non-diagnost ic (damaged or 
juveniles) , some c o u l d be ident i f ied. Pterospathodus celloni (Walliser, 1964) indicates a 
Late L l a n d o v e r y age for pebble B3276. M o s t of the P a n d e r o d o n t i d a of composi te 
samples B3259, B3262 a n d B3263 (Pl . 1) appear to be long to the l o n g r a n g i n g ( M . 
O r d o v i c i a n - M . Devonian) genus Panderodus. H o w e v e r , T.T. U y e n o (pers. c o m m . 
Dec. '91) indicates for sample B3263 that P L 1, f ig . 5 m a y be a species of Besselodus or 
Dapsilodus obliquicostatus (Branson & M e h l , 1933); w i t h o u t the cr i t ical Oistodus-like, 
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or Acodus-like element, respectively, i t is di f f icul t to d i s t inguish the t w o . The c o m 
b i n e d range of these taxa is Late O r d o v i c i a n to E a r l y D e v o n i a n (cf. N o w l a n & 
M c C r a c k e n , 1988). The composite sample B3259 y i e l d e d the E a r l y D e v o n i a n species 
Ozarkodina remscheidensis remscheidensis (Ziegler, 1960), a spec imen of Ozarkodina 
excavata excavata (Branson & M e h l , 1933) w h i c h ranges f r o m L u d l o w into E m s i a n , 
a n d a juveni le Icriodus-like conodont also indica t ing mar ine D e v o n i a n . 

The 'Icriodus' resembles I. expansus (Branson & M e h l , 1933) but because the o n l y 
spec imen is a juveni le w i t h a n incomplete basal r i m it cannot be ident i f i ed ; it m a y 
not even be long to Icriodus a n d be a juveni le of the m i d d l e E i fe l ian species Steptotaxis 
macgregori U y e n o , 1990. O. excavata s.s. was also f o u n d i n composite sample B3294. 

The O r d o v i c a n phosphat ic p r o b l e m a t i c u m Milaculum w a s recovered f r o m sam 
ple B3260. 

A l l these species are k n o w n f r o m fauna recovered f r o m the eastern is lands of the 
C a n a d i a n A r c t i c A r c h i p e l a g o (Uyeno, 1990). The O r p h a n K n o l l mater ia l has a C A I 
(Conodont A l t e r a t i o n Index, a n index for thermal maturi ty) of c. 1.5, w h i c h is c o m 
parable w i t h the conodonts f r o m the A r c t i c A r c h i p e l a g o ( C A I = 1 to 2, U y e n o , 1990, 
p . 13). Thus , neither the nature of the conodont faunules, nor their degree of thermal 
m a t u r i t y offer any argument against their transport f r o m the A r c t i c A r c h i p e l a g o . 
H o w e v e r , as w e s h o w later, it is di f f icul t to impossible to transport these rocks b y ice 
or icebergs f r o m their presently k n o w n outcrops. 

Sponge spicules (Pis 4-6) 

N i n e of the conodont-processed samples y i e l d e d a most interesting col lect ion of 
sponge spicules (Table 2). W i t h the exception of a sole l i th i s t id desma, the spicules 
originate f r o m t w o classes of sponges v i z . Hexact ine l l ida , w h i c h i n l i fe h a d a spicular 
skeleton of opal ine s i l ica , a n d Heteract in ida , a n extinct g ro up of Palaeozoic Calcarea 
w h i c h h a d s o l i d , calcium-carbonate spicules (Rigby, 1983; Reitner, 1992). M o s t of the 
diagenet ical ly altered a n d recrystall ised spicules are b r o k e n a n d incomplete ; yet, 

Table 2. Sponge spicule distribution and types in samples. 

Sample Hexactinellid spicules Heteractinid spicules 

η common η particular η common η particular 

B3259 6 hexacts/pentacts octacts & deriv. 
B3260 7 idem 3 pinules 2 acanthous with 

1 anchor basalia 7 + 2 rays 
B3262 5 idem 5 idem, 2 sexirad. 1 polyactine 
B3263 10 idem, 3 sexirad. 1 ?Ensiferites 
B3264 2 1 idem, 1 desma 2 sexiradiates 1 Ensiferites 
B3279/80 2 idem 3 2 sexirad., 1 undet. 1 polyactine 
B3294 8 7 idem, 1 acant. 1 unknown 1 sexiradiate 

1 undeterm. 5 anchor basalia 
B3349 3 hexacts/pentacts 1 uncinate 

acant. = acanthohexact; deriv. = derived forms; η = number of spicules 
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some have chronostrat igraphic value . 
X - r a y analyses w i t h a n Energy Dispers ive Spectrometer a n d experiments w i t h 

10% acetic a c i d a n d h y d r o f l u o r i c ac id o n different spicule types, s h o w e d 1) that the 
heteract inid spicules are either entirely composed of c a l c i u m carbonate or are w h o l l y 
s i l i c i f ied , 2) that the hexact inel l id spicules are w h o l l y sil iceous, a n d 3) that some 
octactine-based spicules have a si l iceous exterior cover ing a calcareous core that 
effervesced w h i l e be ing acid-treated. 

Hexac t ine l l ida 

A l l s m o o t h hexactine, or pentactine, megascleres are of a generalised type lack
i n g diagnostic features (i.e. P L 5, f ig . 2). The smooth-rayed pentact w i t h g r a d u a l l y 
attenuating rays (PL 5, f ig . 6) as w e l l as the spinose hexact (PL 5, f ig . 1) also are i n d i s 
t inctive. C o m p a r a b l e forms have been reported f r o m the L o w e r Jurassic of A u s t r i a 
(Mostier, 1990) a n d similar , but smaller, acanthohexacts occur as d e r m a l a n d gastral 
spicules i n the extant lyssacine sponge Aulosaccus tuberculatus O k a d a (Okada , 1932). 

Three s imilar , incomplete hexactine p inules were recovered f r o m sample B3260 
(PL 5, f ig . 3). Their expanded p i n u l a r ray, w h i c h is situated i m m e d i a t e l y o n the ray 
junctions, lacks its u p p e r part. The basal parts of its spines are closely set a n d resem
ble imbr ica ted scales. The pinules vert ica l ly measure 0.31- 0.46 m m . P inules are c o m 
m o n skeletal elements occurr ing i n var ious famil ies of extant Hexasterophora a n d 
A m p h i d i s c o p h o r a . Different forms a n d sizes of p inules m a y be f o u n d i n the same 
sponge, d e p e n d i n g m o s t l y o n their locat ion i n the b o d y i.e. d e r m a l or gastral. 
P inules date as far back as the E a r l y C a m b r i a n (Bengtson, 1986; Most ier , 1990) a n d a 
r i c h d ivers i ty of forms has been reported f r o m the A l p i n e Triassic a n d Jurassic of 
A u s t r i a a n d nor thern Italy (Mostier, 1976; 1980; 1990). 

The spinose spicule fragment seen i n P L 5, f ig . 4 m a y be part of a n uncinate. 
Uncinates are c o m m o n parenchymal megascleres i n extant hexactinel l ids a n d also 
are descr ibed f r o m the A l p i n e L o w e r Jurassic (Mostier, 1990) a n d the M i d d l e S i l u r i a n 
of A r c t i c C a n a d a (Rigby & Chatterton, 1989). 

The f u l l y s i l i c i f ied hexactinellid(?) spicule s h o w n i n PL 5, f ig . 5 is a n u n u s u a l a n d 
u n k n o w n f o r m . It superf ic ia l ly resembles the spinose heteractinid spicules of P L 6, 
figs. 4-5, but the six adax ia l ly b e n d i n g , lateral rays at the head of the spicule are 
d e v o i d of thorn- l ike protrusions o n their inner side a n d s h o w a n u p w a r d i n c l i n a t i o n 
w i t h respect to the vert ical central ray, whereas the lateral rays of heteractinid spic
ules are at r ight angles to the vert ical rays. This spicule also resembles the pecul iar 
scopules of the extant sponge Sclerothamnus clausii M a r s h a l l (Schulze, 1887) a n d 
those reported f r o m A u s t r i a n L o w e r Jurassic pelagic sediments (Mostier, 1990). 
H o w e v e r , even the larger k n o w n scopules are slender, s m a l l megascleres (scopular 
head diameter < 0.16 m m ) , whereas the O r p h a n K n o l l spicule is 0.78 m m h i g h , has a 
shaft l ength of 0.51 m m a n d a m a x i m u m diameter of its cluster of apical rays of 0.50 
m m . The closest resemblance is w i t h a spicule described b y Webby & Trotter (1993 p . 
38, f ig . 7: 12) f r o m the U p p e r O r d o v i c i a n of N e w South Wales. It is about the same 
size as the O r p h a n K n o l l specimen, but is smooth-rayed a n d has a collar of s m a l l 
s p i n y extensions a r o u n d the base of the shaft. The cluster of apical rays o n the A u s 
t ra l ian example is less symmetr ic a n d does not have its central ray i n l ine w i t h the 
shaft. 
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M o s t remarkable are the sil iceous hexact inel l id anchor ing basalia f o u n d i n sever
a l samples (PI. 4, figs. 1-6). These part icular forms were first reported f r o m the U p p e r 
C a m b r i a n M u n g e r e b a r L imestone of Queens land a n d were assigned to a n e w f o r m 
genus Silicunculus b y Bengtson (1986). Later, W e b b y & Trotter (1993) f o u n d Silicuncu-
lus a n c h o r i n g basalia i n the U p p e r O r d o v i c i a n M a l o n g u l l i F o r m a t i o n of N e w South 
Wales a n d p r o p o s e d a second f o r m genus Chelispongia. The O r p h a n K n o l l mater ia l 
cannot be assigned to either genus because the diagnostic p r o x i m a l parts of the spic
ules are miss ing . H o w e v e r , i n almost a l l m o r p h o l o g i c a l aspects a n d dimens ions our 
basal ia seem ident ical to the A u s t r a l i a n material . The incomplete , s m o o t h l y c u r v i n g , 
c y l i n d r i c a l shafts can be as l o n g as 1.6 m m a n d 0.11 to 0.24 m m w i d e at the often 
s o m e w h a t o v a l dis ta l end. 

The r e c u r v i n g hooks or straight spines w h i c h f o r m the expanded spicule 's d is ta l 
t ip , arise either direct ly at the base of the shaft (PL 4, f ig . 3a) or typ ica l ly as a palmate 
structure (PL 4, f ig . 4a). The axial canal extends throughout the shaft a n d terminates 
d is ta l ly as a s w e l l i n g w i t h incipient , knob- l ike outgrowths where the shaft merges 
into the s h a r p l y bent, m u l t i p l e s p i n e d t ip . Consequently, the palmate extensions a n d 
the spines or hooks are s o l i d a n d d e v o i d of axia l canals. 

Heteract inida 

M o s t heteract inid spicules are of a generalised type, o n l y p e r m i t t i n g the assump
t i o n that they originate most l i k e l y f r o m astraeospongiids. Plate 5, f ig . 8 s h o w s a 
l u m p y , more or less intact, sexiradiate, stellate spicule. The c rude ly textured mass is 
w h o l l y calcareous. Its six tangential rays are short a n d stout a n d probab ly were of 
u n e q u a l length; they u n i f o r m l y taper into more or less b l u n t l y r o u n d e d tips. The 
spicule has a m a x i m u m diameter of 0.50 m m a n d fits Rigby 's (1976) descr ipt ion a n d 
i l lustrat ions of the E m s i a n astraeosponge Stellarispongia. 

The diagnost ic , s o l i d l y recrystall ised, calcareous, octactine spicule s h o w n i n P L 6, 
f ig . 1 has six, somewhat compressed, h o r i z o n t a l rays a n d t w o stout, c y l i n d r i c a l , ver
t ical rays; none of the rays is complete. The spec imen is 0.50 m m h i g h ; the h o r i z o n t a l 
rays are 0.065 to 0.075 m m w i d e at their base. The more robust vert ica l rays have a 
0.08 m m diameter. The shorter, dis ta l ray splits above the central junc t ion i n three 
supernumerary , u p w a r d a n d o u t w a r d i n c l i n i n g branches. S u c h m o r p h o l o g y is t y p i 
cal for spicules of the M i d d l e to U p p e r D e v o n i a n Ensiferites R e i m a n n , 1945 (Rigby et 
a l . , 1979; Rigby, 1983). 

The smooth-rayed spherical polyact ine of P L 6, f ig . 3 is a s o l i d megasclere w i t h 
rays that radiate i n a l l directions f r o m a c o m m o n centre. The g r a d u a l l y taper ing rays 
are c y l i n d r i c a l a n d straight a n d or ig ina l ly were of unequal length. The overa l l d i a m 
eter of the incomplete spicule is 0.56 m m ; its rays measure 0.075 to 0.085 m m at their 
base. T w o of the three E D S measur ing points o n the sil iceous spicule s h o w e d a m i n o r 
C a peak, suggest ing advanced si l ica replacement of a p r e v i o u s l y calcareous phase. 

The s imilar , but smaller (max. diameter 0.135 m m ) a n d more i rregular polyact ine 
stellate spicule of P L 6, f ig . 2 has short a n d sturdy, steeply attenuating rays that r a d i 
ate f r o m a c o m m o n centre. T w o of the rays are d i spropor t iona l ly l o n g ; the c u r v e d 
one is h o l l o w w h i c h suggests the former presence of a n axia l canal. H o w e v e r , the 
cavernous nature is a n artifact of fossi l isat ion that also shows i n other spicules of 
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u n d o u b t e d heteract inid o r i g i n (e.g. PI. 6, f ig . 5). Rietschel (1968) discusses s u c h pres-
ervat ional artifacts of o r ig ina l ly s o l i d calcareous spicules. 

B o t h of the above polyact ine spicules resemble forms that characterise the W e w o -
kel l idae f r o m the L o w e r Carboniferous of Scotland a n d B e l g i u m (genus Asteractinella 
H i n d e , 1888; Vandercammen, 1950), the L o w e r P e n n s y l v a n i a n of M i s s o u r i (Bailey, 
1935), the L o w e r P e r m i a n Talpaspongia of central Texas ( K i n g , 1943) a n d the n o r t h 
A u s t r a l i a n M i d d l e C a m b r i a n Jawonya gurumal K r u s e (Kruse, 1990; Rigby, 1991a-b; 
Reitner, 1992). Thus , there appears to be a n O r d o v i c i a n - D e v o n i a n gap i n the record 
of w e w o k e l l i d s into w h i c h our polyactines m a y fit s o m e h o w 

Plate 6, figs. 4-5 s h o w t w o similar , octactine-based, spinose, complete ly s i l ic i f ied 
heteractinid spicules of a hitherto u n k n o w n form. They have seven, equal ly spaced, 
tangential rays n o r m a l to a pair of vert ical rays, w h i c h f o r m a large, flat central disc 
where their bases jo in . The rays bear w i d e l y a n d irregular ly spaced, short thorns 
w h i c h tend to f o r m ridges between them; this gives the spicules a jagged a n d angular 
appearance. Thorns also occur o n the distal side a long the outer r i m of the central disc 
at the junctions w i t h the ray bases. The p r o x i m a l ray is the most prominent (0.24 m m 
l o n g ; PL 6, f ig . 4b) a n d w i t h its 0.1 m m diameter it is more than twice as thick as the 
distal ray. The t w o spicules have hor izonta l diameters of 0.47 m m , a n d total heights of 
0.43 a n d 0.37 m m . T w o broken tangential rays seen i n the centre of P L 6, f ig . 5b s h o w 
circular h o l l o w s a n d central f i l l ings. These spicules differ f r o m any presently recorded 
types. D e v i a t i o n f r o m the usual n u m b e r of six tangential rays is not u n c o m m o n a n d 
i n itself does not suffice as a cri terion for the recognit ion of taxa, unless it can be 
s h o w n that spicules w i t h seven tangential rays are the predominat ing f o r m i n this 
part icular type of skeleton. H o w e v e r , also apart f r o m h a v i n g seven, instead of the 
general six, tangential rays, these spicules represent dist inctive morphotypes w h i c h 
w i l l be useful i n further research o n spicular material f r o m this region. 

The sponge spicules of O r p h a n K n o l l probably are of O r d o v i c i a n a n d D e v o n i a n 
o r i g i n a n d seem to represent a p r e v i o u s l y u n k n o w n faunal province . 

Ostracods (Pis 7-11) 

A n i n t r i g u i n g , s i l i c i f ied ostracod fauna was recovered f r o m the dredge samples. 
S E M photographs a n d specimens of some 20 species i n open nomenclature were 
passed to G e r h a r d Becker (Frankfurt) w h o k i n d l y described 13 forms (Becker & 
A d a m c z a k , 1993; Becker, 1994) w i t h the others r e m a i n i n g indeterminate d u e to their 
s i m p l e m o r p h o l o g y , state of preservat ion or s m a l l n u m b e r of specimens. 

Becker (1994) ident i f ied four undescr ibed species of the pa laeocopid genera Anti-
costiella, Bromidella?, Ectoprimitoides, a n d Ordovizona, a n d nine undescr ibed p o d o c o p -
ids . The mater ia l a l l o w e d for the Ordovizona species to be described as new. The nine 
s m o o t h p o d o c o p i d s also are n e w to science; they represent Elliptocyprites?, Shenan-
doia, Uthoernia?, Pseudorayella?, Macrocyproides?, Baltonotella?, t w o b a i r d i o c y p r i d i d 
species, a n d Aboilia blessi described b y Becker & A d a m c z a k (1993) as a n e w species of 
a n e w genus. 

Becker (1994) c o u l d not ident i fy a n d d i d not describe further, Monoceratella? sp. 
A , palaeocopids ΡΑ-A a n d ΡΑ-B, a n d p o d o c o p i d s P O - A , P O - B , P O - C a n d P O - D , a l l 
i l lustrated o n P is 8-11. 
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Pract ica l ly a l l the ostracods were recovered f r o m the single-pebble sample B3279 
(thin section JV355, P L 16, f ig . 1); the O r d o v i c i a n Ectoprimitoides sp. A a n d Macrocy-
proides? sp. A were also f o u n d i n composite sample 48338, a n d a b a i r d i o c y p r i d 
occurs i n composi te sample B3262. 

The generic c o m p o s i t i o n of this fauna indicates a M i d d l e to Late O r d o v i c i a n age 
a n d a n o p e n mar ine shelf deposi t ional environment s h o w i n g affinities w i t h N o r t h 
A m e r i c a n as w e l l as w i t h N o r t h E u r o p e a n faunal provinces (Becker, 1994). O n the 
species leve l , the fauna is un ique a n d apparent ly endemic to a, hitherto u n d i s c o v 
ered, Palaeozoic province of the N o r t h e r n H e m i s p h e r e o u t c r o p p i n g i n the m o u n d s of 
O r p h a n K n o l l (Becker, 1994). 

Scolecodonts (PL 3) 

The f e w scolecodont jaws recovered f r o m O r p h a n K n o l l are a l l damaged . The 
t w o i l lustrated specimens f r o m pebble B3273 g ive rise to the f o l l o w i n g remarks. The 
j a w of f ig . 4 is of M i s pos i t ion ; its d a m a g e d external m a r g i n (left s ide of spec imen i n 
dorsa l v i e w ) w a s poss ib ly b r o a d l y r o u n d e d . The presence of a knob- l ike projection at 
its posterior terminat ion makes the j aw quite s imi lar to the M i s of Polychaetaspis 
tuberculatus K ie lan- Jaworowska , 1966. It also shows a general resemblance to Poly-
chaetaspis warkae K o z l o w s k i , 1956. Polychaetaspis is characteristically abundant i n 
M i d d l e to U p p e r O r d o v i c i a n strata, but m a y range u p into the S i lur ian . 

The j a w of f ig . 6 is severely damaged. Its gross m o r p h o l o g y indicates that it occu
p i e d a M i d pos i t ion , s u c h as i n Kalloprion triangularis K i e l a n - J a w o r o w s k a , 1966 ( M . 
O r d o v i c i a n ) , or a M i l d , as i n the S i l u r i a n Paulinites polonensis K i e l a n - J a w o r o w s k a , 
1966 a n d P. burgensis M a r t i n s s o n , 1960. 

The specimens f r o m composite sample B3259 also seem to be of M i d d l e or Late 
O r d o v i c i a n or ig in . F i g . 5 is closely s imi lar to Paleoenonites circumscriptus Eller, 1945, 
but damage to the anterior dent iculat ion of this r ight basal plate precludes precise 
ident i f icat ion. Its l i g h t l y fused i n d i v i d u a l denticles g ive the j a w of f ig . 7 a p r i m i t i v e 
character; it c o u l d not be compared to any p u b l i s h e d f o r m other than the p o o r l y 
i l lustrated Ungulites aculeatus Stauffer, 1933. 

The scolecodonts suggest the l imestone pebbles to be of M i d d l e to Late O r d o v i 
c i a n age (Jansonius & C r a i g , 1971). 

C h i t i n o z o a (PL 13) 

The f ive samples processed for p a l y n o m o r p h s (B3291-3295) have the b r o w n , 
translucent appearance of the O r d o v i c i a n V i o l a a n d Fernvale Format ions of nor thern 
O k l a h o m a . T w o samples are barren a n d one o n l y has a f e w indeterminate chi t ino-
z o a n remains. H o w e v e r , the pebble sample B3295 has numerous specimens of Rhab-
dochitina minnesotensis Stauffer, 1933 (= Conochitina minnesotensis of Eisenack, 1965, p . 
126, p i . 10, figs. 7, 8; L a u f e l d , 1967 a n d Jenkins, 1969). The m i x e d sample B3294 has 
few, b u t w e l l preserved, chit inozoans, i n c l u d i n g Ancyrochitina sp. a n d Conochitina sp. 

The suggested age for the t w o samples is M i d d l e to Late O r d o v i c i a n . 
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Graptol i tes (Pis 12-13) 

O n e juveni le graptolite (GS-a, s icula w i t h theca b e g i n n i n g to b u d o n r ight -hand 
side) w a s recovered f r o m the 'conodont preparat ion' of composite sample B3260 (PL 
12, f ig . 3); i t has been p r o v i s i o n a l l y ident i f ied as the Late O r d o v i c i a n 'Glyptograptus' 
hudsoni Jackson (cf. Jackson, 1971, textfigures 1C a n d IE) . It c o u l d , however , be long 
to other 'advanced' orthograptids w h i c h range f r o m Caradoc to m i d - A s h g i l l . A s i m i 
lar f o r m w a s f o u n d i n the single-pebble 'palynologica l preparat ion ' B3295 (PL 12, 
figs. 6-7). If the imperfect ly preserved spec imen of PL 13, f ig . 2 is u n b r o k e n it m u s t be 
Akidograptus ascensus f r o m the earliest L l a n d o v e r y acuminatus Z o n e ; if i t is b r o k e n 
then it probab l y belongs to a L l a n d o v e r y Glyptograptus species (sensu M e l c h i n & 
M i t c h e l l , 1991). 

Thus , w e have Late O r d o v i c i a n a n d E a r l y S i lur ian representatives. The nearest 
place the E a r l y S i lur ian graptolites c o u l d have come f r o m is C o r n w a l l i s Is land i n the 
interior of the C a n a d i a n Arc t i c Archipe lago . Graptolites s imi lar to the O r d o v i c i a n 
forms have been f o u n d o n A k p a t o k , Southampton, a n d southern Baff in Islands of 
H u d s o n Strait. We demonstrate i n a later section that it is u n l i k e l y that material f r o m 
C o r n w a l l i s Is land has been ice- or iceberg-transported to O r p h a n K n o l l i n the m o d e r n 
day. 

A g e 

The single-pebble samples B3273, B3276, B3279, a n d B3295, a n d the m i x e d sam
ples B3260, B3262,48338, a n d B3294 y i e l d e d Late O r d o v i c i a n to E a r l y S i l u r i a n fossils 
(conodonts, sponge spicules, ostracods, scolecodonts, chi t inozoans, a n d graptolites). 
The fauna recovered f r o m the three other fossil iferous m i x e d pebble samples B3259, 
B3263 a n d B3264 is d o m i n a t e d b y E a r l y to M i d d l e D e v o n i a n fossils (conodonts, 
sponge spicules). 

N e a r b y b e d r o c k source versus ice- transported m a t e r i a l 

The l imestone samples dredged f r o m the base of the O r p h a n K n o l l m o u n d s i n 
1971 are interpreted to reflect nearby bedrock o n the m o u n d s rather than ice- or ice
berg-transported glacial debris f r o m a more norther ly source. A brief r e v i e w of the 
arguments for this conc lus ion was g i v e n i n R u f f m a n & v a n H i n t e (1993). We detai l 
o u r argument here a n d note that this conc lus ion derives f r o m a n u m b e r of avenues 
w h i c h reinforce each other a n d strengthen our f i n d i n g : 

A ) The m o u n d s o n top of O r p h a n K n o l l appear to be bedrock highs o n a l l h i g h 
resolut ion seismic profi les , a n d o n m a n y profi les the m o u n d s appear to be d i a p i r i c 
a n d to penetrate a n d cut a l l other hor izons (Figs. 3 a n d 7). In some cases younger 
beds appear to be bent u p w a r d s adjacent to the m o u n d s (Fig. 7). 

B) O r p h a n K n o l l has stood as a n isolated, d r o w n e d , topographic h i g h since at 
least the e n d of the Cretaceous. The continental- a n d shel f -der ived turb id i ty currents 
of the past 60 M a have f l o w e d a r o u n d O r p h a n K n o l l into the abyssal p l a i n , thus the 
rocks of the breakup escarpment have not been b u r i e d . The top of O r p h a n K n o l l has 
o n l y been subject to l o a d i n g f r o m the r a i n of pelagic sediment a n d to increased 
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hydrostat ic pressure f r o m the s i n k i n g of c. 1800 m . The sediment l o a d i n g a n d the 
increased hydrostat ic pressure m a y p r o v i d e a m e c h a n i s m for the reactivation of salt 
d iap i rs i n t ight formations a n d for the pro t rus ion of the m o u n d s above the top of 
O r p h a n K n o l l some t ime after the Cretaceous. 

C ) The sediment levels between some of the m o u n d s are at different elevations 
(Fig. 7), suggest ing that per iodic s l u m p i n g of at least Quaternary pelagic sediments 
off the m o u n d s is differential ly p o n d i n g between groups of m o u n d s . This prov ides a 
logica l m e c h a n i s m for bedrock-der ived talus f r o m the exposed m o u n d s to be m o v e d 
d o w n s l o p e to the area at the base of the m o u n d s where the 1971 b io logic dredge 
p i c k e d it u p (Figs. 4, 6, 7). In s u c h a process one w o u l d expect a m i x of nearby i n s i tu 
bedrock sources (and ages) p l u s any ice-transported debris that has ra ined d o w n i n 
the Pl io-Pleistocene. 

D ) The u n i q u e O r d o v i c i a n assemblage of ostracods i n the 1971 dredge h a u l is 
endemic at the species level a n d contains t w o n e w species a n d one n e w l y ident i f ied 
genus w i t h e leven other n e w forms left i n open nomenclature (Becker & A d a m c z a k , 
1993; Becker, 1994; this paper). This material does not come f r o m any other present
l y - k n o w n locat ion i n C a n a d a , Greenland, or E u r o p e a n d strongly suggests a loca l 
source (Becker, 1994). 

E) The ostracods f o u n d have b o t h N o r t h A m e r i c a n a n d N o r t h E u r o p e a n aff in
ities, i n d i c a t i n g that the p r o v i n c i a l i t y of ostracod faunas between N o r t h A m e r i c a a n d 
E u r o p e w a s break ing d o w n d u r i n g the latter part of the O r d o v i c i a n , a n d that the fos
s i l assemblage originates f r o m a n intermediate pos i t ion (Becker, 1994). O r p h a n 
K n o l l ' s geographical pos i t ion at the t ime of breakup fulf i ls the latter requirement. 

F) The O r d o v i c i a n basalia sponge spicules are again not f r o m any presently-
k n o w n source i n C a n a d a , Green land , or E u r o p e a n d bear a close resemblance to A u s 
t ra l ian forms; they are i n fact forms almost u n k n o w n f r o m the literature. The 1971 
O r p h a n K n o l l dredge samples also contain D e v o n i a n heteractinid skeletal mater ia l 
w h i c h is di f f icul t , to almost impossible , to m o v e over O r p h a n K n o l l f r o m any k n o w n 
locat ion b y m o d e r n ice- or iceberg-transport. 

G ) The f i n d i n g of D e v o n i a n conodonts i n the 1971 dredge mater ia l aga in s u g 
gests a local nearby bedrock source since there are no p r e s e n t l y - k n o w n sources of 
mar ine D e v o n i a n rocks i n nor thern C a n a d a (and none whatsoever i n Greenland) 
that are accessible to local glaciers that débouche into Baf f in Bay or into Jones S o u n d 
to create icebergs. 

H ) The f i n d i n g of E a r l y S i l u r i a n graptolites again suggests a local nearby bedrock 
source. The o n l y other possible source is o n C o r n w a l l i s Is land a n d this source is not 
considered accessible to local glaciers that create icebergs. 

I) It is v i r t u a l l y imposs ible for m o d e r n shore-fast, or near-shore, yearly, pack ice 
to freeze onto pieces of mar ine S i l u r i a n a n d D e v o n i a n l imestone, then to pass over 
O r p h a n K n o l l to melt a n d to drop t h e m o n top of the K n o l l . Ear l ier w e noted that the 
s h a l l o w bite of the A r c t i c Dredge used i n 1971 meant that the dredge collected sedi 
ment a n d ice-rafted debris that h a d been deposi ted w i t h i n the last 1000 (or poss ib ly 
5000) years. A n y glacial ly- transported pebbles w h i c h were d r o p p e d f r o m icebergs 
w i t h i n the past 5000 years w o u l d have i n v o l v e d ocean current, w i n d , glacier, a n d ice
berg processes, a n d bedrock sources w h i c h were v e r y s imi lar to those of today. 

There is a lmost n o oppor tun i ty for m o d e r n glaciers i n C a n a d a to create icebergs 
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to transport mar ine D e v o n i a n rocks to O r p h a n K n o l l ; there are no k n o w n mar ine 
D e v o n i a n rocks o n Greenland. M a r i n e D e v o n i a n rocks are not i n the m o d e r n glacia l 
' ice-shed' of Baf f in Bay, a n d w i t h one m i n o r exception a l l glaciers that cross mar ine 
D e v o n i a n outcrops f i n d their w a y nor thwes tward into the A r c t i c O c e a n or w e s t w a r d 
into the interior of the A r c t i c Islands; these icebergs d o not then enter Baf f in B a y or 
the L a b r a d o r Sea. A s imi lar argument can be made for the L o w e r S i l u r i a n of C o r n 
w a l l i s Is land. 

J) Furthermore, it is considered statistically impossible to have present-day glacial 
ice i n C a n a d a , i n Greenland, or elsewhere i n the N o r t h At lant ic s a m p l i n g quite 
u n k n o w n marine O r d o v i c i a n , S i lur ian a n d D e v o n i a n outcrop areas, then p r o d u c i n g 
icebergs, w h i c h then w o u l d drift across O r p h a n K n o l l w h i l e mel t ing a n d w h i c h w o u l d 
drop their entrained rocks r a n d o m l y to give, i n one smal l area o n top of O r p h a n K n o l l , 
the unique O r d o v i c i a n ostracod assemblage, a n d the unique O r d o v i c i a n spicule assem
blage, a n d the Ear ly S i lur ian graptolites, and the D e v o n i a n conodonts, a n d the D e v o 
n i a n spicules. The probabi l i ty of this coincidence is considered vanish ingly smal l . A 
nearby i n s i tu bedrock source higher u p o n the m o u n d s is m u c h more likely. 

K ) N e l s o n , H a c q u e b a r d , B l o x a m & K e l l i n g , a n d Pocock (all 1972; a l l i n L a u g h t o n 
et a l . 1972), H a c q u e b a r d (1981), a n d H a c q u e b a r d et al . (1981) l o o k e d at the n o n -
mar ine Jurassic sandstone f r o m D S D P Site 111 at O r p h a n K n o l l a n d ident i f ied 
r e w o r k e d Palaeozoic p a l y n o m o r p h s a n d coal, thus g i v i n g indirect evidence for at 
least a Late Palaeozoic section i n the area of O r p h a n K n o l l . The Freydis B-87, I n d i a n 
H a r b o u r M - 5 2 , H o p e d a l e E-33, a n d Robertval K-92 wel l s o n the southern L a b r a d o r 
Shelf a l l penetrated t h r o u g h the M e s o z o i c into L o w e r Palaeozoic l imestones that are 
dated as O r d o v i c i a n (Bell & H o w i e , 1990). Papers b y M a c L e a n et a l . (1977) o n the 
O r d o v i c i a n of the southwest Baf f in Is land continental shelf a n d b y Bergström et a l . 
(1974) o n the O r d o v i c i a n p l a t f o r m sediments of western a n d north-central N e w 
f o u n d l a n d suggest a w i d e s p r e a d area of O r d o v i c i a n p l a t f o r m sediments i n a large 
intracratonic Palaeozoic sea that c o u l d w e l l have extended east f r o m the southern 
L a b r a d o r Shelf to the O r p h a n K n o l l area. 

L ) S imi lar ly , there is also evidence for D e v o n i a n rocks i n the l o w e r part of the 
sedimentary section o n the G r a n d Banks or off Labrador. G r a n t (1988) noted that 
W i l l i a m s (1987) has, 'described recycled D e v o n i a n p a l y n o m o r p h s i n Cretaceous a n d 
Tertiary sediments f r o m exploratory wel l s o n the L a b r a d o r Shelf, a n d noted the pos
s ib i l i ty that D e v o n i a n rocks m a y occur somewhere i n the L a b r a d o r Sea as a n element 
of [the] basement to the Mesozo ic -Cenozo ic section.' D e v o n i a n rocks were f o u n d at 
the Gannet 0-54 w e l l o n the G r a n d Banks (Barss et a l . , 1979). In a d d i t i o n , D e v o n i a n 
rocks have been ident i f ied b e l o w 2456.7 m (8060 ft) i n the Phalarope P-62 w e l l o n the 
G r a n d Banks (Sedley Barss, A t l a n t i c Geoscience Centre, pers. c o m m . , February 17, 
1989, referr ing to a 1976 internal report of W . A . M . Jenkins). It is, therefore, not unrea
sonable that mar ine D e v o n i a n rocks were also l a i d d o w n i n the O r p h a n K n o l l area. 
The probable presence of a n or ig ina l D e v o n i a n section supports a possible e x h u m e d 
D e v o n i a n section as the o r i g i n of some of the m o u n d s o n O r p h a n K n o l l . 

M ) The 1971 dredge h a u l h a d a h i g h 39%, b y weight , of l imestone pebbles versus 
other erratic metamorphic or granitic crystall ine material . This h i g h percentage i n d i 
cates a nearby bedrock source. In a d d i t i o n , the pebbles were somewhat angular a n d 
s h o w e d no s i g n of glacial or subglacial transport s u c h as so l ing or r o u n d i n g (PI. 14). 
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Ν) The mar ine O r d o v i c i a n material i n the 1971 dredge h a u l agrees w i t h the 
mar ine O r d o v i c i a n f i n d i n g i n the 1978 dredge h a u l o n a different m o u n d (Legault , 
1982) even t h o u g h w e recognise that her f i n d i n g was made o n o n l y one of 93 carbo
nate samples dredged i n the t w o 1978 dredge hauls (Ruf fman & v a n H i n t e , 1989; 
R u f f m a n , 1989). 

O) The f i n d i n g of a large amount of the m o d e r n ahermatypic coral Desmophyllum 
cristagalli i n the same 1978 dredge h a u l (78-020-001) o n w h i c h Legaul t w o r k e d (Ruff
m a n , 1989) s trongly suggests that the dredge w a s dragged t h r o u g h a coral debris p i l e 
just b e l o w a vert ical or overhanging w a l l of outcrop since that is this coral's preferred 
habitat (S. Ca i rns , Smithsonian Institution, pers. c o m m . , 1989). R a d i o c a r b o n a n d 
U / T h d a t i n g s h o w e d the coral debris to be 76 k a to 4 k a a n d 50 years o l d (Ruf fman & 
M u d i e , 1994; Smi th , 1993; S m i t h & Risk , 1993). W h i l e this observat ion speaks o n l y to 
the 1978 dredge h a u l N o . 78-020-001, it does suppor t the f i n d i n g f r o m seismic p r o f i l 
i n g a n d the G L O R I A w o r k that the m o u n d s comprise outcrop w i t h slopes of 15° to 
20° (Parson et a l , 1984) or even u p to 30° (Ruffman & v a n H i n t e , 1989). 

A l l the evidence points towards a nearby, i n s i tu bedrock source for the l imestone 
pebbles recovered i n the 1971 L Y N C H Biologic Dredge N o . 1. The carbonates prob
ably reflect the bedrock geology of the m o u n d s just to the east of the dredge site; the 
carbonates m o v e d d o w n s l o p e w i t h m o d e r n pelagic sediment i n a series of s lumps . 

O r i g i n of the m o u n d s 

A t the t ime the m o u n d s were first discovered b y the D / V G L O M A R C H A L 
L E N G E R as it d i d a brief pre-site survey (Fig. 3), i t was hypothes ised that the 
m o u n d s o n any one prof i le represented crossings of l inear ridges of o u t c r o p p i n g 
bedrock. The bathymetry m a p p u b l i s h e d i n the Site 111 report w a s made b y R u f f m a n 
d u r i n g the L Y N C H 7/11/71 cruise, a n d the m o u n d s were interpreted as l o n g , l inear 
r idges s t r i k i n g northwest-southeast (Fig. 2). L a u g h t o n et a l . (1972) interpreted the 
'ridges' to be possible d y k e mater ia l that h a d subaerial ly weathered h i g h before the 
K n o l l h a d subs ided. H o w e v e r , the m o u n d s h a d no magnetic signature. The 1971 
L Y N C H cruise a n d the d r e d g i n g were completed before the D S D P L e g 12 v o l u m e 
w e n t to press, a n d a n a d d e n d u m w a s a d d e d to L a u g h t o n et a l . (1972, p . 80) to sug
gest that the m o u n d s represented ridges of d i p p i n g resistant, massive, sedimentary 
strata that h a d been de formed b y f o l d i n g , then subaerial ly eroded to s tand h i g h 
p r i o r to the s i n k i n g of O r p h a n K n o l l . 

The 1979 M / V S T A R E L L A a n d 1981 M / V F A R N E L L A survey of O r p h a n K n o l l 
u s i n g G L O R I A s h o w e d that the m o u n d s are general ly discrete c ircular features a n d 
not resistant l inear beds weather ing h i g h (Fig. 4). A l a n G r a n t (1988) a n d P a r s o n et a l . 
(1984) have interpreted their G L O R I A discovery as evidence that the m o u n d s o n the 
northeast u p p e r surface of O r p h a n K n o l l , 'may be remnants of reefal m o u n d s o n a n 
e x h u m e d D e v o n i a n landscape' (Grant, 1988). In their paper, they noted, 'that u p p e r 
Paleozoic reefal l imestones, w h i c h are w i d e s p r e a d i n N o r t h A m e r i c a , ... m a y g ive 
rise to h i g h relief erosional topography par t icular ly those l imestones of D e v o n i a n 
a n d Carboni ferous age.' (Grant, 1988). 

A n example w a s cited of Spanish Saharan reefs that have been exposed b y recent 
subaerial erosion to f o r m topographic highs 100 m i n e levat ion a n d 2 k m i n diameter 
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(Dumestre & I l l ing , 1967). A n o t h e r onshore example was f o u n d b y P a r s o n et a l . 
(1984) a n d G r a n t (1988) i n the L o w e r Carboniferous reef knol l s of Yorkshire , n o r t h 
e r n E n g l a n d where reefal bodies u p to 600 m thick a n d 1000 m i n diameter have dif 
ferential ly eroded to, ' fo rm a series of conspicuous isolated h i l l s , or knol l s , w h i c h rise 
a b r u p t l y 200 to 300 ft (60-90 m) above the general level of the s u r r o u n d i n g country 
( E d w a r d s & Trotter, 1954).' In the latter case, the 'country rock' s u r r o u n d i n g the patch 
reefs is quite h a r d , a n d it has eroded subaerial ly relat ively s l o w l y so that the contrast 
i n elevations is m i n i m a l (Parson et a l . , 1984). 

G r a n t (1988) also noted that d u r i n g the D e v o n i a n O r p h a n K n o l l was i n a favour
able palaeogeographic pos i t ion , at c. 15° S, to foster reef g r o w t h . G r a n t cites a per
sonal c o m m u n i c a t i o n f r o m G . P. Smi th , of C h e v r o n C a n a d a Resources L t d , Calgary, 
A l b e r t a n o t i n g that the m o u n d s o n O r p h a n K n o l l , 'compare most closely w i t h L e d u c 
pinnacles [reefs] east of E d m o n t o n , '...they have a higher height to w i d t h ratio than 
most t y p i c a l D e v o n i a n reefs'.' The poss ibi l i ty of the O r p h a n K n o l l m o u n d s b e i n g 
D e v o n i a n pinnacle reefs is attractive, since it suggests such features m i g h t be f o u n d 
b u r i e d elsewhere i n the sedimentary section of Eastern C a n a d a or offshore Ireland 
w h e r e they m i g h t serve as excellent h y d r o c a r b o n reservoirs as they do i n A l b e r t a . 
There is no evidence to suggest that the seabed m o u n d s are m o d e r n b ioherms or l i t h -
oherms s imi lar to those f o u n d b y H o v l a n d et a l . (1994) off western Ireland, t h o u g h 
the d imens ions are s imilar . 

R u f f m a n & v a n H i n t e (1989) also noted that the height to w i d t h ratios of the 
O r p h a n K n o l l m o u n d s , whether b u r i e d or par t ia l ly exposed above the sea floor, are 
m u c h higher than those for the Spanish Saharan or Yorkshire onshore examples a n d 
the ratios are higher than most typ ica l D e v o n i a n reefs. The cover of G e o l o g y for 
December, 1978 (Drake, 1978) suggested another possible o r i g i n of the m o u n d s o n 
top of O r p h a n K n o l l as d i d the cover photo o n Episodes for June, 1988 ( A n o n y m o u s , 
1988); b o t h s h o w Chinese karst topography near the city of K w e i l i n o n the L i R i v e r 
d e v e l o p e d i n u n i f o r m D e v o n i a n , through L o w e r Carboniferous , l imestones over ly 
i n g L o w e r D e v o n i a n clastic sediments. 

K a r s t topography i n a l imestone terrane can lead to the higher height to w i d t h 
ratios seen for the features o n the top of O r p h a n K n o l l a n d c o u l d be a n explanat ion 
for the m o u n d - l i k e features seen. The m o u n d fields o n top of O r p h a n K n o l l appear 
to closely resemble ' tower karst' i n a f i e ld of 'aggregated peaks' (Drake,1979a,b; Ruff 
m a n & v a n H i n t e , 1989). O r p h a n K n o l l has been i n the correct palaeogeographic 
zone i n p o s t - O r d o v i c i a n times to have experienced h i g h ra infa l l i n a w a r m sub- t ropi 
cal c l imate (Zonenshayn & Gorodni tsk iy , 1977), a n d karst topography c o u l d w e l l 
have d e v e l o p e d i n the l imestones as a consequence. The spacing of the t w o possible 
karst f ie lds a long the northeast a n d southwest sides of O r p h a n K n o l l thus m a y 
reflect O r d o v i c i a n to D e v o n i a n structure or basinal geometry w i t h the in tervening 
area h a v i n g weathered even lower to f o r m a later basinal area first for the depos i t ion 
of the Bajocian f l u v i a l sediments f o u n d i n D S D P H o l e 111, a n d s t i l l later for the d e p 
os i t ion of the A l b i a n to C e n o m a n i a n shelf carbonates. 

In either case, i f one argues that the m o u n d s reflect erosional remnants of a pa tch 
reef or p innacle reef environment , or of a mature karst topography, then the 'p inna
cles' m u s t have stood as erosional highs d u r i n g a p e r i o d of subaerial erosion a n d 
depos i t ion d u r i n g Bajocian times a n d then stood as exposed is lands i n the Late C r e -
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taceous a n d E a r l y Tertiary sea as O r p h a n K n o l l subs ided about the t ime of cont inen
tal breakup (Ruf fman & v a n H i n t e , 1989). T h e n as subsidence cont inued for the 
O r p h a n K n o l l b lock, further Tertiary a n d f ina l ly Pleistocene sedimentat ion s l o w l y 
ra ined d o w n o n the K n o l l to complete ly b u r y some of the m o u n d s a n d to leave oth
ers as the isolated m o u n d s a n d groups of p r o n o u n c e d bathymétrie h ighs seen i n the 
t w o zones o n top of O r p h a n K n o l l today. The i m p l i c a t i o n is that the m o u n d s stood 
as, a n d s u r v i v e d as, is lands over a 10-15 M a p e r i o d w i t h o u t b e i n g eroded to sea level 
a n d peneplaned. This is not possible. 

The A p t i a n ( ? ) - A l b i a n - C e n o m a n i a n sea m a y w e l l have been v e r y s h a l l o w a n d 
conf ined to the k n o w n s m a l l sedimentary bas in between the t w o zones of m o u n d s 
(Fig. 5). H o w e v e r , erosion products a n d Palaeozoic indicators were not f o u n d i n the 
Cretaceous sediment at Site 111 (Laughton et a l . , 1972). D u r i n g the Maas t r i ch t ian 
w h e n 10 m of chalk w a s deposited, the sea must have been deeper a n d the m o u n d s 
w o u l d have h a d to s u r v i v e as quite s m a l l is lands for i n the order of 2 to 5 M a w h i l e 
O r p h a n K n o l l sank, even if it sank quickly. This s u r v i v a l of the m o u n d s as is lands for 
2 to 5 M a seems v e r y unl ikely . W h i l e detai led bathymetry is not available, the m i n i 
m u m depths of the m o u n d s appear to be quite variable , a n d their m i n i m u m eleva
tions d o not appear to f o r m a peneplane (Fig. 4). The authors n o w favour a d i a p i r i c 
o r i g i n for the m o u n d s w h i c h w a s or ig ina l ly suggested a n d d ismissed i n L a u g h t o n et 
a l . (1972). 

To propose halokinesis as the o r i g i n of the O r p h a n K n o l l m o u n d s one m u s t have 
p r e - M i d d l e O r d o v i c i a n salt i n the area. W h i l e there is no trouble f i n d i n g Carboni fer 
ous (Windsor Format ion) , U p p e r Triassic (Osprey Formation) a n d L o w e r Jurassic 
( A r g o Format ion) evaporites a n d diapirs o n the eastern C a n a d i a n continental shelf 
(Wade & M a c L e a n , 1990; Grant & M c A l p i n e , 1990), L o w e r Palaeozoic evaporites 
have not been ident i f ied off the east coast of C a n a d a . S i l u r i a n salt is f o u n d i n the 
M i c h i g a n Bas in a n d D e v o n i a n salt is f o u n d i n the intracratonic areas of western C a n 
ada (Rose et a l , 1968; Li t t le et a l , 1968). Z h a r k o v (1981) shows C a m b r i a n evaporites 
i n the M i c h i g a n Bas in a n d a m u l t i t u d e of s m a l l O r d o v i c i a n - S i l u r i a n evaporite basins 
i n N o r t h A m e r i c a . It seems reasonable to suggest an L o w e r Palaeozoic evaporite 
deposi t i n the area of O r p h a n K n o l l . The diapirs o n O r p h a n K n o l l c o u l d also be 
caused b y mobi le shale r i s i n g u p through the section, but not w i t h s u c h a l o n g histo
r y of repeated movement . 

We w o u l d propose that there w a s (pre-)Jurassic halokinesis a n d subsequent ero
s i o n d u r i n g at least Bajocian times. The d i p p i n g nature of the non-mar ine sandstone 
beds i n Ref lect ion U n i t 3 (Fig. 3) suggests a second, post-Jurassic erosion p e r i o d w i t h 
aga in a state of salt e q u i l i b r i u m reached a n d a cessation of d i a p i r g r o w t h . A s the 
K n o l l sank to a s h a l l o w marine d e p t h i n the Cretaceous, a 58 m section of l imestone 
a n d eventual ly 10 m of chalk were l a i d d o w n (Laughton et a l . , 1972). The Cretaceous 
sediment l o a d i n g , f o l l o w e d b y major subsidence to about 2000 m i n the E a r l y Ter
tiary, a l o n g w i t h further l o a d i n g of a 35 m Tertiary pelagic sediment section ( L a u g h 
ton et a l . , 1972) p r o v i d e d the d r i v i n g force for a reactivation of the earlier Jurassic 
(and possible pre-Jurassic) halokinesis . The f ina l l o a d i n g of a 145 m Plio-Pleistocene 
section (Laughton et a l , 1972) then p r o v i d e d impetus for a further react ivation of 
d i a p i r g r o w t h leading to the present, y o u n g m o u n d s . M o v e m e n t o n some of the d i a 
p i rs m a y cont inue to the present-day w i t h faul t ing a n d w a r p i n g seen i n the most 
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recent sediments over some of the b u r i e d m o u n d s (Fig. 3). 
O n the northeast side of the K n o l l where the evaporites m a y have been thicker, 

the d iap i rs have r isen to their highest levels to stand over 300 m above the top of 
O r p h a n K n o l l . To the southwest where perhaps the early evaporite sequence w a s 
thinner, the diapirs have s e l d o m b r o k e n through the top of the K n o l l a n d r e m a i n 
general ly b u r i e d . A t present w e k n o w of o n l y one d i a p i r that has clearly penetrated 
u p t h r o u g h the Cretaceous bas in (Fig. 5); general ly the t w o d i a p i r f ields f lank the 
bas in (Fig. 4). 

Palaeogeographic i m p l i c a t i o n s 

A l l palaeogeographic reconstructions of the N o r t h A t l a n t i c Ocean are con
strained b y the C h a r l i e G i b b s Fracture Z o n e just to the n o r t h of the nor thern exten
s i o n of O r p h a n K n o l l (Fig. 8). W h i l e L a u g h t o n et al . (1972) took the l iberty of jost l ing 
the s m a l l continental fragments about to make a convenient fit, w h e n they are con
strained b y the fracture zones a n d k n o w n poles of rotation, a fa i r ly logica l m a p 
results (e.g. Srivastava et a l , 1988a, b). This places O r p h a n K n o l l ( O K ) adjacent to the 
southwest m a r g i n of Porcupine Bank at A n o m a l y Κ t ime (105 M a ) as seen o n F i g . 9. 

W h i l e the Triassic-mid Cretaceous pre-breakup palaeogeography around O r p h a n 
K n o l l is fa ir ly w e l l k n o w n , it is not w e l l understood for the Ear ly to M i d d l e Palaeozoic 
(Ziegler, 1988). A l m o s t certainly O r p h a n K n o l l was separated f r o m the Labrador and 
northeast N e w f o u n d l a n d Shelf b y a very early in i t ia l r i f t ing process. Thus O r p h a n 
K n o l l m a y have been a few h u n d r e d kilometres further west i n the Palaeozoic. 

Fig. 8. General bathymetry of the North Atlantic Ocean slightly modified from the fig. 1 of Srivastava 
et al. (1988a). The 1000 m contour interval is based on the five minute digital data set of ETOP05 
(1986). OK - Orphan Knoll, FC - Flemish Cap, OB - Orphan Basin and on the conjugate margin, P.B. -
Porcupine Bank, G.S. - Goban Spur, and P.S. - Porcupine Seabight. 
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Fig. 9. Reconstruction of the North Atlantic Ocean at mid-Cretaceous magnetic Anomaly Κ time (105 
Ma) with the geographic grid relative to North America. The figure and the following caption are 
slightly modified from Srivastava et al. (1988b). The reconstruction was obtained by first rotating the 
Rockall Plateau to the west to close the southern Labrador Sea, and then rotating Eurasia to close the 
region north of Flemish Cap as well as a portion of Rockall Trough. Locations of the ocean-continent 
boundary (OCB), north of Flemish Cap, are shown by plus signs for the North American Plate, by 
solid triangles for the Rockall Plate, and by open triangles for the Eurasian Plate. For the regions 
south of 50°N the rotated and unrotated positions of OCBs are shown by dotted lines. Positions of 
Anomaly Κ south of 48°N are shown by open triangles for the Porcupine (or Eurasian) Plate while for 
the Iberian and North American plates they are shown by solid triangles and plus signs respectively. 
Also shown are positions of anomalies M-0 on the North American and Iberian plates and of the two 
conjugate multichannel lines SD 119 and C M 10 used in Srivastava et al. (1988b). DSDP Site 111 is 
shown as Orphan Knoll (OK) and various other Ocean Drilling Program sites are shown as numbered 
black dots. The conjugate position of Orphan Knoll is directly adjacent to Porcupine Bank. 
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The present record of a marine s h a l l o w sea carbonate section i n the M i d d l e to 
Late O r d o v i c i a n o n O r p h a n K n o l l , a l lows one to extend the k n o w n epeiric intracont i -
nental sea f r o m western N e w f o u n d l a n d a n d A n t i c o s t i Is land t h r o u g h to the southern 
L a b r a d o r Shelf a n d r ight u p to k n o w n s imi lar deposits off southeast Baf f in Is land, i n 
Foxe Basin , i n East G r e e n l a n d a n d at the Foss i l ik erratic locat ion i n West G r e e n l a n d 
a n d out to the O r p h a n K n o l l pos i t ion i n the M i d d l e a n d Late O r d o v i c i a n . 

Cons iderab le w o r k has been done o n the palaeogeography of the D e v o n i a n a n d 
the O l d R e d Sandstone' w i t h special attention p a i d to the pos i t ion ing of the mar ine 
a n d n o n - m a r i n e deposits a n d to the 'southern' shoreline of the l a n d area (Friend, 
1969; H o u s e , 1973; Ol iver , 1973; Ha ls tead & Turner, 1973; Johnson & Boucot, 1973). In 
most D e v o n i a n palaeogeographic reconstructions, O r p h a n K n o l l falls w i t h i n the O l d 
R e d facies'; the present record of mar ine D e v o n i a n o n O r p h a n K n o l l requires a 
mar ine reentrant d u r i n g at least part of D e v o n i a n times, or s ignif icant p o s t - D e v o n i a n 
str ike-s l ip movement . 

C o n c l u s i o n s 

Reexaminat ion of the 1971 dredged l imestone material f r o m O r p h a n K n o l l has 
been s h o w n to reflect nearby i n s i tu bedrock f r o m the m o u n d s that m a r k the top of 
the K n o l l . These m o u n d s w h i c h i n places stand more than 300 m above the top of the 
K n o l l represent t w o fields of over 250 diapirs w h i c h were reactivated after O r p h a n 
K n o l l sank at the t ime of the breakup of Europe a n d N o r t h A m e r i c a . The m o u n d s are 
o u t c r o p p i n g bedrock of M i d d l e to Late O r d o v i c i a n , E a r l y S i l u r i a n a n d of M i d d l e 
D e v o n i a n age, a n d were deposi ted i n s h a l l o w marine , continental shelf condit ions . 

The presence of a mar ine M i d d l e to U p p e r O r d o v i c i a n section a l l o w s one to 
extend the intracratonic sea of these times eastward to the area of O r p h a n K n o l l . 
S i m i l a r l y o u r mar ine l imestone f i n d i n g i n the M i d d l e D e v o n i a n further constrains 
the southern shoreline of the O l d R e d Sandstone'. 

The presence of a n O r d o v i c i a n to D e v o n i a n mar ine section o n O r p h a n K n o l l s u g 
gests that a s imi lar section m i g h t be present beneath Porcupine Bank a n d other parts 
of the conjugate m a r g i n off Ireland a n d R o c k a l l P la t form. The unsedimented , nor th 
east facing, break-up escarpment of O r p h a n K n o l l offers one of the best o p p o r t u 
nities to collect a suite of rocks that w i l l reflect the Palaeozoic a n d pre-break-up suc
cession out at the v e r y edge of the zone of r i f t ing . 

A c k n o w l e d g m e n t s 

The o p p o r t u n i t y to dredge o n O r p h a n K n o l l arose w h e n L e o n a r d Johnson of the 
U . S . N a v a l Océanographie Office generously made space available o n the U S N S 
L Y N C H 7/11/71 cruise. The cruise was part ia l ly supported b y U.S . Off ice of N a v a l 
Research task n u m b e r 307-329. The authors w o u l d l ike to recognise the efforts of the 
crew of L Y N C H a n d its master J .D. H o b b s . Colleagues F i n n Bech-Dittmer, Jul ius 
Egloff , John Freitag, Walter John, a n d M o g e n s Rasmussen were most h e l p f u l at sea. 
B r i a n T. K i d d a n d A . H . C l a r k e k i n d l y released the rock content of their B io-dredge 
N o . 1. We thank K a t h a r i n a v o n Salis Perch-Nie l sen a n d Frank L . S tapl in for e x a m i n 
i n g mater ia l for calcareous nannofossi ls a n d p a l y n o m o r p h s respectively, a n d I .G. 
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Sohn, Jean M . Berdan, M u r r a y J. C o p e l a n d , K .P . Bender, T o m T. U y e n o , J.J. L u k a s i k , 
a n d M a r t i n J . M . Bless for their comments o n our p r e l i m i n a r y reports o n the cono
dont , ostracod a n d graptolite faunas. Sir Tony L a u g h t o n p r o v i d e d valuable c o m 
ments as d i d John M . W o o d s i d e at Blagnac. 

O u r greatest appreciat ion goes to G e r h a r d Becker w h o made the f ina l ostracod 
identif icat ions w h i c h were p u b l i s h e d separately because of the u n i q u e paleontologie 
v a l u e of the fauna (Becker & A d a m c z a k , 1993; Becker, 1994). 

The o n g o i n g encouragement of A l a n Grant a n d A r t Boucot is greatly appreciat
ed. The A t l a n t i c Geoscience Centre of the Bedford Institute of Oceanography made it 
possible for A l a n R u f f m a n to participate o n the L Y N C H cruise. Imper ia l O i l Resourc
es (ESSO Resources of Canada) L t d (Calgary, Alberta) a n d E x x o n P r o d u c t i o n 
Research C o m p a n y (Houston , Texas) p r o v i d e d invaluable lab services. The S E M 
photographs were m a d e b y H a r d y T u r n b u l l ( Imperial O i l Resources L t d , Ca lgary) 
a n d Saskia K a r s (Vrije Univers i te i t , A m s t e r d a m ) . 

C h e v r o n C a n a d a Resources L t d i n C a l g a r y deserves special recognit ion i n that i t 
w a s the o n l y c o m p a n y or agency of the eleven canvassed i n C a n a d a that s u p p o r t e d 
the 1990 reopening of our examinat ion of the 1971 dredge h a u l b y the U S N S L Y N C H . 
W o r k i n The Nether lands b y A l a n R u f f m a n i n 1990 was par t ia l ly assisted b y the C a n 
ada Depar tment of Industry, Science a n d Technology, P r o g r a m for E x p o r t M a r k e t 
D e v e l o p m e n t (1990, G r a n t N o . 370,586). This is publ i ca t ion nr 950 612 of The Nether 
lands School for Sedimentary Geology. 
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Plate 1 

Conodonts. Scale bar is 100 urn, unless otherwise indicated. 
Figs. 1-4,6-7 and 9. Panderodontida. 
1: Sample B3262 (RGM 414 140); la: close-up of basal portion; 2: sample B3262 (RGM 414 140); 3: sam
ple B3263 (RGM 414 141); 4: sample B3259 (RGM 414 139); 4a: close-up of basal portion; 6: sample 
B3259 (RGM 414 139); 6a: close-up of basal portion; 7: sample B3259 (RGM 414 139); 9. Sample B3263 
(RGM 414 141); 9a: close-up, oblique view of basal portion, scale bar is 10 urn. 
Fig. 5. Dapsilodus obliquicostatus (Branson & Mehl, 1933)? or Besselodus sp., sample B3263 (RGM 414 
141). 
Fig. 8. Fish tooth (?), sample B3276 (RGM 414 138). 
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Plate 2 

Conodonts. Scale bar is 100 urn. 
Figs. 1, 3-9 and 11. Unidentified ramiform conodont elements. 
1: Sample B3259 (RGM 414 139); 3: sample B3263 (RGM 414 141); 4: sample B3263 (RGM 414 141); 5: 
sample B3259 (RGM 414 139); 6: sample B3259. (RGM 414 139); 7: sample B3262 (RGM 414 140); 8: 
sample B3259 (RGM 414 139); 9: sample B3263 (RGM 414 141); 11: sample B3273 (RGM 414 138). 
Fig. 2. Ozarkodina? sp., sample B3263 (RGM 414 141). 
Fig. 10. Pterospathodus celloni (Walliser, 1964), sample B3276 (RGM 414 138). 
Fig. 12. Ozarkodina excavata excavata (Branson & Mehl, 1933), sample B3294 (RGM 414 138). 
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Plate 3 

Conodonts and scolecodonts. Scale bar is 100 urn. 
Fig. 1. Ozarkodina excavata excavata (Branson & Mehl, 1933), sample B3259 (RGM 414139); a: side view; 
b: top view; c: basal view; d: close-up, basal view. 
Fig. 2. Icriodus sp., sample Β 3259 (RGM 414 139); a: top view; b: side view; c: basal view. 
Fig. 3. Ozarkodina remscheidensis remscheidensis (Ziegler, 1960), sample B3259 (RGM 414 139); a: top 
view; b: side view; c: basal view. 
Fig. 4. Polychaetaspis sp. cf. P. tuberculatus Kielan-Jaworowska, 1966, sample B3273 (RGM 414 136). 
Fig. 5. Paleoenonites sp. cf. P. circumscripta Eller, 1945, sample B3259 (RGM 414 136). 
Fig. 6. Unidentified scolecodont jaw SJ-a, sample B3273 (RGM 414 136). 
Fig. 7. Unidentified scolecodont jaw SJ-b, sample B3259 (RGM 414136). 
Fig. 8. Fish scale, sample B3264 (RGM 414 134). 
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Plate 4 

Sponge spicules. Scale bar is 100 urn. 
Figs. 1-6. Hexactinellid anchor spicules showing close relationship with either the genus Silicunculus or 
Chelispongia. Al l specimens lack their distinctive, proximal part. The A-figures are enlarged views 
taken at a different angle; 1, 2, 4, 5-6: specimens from sample B3294 (RGM 414 099). For close-up of fig. 
2 see PI. 12, fig. 2; 3: specimen from sample B3260 (RGM 414 092); a 200 second EDAX X-ray analysis of 
3A showed the main element to be silica. 
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Plate 5 

Sponge spicules. Scale bar is 100 urn. 
Figs. 1-6. Hexactinellida. 
1: Acanthohexact, sample B3294 (RGM 414 098); 2: common hexact, sample B3294 (RGM 414 098); 3: 
fragment of a hexactine pinule, sample B3260 (RGM 414 093); 4: small fragment of an uncinate, sample 
B3349 (RGM 414 100); 5: acanthous (?)hexactinellid spicule of hitherto unknown form, sample B3294 
(RGM 414 098), 5a: side view, 5b: top view; 6: smooth surficial pentact, sample B3294 (RGM 414 098). 
Fig. 7. Small desma of a lithistid demosponge, sample B3264 (RGM 414 096). 
Figs. 8-10. Heteractinida. 
8: Genuine planar sexiradiate spicule, sample B3264 (RGM 414 096); 9: octactine-based spicule of an 
astraeospongiid, sample B3263 (RGM 414 095), only one of the (broken) vertical rays is developed; 10: 
octact of an astraeospongiid, sample B3263 (RGM 414 095). 
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Plate 6 

Sponge spicules. Heteractinida. Scale bar is 100 urn, unless otherwise indicated. 
Fig. 1. Spicule typical for the Devonian heteractinid genus Ensiferites: shown are five of the six hori
zontal rays and two vertical rays, sample B3264 (RGM 414 096), la: top view, showing the trifid 
nature of the distal ray; lb: side view, showing the short (broken) distal ray with trifid termination, 
and part of the solid, simple, proximal ray. 
Fig. 2. Minor, polyrayed ?wewokellid spicule, sample B3279/80 (RGM 414 097). Scale bar is 10 urn. 
Fig. 3. Polyrayed, stellate megasclere presumably of a wewokellid (? Asteractinella), sample B3262 
(RGM 414 094). 
Figs. 4-5. Acanthous heteractinid spicules of hitherto unknown type; both specimens from sample 
B3260 (RGM 414 093); 4a: distal view, showing a large central disc and seven tangential rays (one 
broken off); 4b: side view, showing the distal and proximal rays at right angles to the tangential rays; 
5a: distal view, showing the disc-like common centre and that three of the seven tangential rays are 
broken off; 5b: side view, showing the distal and proximal rays. Note that the hollows with a central 
filling at the fracture of two of the tangential rays are preservation artifacts of the originally solid cal
careous spicule. 
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Plate 7 

Ostracods. Scale bar is 100 urn. All specimens from sample B3279. 
Figs. 1-5. Ordovizona sp. A. 
1: Left valve (RGM 414 005); a: external lateral view; b: dorsal view; c: ventral view; d: internal lateral 
view; e: close-up of internal posterior; 2: juvenile left valve (RGM 414 006); external lateral view; 3: 
juvenile left valve (specimen lost); a: external lateral view; b: dorsal view; c: ventral view; 4: juvenile 
left valve (RGM 414 007); external lateral view; 5: juvenile right valve (RGM 414 008); external lateral 
view. 
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Plate 8 

Ostracods. Scale bar is 100 urn. All specimens from sample B3279. 
Fig. la-e. Anticostiella sp. A, heteromorphic left valve (RGM 414 000); a: external lateral view; b: inter
nal lateral view; c: posterior view; d: ventral view; e: oblique internal lateral view. 
Fig. 2a-c. Ectoprimitoides sp. A, left valve (RGM 414 003); a: external lateral view; b: internal lateral 
view; c: dorsal view. 
Fig. 3a-c. Monoceratella ? sp. A, left valve (RGM 414 057), specimen shattered in remounting; a: exter
nal lateral view; b: dorsal view; c: internal view of broken specimen. 
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Plate 9 

Ostracods. Scale bar is 100 urn. All specimens from sample B3279. 
Fig. la-d. Uthoernia ? sp. A, right valve (RGM 414 028); a: external lateral view; b: internal lateral view; 
c: internal close-up of hinge; d: oblique internal lateral view and close-up. 
Fig. 2a-b. Left valve of podocopid ostracod PO-Α (RGM 414 053); a: external lateral view; b: ventral 
view. 
Figs. 3-4. Aboilia blessi Becker & Adamczak, 1993. 
3: Carapace (RGM 414 010); a: left side external lateral view; b: right side external lateral view; c: ante
rior view; d: posterior view; e: dorsal view; f: ventral and tilted ventral views; 4: right valve (RGM 414 
011); internal lateral view, with close-up. 
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Plate 10 

Ostracods. Scale bar is 100 urn, unless otherwise indicated. A l l specimens from sample B3279. 
F ig . 1. Pseudorayella ? sp. A ; right-lateral v i e w of carapace ( R G M 414 040). 
F ig . 2. Anticostiella sp. A ; tecnomorphic right valve ( R G M 414 001, posteriorly damaged); a external 
lateral v iew; b dorsal v iew. 
F ig . 3. Carapace of podocopid ostracod PO-B ( R G M 414 047); a: external left-lateral v i ew; b: dorsal 
v iew. 
F ig . 4. Left valve of bairdiocypridid ostracod B O - A ( R G M 414 034); a: external lateral v i ew; b: internal 
lateral v iew; c: close-up of posterocentral region, inc luding spot for a 200 second E D A X x-ray analysis 
w h i c h showed the main element to be silica (scale bar is 10 urn). 
F ig . 5. Bromidella ? sp. A ; right valve ( R G M 414 002, anterior fragment); external, lateral v i e w . 
F ig . 6. Carapace of bairdiocypridid ostracod B O - A ( R G M 414 050); a: right-lateral v iew; b: left-lateral 
v iew; c: dorsal v iew. 
F ig . 7. Carapace of palaeocopid ostracod ΡΑ-A ( R G M 414 054); a: left-lateral v iew; b: close-up of cen
tral region of figure 7a, scale bar is 10 urn (a 200 second E D A X x-ray analysis of this v i e w showed the 
main element to be silica). 
F ig . 8. Carapace of Aboilia blessi Becker & Adamczak (holotype, R G M 414 009); a: two left-lateral views 
w i t h different contrast; b : ventral v iew; c: posterior v iew. 
F ig . 9. Left valve of palaeocopid ostracod ΡΑ-B ( R G M 414 052); a: external lateral v i ew; b: internal lat
eral v iew. 
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Plate 11 

Ostracods. Scale bar is 100 urn. All specimens from sample B3279. 
Fig. 1. Macrocyproides ? sp. A, carapace (RGM 414 042); a: left-lateral view; b: dorsal view with posteri
or end up. 
Fig. 2. Elliptocyprites ? sp. A, carapace (RGM 414 022); a right-lateral view; b: dorsal view. 
Figs. 3-4. Shenandoia sp. A. 
3. Left valve (RGM 414 026); external lateral view; 4: right valve (juvenile) (RGM 414 025); a: external 
lateral view; b: internal lateral view. 
Figs. 5-7. Bairdiocypridid ostracod BO-B. 
5: Right valve (RGM 414 036); external lateral view; 6: juvenile right valve (RGM 414 037); external lat
eral view; 7: left valve (RGM 414 035); a: external lateral view; b: internal lateral view; c: dorsal view; 
d: close-up of internal view showing ventral margin. 
Fig. 8. Left valve of podocopid ostracod PO-C (RGM 414 048); external lateral view. 
Fig. 9. Left valve of podocopid ostracod PO-D (RGM 414 049); a: external lateral view; b: dorsal view. 
Figs. 10-11. Baltonotella ? sp. A. 
10: External lateral view of single valve (RGM 414 043); 11: single valve (RGM 414 044); a: external lat
eral view; b: internal lateral view. 
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Plate 12 

Crinoid and graptolites. Scale bar is 100 urn, unless otherwise indicated. 
Fig. la-b. Crinoid stem article, sample B3260 (RGM 414 146); a: general view; b: tilted close-up, scale 
bar is 10 urn; a 200 second ED AX x-ray analysis of the central part of this view showed the main ele
ment to be calcium. 
Fig. 2. Close-up of broken segment of the sponge spicule of PI. 4, fig. 2; scale bar is 10 urn. 
Fig. 3. Diplograptid sicula GS-a, family Orthograptidae (sensu Mitchell, 1987), with initial bud of pro-
theca l 1 , ? = 'Glyptograptus' hudsoni Jackson, 1971, sample B3260 (RGM 414 137); righthand figure, lat
eral view; lefthand figure, enlarged oblique apertural view. 
Figs. 4-5. Graptoloid sicula GS-b, sample B3295 (specimen lost). 
Fig. 6. Broken proximal end of diplograptid sicula GS-a, same species as fig. 3. Sample B3295 (speci
men lost). 
Fig. 7. Diplograptid sicula GS-a with initial bud of protheca l 1 ('advanced' member of Orthograptidae, 
pattern F or Κ of Michell, 1987 or Melchin & Mitchell, 1991 respectively). Sample B3295 (specimen 
lost). Same species as fig. 3. 
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Plate 13 

Graptolites and chitinozoans (specimens lost). Scale bar is 100 urn. 
Fig. 1. Graptoloid sicula GS-b, sample B3295. 
Fig. 2. Diplograptid sicula GS-c, broken proximal end of a Glyptograptus specimen (sensu Melchin and 
Mitchell 1991), sample B3295. 
Fig. 3. Graptoloid prosicula GS-d, sample B3295. 
Figs. 4-7. Four specimens of the chitinozoan Rhabdochitina minnesotensis Stauffer, 1933, sample B3295. 
Fig. 8. Unidentified sac-like form, sample B3295. 



van Hinte & Ruffman et al. Palaeozoic microfossils from Orphan Knoll. Scripta Geol., 109 (1995) 59 

Plate 14 

Carbonate pebbles. Scale bar is 1 cm. 
Figs. 1-2. Bored, angular and subrounded limestone pebbles of Bio-dredge No. 1. The four pebbles of 
fig. 1 have been saved and filed under collection number R G M 414 063. 
Fig. 3. Laminated micrite pebble of Bio-dredge No. 1. Facies 5b, processed as sample B3292. 
Fig. 4. Algal, dolomitic micrite pebble of Bio-dredge No. 1. Facies 5a, processed as sample B3291. 
Fig. 5. Laminated limestone pebble of Rock-dredge No. 2. Facies 5b, processed as sample B3295 and 
thin section JV430 (PI. 16, fig. 6) (RGM 414 111). 
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Plate 15 

Thin sections of carbonate pebbles Fades 1, Bio-dredge No. 1 (RGM 414 111). Scale bar is 2 mm. 
Figs. 1-2. Positive prints of thin sections JV342 and JV341, respectively. 
Fig. 3. Positive print of thin section JV340 of pebble processed as sample B3273. 
Fig. 4. Negative print of thin section JV343 of pebble processed as sample B3274. 
Figs. 5-6. Negative prints of thin sections JV344 and JV352 respectively. 
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Plate 16 

Negative prints of thin sections of carbonate pebbles Facies 2-8 (RGM 414 111). Scale bar is 2 mm. 
Fig. 1. Section JV355, Facies 7, pebble of sample B3279, Bio-dredge No. 1. 
Fig. 2. Section JV345, Facies 2, pebble of sample B3275, Bio-dredge No. 1. 
Fig. 3. Section JV357, Facies 5a, Bio-dredge No. 1. 
Fig. 4. Section JV358, Facies 8, pebble of sample B3280, Bio-dredge No. 1. 
Fig. 5. Section JV347, Facies 3, pebble of sample B3276, Bio-dredge No. 1. 
Fig. 6. Section JV 430, Facies 5b, pebble of PL 14, fig. 5, processed sample B3295, Rock-dredge No. 2. 
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