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3. RADIOLARIAN BIOSTRATIGRAPHY OF SITES 902, 903, AND 904!

Catherine Nigrini?

ABSTRACT

The radiolarian fauna found at three sites drilled on the New Jersey continental slope range in age from late Oligocene to
middle Miocene. The fauna is never abundant and is only poorly to moderately well preserved. Detailed range charts as well as
a listing of stratigraphically significant radiolarian events (morphotypic first and last occurrences) are given for the three sites.
Absolute ages, determined from strontium isotope analyses of mixed foraminifer species, combined with the stratigraphic
ranges of the fauna provide new data concerning the age of radiolarian events in this part of the world ocean. Most of the calcu-
lated age ranges are synchronous with those derived in other areas. but three events show significant diachrony. One new taxon

is described and illustrated but not named.

INTRODUCTION

Radiolarians were studied from the upper Oligocene and lower
and middle Miocene intervals of three sites occupied during Leg 150
of the Ocean Drilling Program. All three sites were drilled on the
New Jersey continental slope (Fig. 1). In general, the radiolarian fau-
na is not abundant, and preservation varies between moderate and
poor, Sample cleaning proved to be difficult and taxa are frequently
obscured by clay aggregates or overwhelmed by mineral fragments
and/or diatoms. Hole 904 A provides the best record; Hole 902D con-
tains the poorest. Locations and water depths of the three sites are as
follows:

Water depth
Site Location (m)

902 38°56.080'N 72°46.348'W 815.0
903 38°56.298'N 72°49.032'W 4444
904  38°51.806'N 72°46.084'W 1122.8

METHODS

One 5-cm® sample per core was taken from Hole 902D and from
a composite of Holes 903C and 903D. For Hole 904 A, three samples
per core were taken, generally from Sections 2, 4, and 6. Sample
preparation first followed the standard techniques described by San-
filippo et al. (1985). In addition, to further disaggregate the clay con-
tent, samples were placed for several hours in a 5% ammonia solu-
tion. For each sample examined, qualitative estimates of radiolarian
abundance were made and recorded as follows: C = common (100 to
500 specimens on slide); F = few (50 to 100 specimens on slide); R
= rare (<50 specimens on slide); vR = very rare (<10 specimens on
slide). Preservation of the radiolarian assemblage was judged as fol-
lows: G (good) = no signs of dissolution of the taxa present and only
minor fragmentation; M (moderate) = some evidence of dissolution
and obvious fragmentation; P (poor) = high degree of dissolution
with many broken specimens. It should be noted, however, that in
these assemblages delicate forms were never observed, indicating ei-
ther dissolution of delicate structures or absence of delicate forms at
these latitudes. Range charts based on presence or absence (P =
present; + = one or two specimens; — = searched for and not found; ?
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Figure 1. SeaBeam bathymetric location map of the middle continental slope
(500-1500 m water depth) drilled during Leg 150 showing Sites 902, 903,
904, 906, and DSDP Site 612.

= dubious identification) of stratigraphically important taxa were
constructed for the upper Oligocene to middle Miocene interval at
each site (Tables 1-3).

Stratigraphy

For the most part it was possible to apply the tropical radiolarian
zonation of Riedel and Sanfilippo (1971, 1978) to the sections stud-
ied. Sanfilippo and Nigrini’s (1995) modification of placement of the
Oligocene/Miocene boundary in relation to radiolarian events was
followed. According to them, the epoch boundary lies between the
last occurrence of Artophormis gracilis and the first occurrence of
Cyrtocapsella tetrapera. Although some zonal marker species, par-
ticularly in the lower Miocene, are absent, it has been possible to rec-
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Table 1. Range chart for strigraphically important radiolarian species in Hole 902D.

EPOCHZONE Core, saction, % g 3
interval 3 ® = § a % g
Riedel & = £ HEIE E o
Sanfilippo, g b (e §i§§§§§ Egué g "§' £ EE g
1971,1978 TE| g = = 2| = = £
(selsmic . 25|32, £ 3 % g s
reflectors) 3 glg yE g [ ; g E g §
& il 122 ; 3151451505 EIEIR HE £l
18X-3,60-61 | 148.60 P P
(m0.5) (152.5)
10X-3, 60-61 | 155.41 F|M P P p
20x-3, 60-61 | 165.10 R| P
21%-3, B0-61 | 173.63 R| P ? P
22X-3, 60-61 | 183.20 F| M P
23%-3, 60-61 | 193.80 WP
24X-3, 60-62 | 203.40 V| P
(mo0.7) (208.0)
25%-3, 60-62 | 213.00 | P
26X-3, 60-62 | 222.70 A| P +
27X%-3, 60-62 | 232.40 R M P
28X-3, 60-62 | 242.00 R| P P P
20X-3, 60-62 | 251.70 R| P P
30x-3, 60-62 | 261.30 FlM P P P
31%-3, 60-62 | 270.90 Flm P P P P
% E a2x-3, 60-62 | 2B0.60 Flum P P P P
£ |(m1) (290.0) A . T
b= g 33X-3, 60-62 | 200.20 AR M P 7
34x-3, 24-26 | 200.54 Al P ?
g § 35X-3, 60-62 | 309.50 R| P P
8 [38x-3, 60-82 | 318.10 Rl P
= | 9 [a7xs, eo-62 | 328.70 R| P P
36X-3, 60-62 | 338.40 R| P
39X-3, 60-62 | 348.00 Rl P P
40X-3, 60-62 | 357.80 R| P
41%-3, 60-62 | 387.20 R| P
42%-3, 60-62 | 376.90 A| P
43%-3, 60-62 | 386.50 R| P
44X-3, 80-62 | 396.20 R| P P
45%-2, 28-30 | 403.98 A P
(m2) (407.0) {
46X-3, B4-66 | 415.54
47X-3, B4-66 | 424.84
48X-3, 60-62 | 434.20
49%-3, 60-62 | 443.60
(m3) (450.0)
| 50%-3, 60-62 | 452.90
\\Q 51X-3, 61-62 | 462.51
o |52%-3, 59-61 | 472.19
\ E [sax-3, 60-62 | 4B1.80
& |54%-3, 58-60 | 491.48
\ 55 [(ma) (493.0)
5 & |55X-3, 60-62 | 501.20
\ E |sex-3, s0-62 | 510.80
57X-3, 59-61 | 520.58
% G2 [(ms) (523.0)
S8X-3, 60-62 | 530.30
\ 50X-3, 62-64 | 539.62
(m5.2) (540.0)
&h _|sox-3, 6o-62 | s40.10
s |B1X-3, 60-62 | 558.60
§ wolffii | {m5.4) (568.0)
62X-3, 61-63 | 568.21
2% |gax-3, 58-60 | 577.98
= g 64X-3, B1-61 | 5B7.61
& | £ 2 |o5X-2,32-35 | 595.52 |22.04]22.78|
% &3 |6sx-2 60-62 | 595.80
66X-1,47-50 | 603.77 [22.96|23.41|
C.lofral66X-3, 58-58 | 606.88
66X-5,50-52 | 600.80 |23.16|23.54
67X-3,46-49 | 616.46 |26.61|25.88
(m8) (614.0)
67X-3, 83-65 | 616.63 FlmM P ? P
68X-3, 60-62 | 625.80 Flm P P P P ?
68X-3,50-53 | 625.70 |26.50 : i
% |eex-5,53-55 | 628.73 |27.07
2 |eex-3,51-54 | 635.41 |27.94
% 69X-3, 60-62 | B35.50
70X-1,53-55 | 642,13 |27.39
70X-3,54-56 | 645.14 |28.34|27.04]
70X-3, 62-64 | 645.22
71X-1,47-49 | 651.67 |28.22|26.97
§ |71x-3, 6263 | 654.82
~ |71X-5,61-54 | 857,71 2n.ssL2?‘aa|
72X-3,50-53 | 664.40 |30.21|28.31
72X-3, 57-58 | 664.47
73X-1,48-51 | 670.98 |20.69
73x%-3, 59-61 | 674.00
68X-3,50-54 | 625.70 |26.50

Notes: Dark shading indicates stratigraphic position of seismic reflectors; light shading indicates stratigraphic position of strontium isotope analyses. For explanation of symbols, see
“Methods" section.
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Table 2. Range chart for stratigraphically important radiolarian species in Holes 903C/D.

i = 5
Core, section, ] & £ | €
FPOCHEZONE interval = E ozl g '-i-g.!é_ 4 ségé ] z
b iz PREREHE B HE R EEH AR HEHEERE
Sanfilippo, Ao §: X §E§§§:-§§i355333,§5{§a§ g gggg:
1971,1978 r— =5 (23 “Eggagg%%%;‘gg%gggga ez§,é§§ HE
reflactors) Z (83|45 E§§§i§3§§gaég3E§§§§§§§EE§§8§?§
Gl Il B £18131313)3 §5§n§§§aa§ HHE BRI EIHMEE
C-12R-2, 60-62 692.20 R| P
(m2) (700.0) =
C-13R-3, 62-63 701.82 R| P 72 P
C-14R-3, 60-62 711.40 Al P
C-15R-3, 60-62 720.80 R| P P .
. |c-16R-3, s8-60 730.58 - =
s |c-17R-3, 58-60 740.38 R|P T - P |P
8 |c-18R-3, 61-63 749.24 R| P T P
£ |c-19R-3, 60-62 759.80 R M PPPP P P
& [c-20R.3, 57.59 768.18 R| P
% [c21R3, 60-62 778.68 F| P PP P 3
5 |c-22m-3, 6062 788.80 R| P R
S |p-3R-3, 60-62 797.80 R| P P
C-23R-3, 60-62 798.50 R| P P P P P
w C-23R-3,110-113 | 799.00 |13.50
D-4R-1,50-53 804.30 | 12.47
g D-4R-3,50-53 807.30 |12.47
= D-4R-3, 58-60 807.38
i (m3) (808.0 )
a D-5R-3, 60-62 815.91
=} D-6R-3, 61-63 826.71
= D-6R-5,52-55 829.62 |12.56|12.75
D-7R-3, 59-61 836.39
s |D-7R-3,61-63 836.41 |13.46|13.50|
5 |p8R-3, 60-62 846.00
o |(ma) (850.0)
S |p-9R-1,48-51 852.49
g D-9R-3, 61-63 855.61
D-10R-3, 60-62 865.30 |
E D-11R-3,48-51 874.78 |15.25|15.00]
S |p-11R-3, 60-62 B74.90
D-13R-3,49-52 | 894.19 |14.58|14.44
D-13R-3, 52-54 894.22
(m5) (900.0)
D-14R-1,55-57 | 900.75 | 16.56|16.26|
_|p-1aR-3,51-54 | 903.71 |16.32[16.01]
D-14R-3, 60-62 903.80
D-15R-1,50-53 | 910.20 |18.17|17.89|!
5 = |p-15R-3, 60-62 913.30
& |D-16R-1,55-58 | 919.75 |18.07]17.79]
8 8 [o-16R-2, 5961 920.79
8 |p-17R-1,56-58 | 929.36 |18.22|17.95|
_|p-17R-3, 5557 932.35
, |p-18R-3,65-68 | 942.05 |18.28[18.01|
u Sz [(m5.2) (940.0)
3 |p-18R-3, 75-77 942.15
§ 3 £ |c.39R-1,110-112 | 94s.70 |18.37
= C-39R-3, 58-60 952.18
] (m5.4) (960.0)
C-40R-3, 60-62 961.80
g : |C-41R-3, 61-63 971.11
|  |c-41R-3,111-114 | 971.61 [20.57
£ |p-19R-3,55-58 | 979.55 |22.21
2 |p.1gR-cc 986.60 |21.65
S [p-20R-3, 66-68 989.17
. |D-20R-4,53-55 | 990.53 |22.10
D-21R-3, 60-62 998.56
D-21R-4,55-57 | 1000.01 |22.17
G |p-21R-6,51-53 | 1003.01 |24.03
C-45R-1,110-113 | 1007.30 | 27.82| 26.69
C-45R-3, 60-62 1009.80
5 |(ms) (1010.0)
£ [p-24R-2,137-139 | 1028.17 | 28.20| 26.95|
D-24R-3, 22-24 | 1028.52
§ |o-2sR-1.56-58 | 1029.56 |20.63|27.92 :
S [c4ens, o2 1032.70
g |o-25R-3,56-58 | 1032.56 |28.60|27.22
2 |p-25R-5,54-56 | 1035.54 | 29.60|27.90
% |c4on-3, se-60 | 1037.37
=~ |c51R-3, 59-61 1056.71

Notes: See Table 1.

39



C. NIGRINI

Table 3. Range chart for stratigraphically important radiolarian species in Hole 904A.

— -
Core, section, @ =y = 2
EPOCHZONE interval §. g . E 3z «| 3 § 2 s e
= o & .!g.gg"ég-._% EE%;i s E&§§_= H
Riedel & ardd = E §§§g=§§§§ --gaézz-g-éé.éégaﬁ
Sanfilippo, 25| e% E 5323;_555-33;;3&‘1% ‘53’3=§§%
18711978 (seismic s'ggs E%‘gig‘z‘?!i .Eggltség:§§!5§g.s§
reflectors) % e |ws ggégg i?g Eégggtﬁg E%Eﬁg%‘;}
o ] -
LR EHEIF B EHEHHHERHHEEEHNHEE A HEEE R E
12H-2, 60-62 106.10 | P
(mo.7) (106.0)
12H-4, 60-62 109.10 R| P [
12H-4, 21-23 111.05 R| P P P P
13H-2, 60-62 113.10 FlM P P P P
13H-4, 60-62 116.10 A [PM P
13H-6, 60-62 119.10 R| M P P P
14H-2, 60-62 122.60 Al M ? w P
14H-4, 60-62 125.60 FlMm P P P
14H-6, B0-62 128.60 Flm + P P
15H-2, 60-62 132.10 R| P P
15H-4, 60-62 135.10 F| M P +
15H-6, 60-62 138.10 R|M ? P p
16H-2, B0-62 141.60 R| P P
16H-4, B0-62 144.60 R P P
16H-6, 60-62 147.60 R| P P P P
17H-2, 60-62 151.10 R P P P
17H-4, 60-82 154.10 R | PIM P P P
17H-6, 60-62 157.10 R M ? P P P
18H-2, 60-62 160.60 FlM ? P P P P P
18H-3,108-113 162.58 [11.80)12.11) | | i
18H-4, 55-57 163.55
~ |18H-8, BO-62 166.60
5 |1en.cc 167.70 | 12.96( 13.09
¢ |ion2 eo-e2 170.10
?a-_ 19H-3,110-115 172.10 | 12.92| 13.05)
S |19H-4, 60-62 173.10
2 |19H-6, 6o-62 176.10
S |20H-2, 60-62 179.60
% (m1) (180.3) =
20H-3,110-112 | 181.60 | 11.30| 11.70{
é 20H-4, 60-62 182.60
20H-8, 13-15 185.13
] 21H-1,110-112 | 188.10 | 11.57| 11.92
o] 21H-2, 60-62 189.10
= 21H-4, B0-62 192.10
21H-6, 60-62 195.10
22H-1,110-114 | 197.60 | 12.51| 12.71]
22H-2, B0-62 198.60
22H-4, 60-62 201.60
23H-1,110-114 | 204.12 [ 12.11|12.27]
23H-2, 60-62 205.10
23H-4, 60-62 208.10
23H-6, 60-62 211.10 F
24H-1,110-115 | 213.60 | 13.4 sl EEIED
24H-2, 60-62 214.60
24H-4, 60-62 217.60
(m2) (220.0)
24H-6, 60-62 220.60 - -
25X-2, 60-62 224.10 FlM P P P P P
25X-4, 60-62 227.10 FlMm -lP PP+ P 7 F P ?
25X%-6, 60-62 230.10 Fl M P P+ P F P

Notes: See Table 1.

ognize most of the tropical zones from the Lychnocanoma elongata
Zone in the upper Oligocene to the Diartus petterssoni Zone in the
middle Miocene. However, the boundaries between some zones are
not always precise. Zonal assignments have assumed that radiolarian
events on the New Jersey Margin are synchronous with those record-
ed in tropical sediments (but see “Comparison of Radiolarian Events”
section for notable exceptions). Stratigraphic determinations have
been aided by the identification of seismic reflectors (Mountain et al.,
this volume) and age data derived from analysis of mixed foraminifer
species for Srisotopes (Miller et al., this volume) at all three sites.

RADIOLARIANS AT EACH SITE
Hole 902D

Site 902 was drilled on the New Jersey continental margin 145 km
east-southeast of Barnegat Inlet, New Jersey, in a region of steeply
sloping topography and incised slope canyons. One sample per core
from Core 150-902D-18X through Core 150-902D-73X was exam-
ined for radiolarians. This interval ranges from upper Oligocene to
middle Miocene. Abundance and preservation of taxa are relatively
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Table 3 (continued).
Core, & X 8 o
EPOCHZONE Inie;ﬁm 2 g " sl3 é é S o
3| Z RN EEHHHARHEE HHEHEHEE
g o and 5| § HEEIRERE §§§§_3 HEHRHBEEEEHEFE
Sanfiippo, wamggag.?uifgqa H %Eg%.‘e R
1971,1978 (selsmic 28 2 ‘Eg‘%ig%%%g%%'i Ele R b |
reflectors) b %gﬁg §E§§§‘:§”§§§§§E g Egéég E&%E%%%
E [<®[<¢ ] : aﬁaégéibﬂﬁ‘ga SR g HHHE
26X-1,110-115 | 232.40 | 12.96] 13.09] } I
26X-2, 60-62 233.40 P
((m3) (235.0) A
L & [26X-4, 60-62 236.40
@ | § |26x-5110-115 | 238.40 | 12.96
3 | 2 |esxs 6062 239.40
s g 27%-2, 60-62 243.00
y 27X-3,110-115 | 245.00 | 15.98
2 § 27X-4, 58-60 245,98
S | § |27vs 6062 249.00
28X-1,110-115 | 251.40
28X-2, 60-62 252.40
b =~ 4 = 42BX-4, 60-62 | 255.40
28X-6,9-14 257.39 | 16.85
28X-6, 60-62 257.90
& |29%-2, 60-62 262.20
2 |29%-3,110-114 | 284.20 13.12417.34
g [eax -60 | 265.18
% |29%-6, 60-62 268.20
S = |sox-1,110-114 | 270.90 | 18.74
£ E |(ms.2) (272.0)
= 3 |30x-2, 60-62 271.90
Wl e |30x-4, 60-62 274.90
w1 8  |30X-5,110-114 276.90 | 20.18
g £ |30x-6, 60-62 277.90
z  [31x2, so0-62 281.60
31X-3,110-112 | 283.60
g 31X-4, 60-62 284.80
S . |31x-8, 60-62 287.60
£ |31X-6,110-115 | 286.10
£ |32x-2, 60-62 291.20
;E 32X-3,110-115 | 293.20
= |32X-4, 60-62 204.21
32X-6, 60-62 297.20
S @ [32X-6,110-115 297.70
3 |asx-1,110-115 | 299.90
£ |a3x-2, 60-62 300.90
1.4'1 33X-3,110-115 | 303.90
23.8 33X-4, 60-62 303.90
33X-6, 60-62 306.90
34%-1,110-115 308.50
(m6) (310.0)
34X-2, 60-62 310.50
& [39%-3.110-115 [ 312,50
34X-4, 60-62 313.50
g 34X-5,110-115 | 315.50
S |34x-8, 60-62 316.50
§ 35X-1,108-113 | 318.88
S |35x-2, 60-62 319.90
35X-4, 60-62 322.90
35X-5,108-113 | 324.88
3 35X-6, 60-62 325.90
36X-2, 60-62 329.30
36X-3,108-113 | 331.28
36X-4, 60-82 332.30
36X-5,108-113 | 334.28
36X-6, 60-62 335.30

good below Core 150-902D-50X and generally poor above that level.
Age data derived from 15 strontium isotope analyses are available
from Core 150-902D-65X through Core 150-902D-73X, and 10 seis-
mic reflectors have been recognized in the examined interval (Table
1.

The base of the D. antepenultima Zone is closely allied to the evo-
lutionary transition from Didymocyrtis laticonus to D. antepenulti-
ma. Although rare specimens of the descendant form were found in
the upper samples examined from Hole 902D, it is never dominant,
and 'so we must assume that Sample 150-902D-18X-3, 60-61 cm

(148.60 mbsf), is still within the Diartus petterssoni Zone and is mid-
dle Miocene. The base of the D. petterssoni Zone, defined by the first
morphotypic occurrence of D. petterssoni, can be placed between
Samples 150-902D-50X-3, 60—-62 cm (452.0 mbsf), and 150-902D-
51X-3, 61-62 cm (462.51 mbsf). Because of the absence of zonal
marker species, the boundaries between the lower Miocene zones
Dorcadospyris alata, Calocycletta costata, and Stichocorys wolffii
could not be recognized with any certainty. However, some events
within the zones indicate an appropriate zonal assignment for partic-
ular pairs of samples. For example, the upper limit of Didymocyrtis
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mammifera is known to occur within the D. alata Zone, and, there-
fore, Samples 150-902D-51X-3, 59-61 cm (462.51 mbsf), and 150-
902D-52X-3, 59-61 cm (472.19 mbsf), between which this event oc-
curs, can probably be assigned to the D. alata Zone. Similar argu-
ments have been applied in the placement of these boundaries on all
range charts in which the zonal markers are missing. Unfortunately,
this approach in Hole 902D gives some mixed signals, and the D.
alata and C. costata Zones cannot be distinguished. Because the low-
er to middle Miocene boundary lies at the base of the D. alata Zone,
it cannot be placed precisely in Hole 902D. The base of the S. wolffii
Zone, defined by the first occurrence of S. wolffii, apparently occurs
between Samples 150-902D-61X-3, 60-62 cm (558.60 mbsf), and
150-902D-62X-3, 61-63 cm (558.60 mbsf), but the first occurrence
of Didymocyrtis violina in Sample 150-902D-62X-3, 61-63 cm,
places this sample in the Stichocorys delmontensis Zone. Hence,
there appears to be a hiatus at this level, and the lower part of the S.
wolffii Zone and/or the upper part of the S. delmontensis Zone is
missing. Rare occurrences of Theocyrtis annosa suggest that the low-
er limit of the S. delmontensis Zone lies between Samples 150-902D-
65X-2, 60-62 cm (595.80 mbsf), and 150-902D-66X-3, 5859 cm
(606.88 mbsf). Several events associated with the Oligocene/Mio-
cene boundary occur between Samples 150-902D-66X-3, 58—59 cm
(606.88 mbsf), and 150-902D-67X-3, 63-65 cm (616.63 mbsf), sug-
gesting a hiatus, which can also be correlated with Reflector m6
(pink-3), between these samples. The remaining examined interval
lies within the L. elongata Zone.

Holes 903C and 903D

Site 903 was drilled on the New Jersey continental slope 4.4 km
upslope of Site 902 and is located 141 km east-southeast of Barnegat
Inlet, New Jersey. Samples from Holes 903C and 903D have been in-
terleaved to obtain a complete section ranging from upper Oligocene
to middle Miocene. Abundance and preservation are relatively good
between Cores 150-903D-4R and 150-903C-45R, but are poor above
and below this interval. Age data derived from 27 strontium isotope
analyses are available from Core 150-903C-23R through Core 150-
903D-25R, and seven seismic reflectors have been recognized in the
examined interval (Table 2).

The base of the middle Miocene D. petterssoni Zone occurs be-
tween Samples 150-903D-4R, 58-60 cm (807.38 mbsf), and 150-
903D-5R-3, 60—62 cm (815.91 mbsf). As in Hole 902D, zonal mark-
er species for the lower Miocene zones D. alata, C. costata, and S.
wolffii are absent, but other radiolarian events within the zones aid in
placement of certain sample pairs in particular zones. The last occur-
rence of both D. vielina and Eucyrtidium diaphanes is located be-
tween Samples 150-903D-14R-3, 60-62 cm (903.8 mbsf), and 150-
903D-15R-3, 60-62 cm (913.30 mbsf). Because the last occurrence
of D. violina usually occurs in the D. alata Zone and the last occur-
rence of E. diaphanes usually occurs in the C. costata Zone, the zonal
boundary has been tentatively placed at this level, but their co-occur-
rence suggests that there is a hiatus at this level. The base of the S.
wolffii Zone, which is defined by the first occurrence of S. wolffii, ap-
pears to be between Samples 150-903C-39R-3, 58-60 cm (952.18
mbst), and 150-903C-40R-3, 60—62 cm (961.80 mbsf), but the con-
comitant first appearance of S. delmontensis at this level suggests that
there is also some missing section at this level. The absence of T. an-
nosa prevents recognition of the base of the S. delmontensis Zone,
but the first occurrences of C. tetrapera and Cyrtocapsella cornuta in
Sample 150-903D-21R-3, 60-62 cm (998.56 mbsf), places this sam-
ple in the C. tetrapera Zone. The last occurrences of A. gracilis and
of Eucyrtidium sp. are also at this level. Co-occurrence of these four
events supports evidence from both nannofossil and Sr isotope
stratigraphy that there is a hiatus, coincident with seismic Reflector
m6 (pink-3) at this level. Samples below 150-903C-45R-3, 60—62 cm
(1009.80 mbsf), lie within the L. elongata Zone.
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Hole 904A

Site 904 was drilled on the New Jersey continental slope 7.8 km
downslope of Site 902 and 4.9 km upslope of Deep Sea Drilling
Project (DSDP) Site 612. Itis 141 km east-southeast of Barnegat In-
let, New Jersey. Three samples per core were examined from the in-
terval between Core 150-904A-12H and Core 150-904A-36X. No
age determination based on radiolarians could be made for the inter-
val above Core 150-904A-15H-6. Sample 150-904A-12H-2 is mid-
dle Miocene as far as one can tell from the taxa present and the oldest
sample examined is upper Oligocene. Age data derived from 29
strontium isotope analyses are available from Core 150-904A-18H
through Core 150-904A-36X, and five seismic reflectors have been
recognized in the examined interval (Table 3). Of the three sites ex-
amined for this report, Hole 904A contains the most complete se-
quence of radiolarian events.

Planktonic foraminifers and nannofossils indicate that sediments
above Reflector ml (Tuscan) are late Miocene (~8 Ma) in age,
whereas shipboard diatom and dinocyst interpretations place Cores
150-904A-19X and 150-904A-18X, at least, in the middle Miocene.
There is no radiolarian evidence to suggest that sediments above Re-
flector m1 (Tuscan) are upper Miocene, but the fauna is generally im-
poverished. The base of the middle Miocene D. petterssoni Zone oc-
curs between Samples 150-904A-25X-6, 60-62 cm (230.10 mbsf),
and 150-904A-26X-2, 60—62 cm (233.40 mbsf). Although the zonal
marker species are missing, it appears that the interval between Sam-
ples 150-904A-26X-2, 60-62 cm (233.40 mbsf), and 150-904A-
28X-4, 60-62 cm (255.40 mbsf), belongs to the D. alata Zone. The
base of this zone is considered to be coincident with the lower to mid-
dle Miocene boundary. The base of the S. wolffii Zone is between
Samples 150-904A-31X-4, 60-62 cm (284.60 mbsf), and 150-904A-
31X-6, 60—62 cm (287.60 mbsf), but the boundary between the C.
costata and S. wolffii Zones could not be determined. The last occur-
rence of 7. annosa places the base of the S. delmontensis Zone be-
tween Samples 150-904A-32X-4, 60-62 cm (294.21 mbsf), and 150-
904A-32X-6, 60—-62 cm (297.20 mbsf). As at the other sites exam-
ined, a number of events co-occur around the Oligocene/Miocene
boundary indicating a hiatus between Samples 150-33X-4, 60—62 cm
(300.90 mbsf), and 150-904A-33X-6, 60-62 cm (303.90 mbsf). Al-
though this hiatus is not discernible using Sr isotopes, it is marked by
the possible absence of Zone NN1 and a very thin Zone N4. Material
below this level belongs to the L. elongata Zone.

COMPARISON OF RADIOLARIAN EVENTS

Table 4 compares the order in which radiolarian events (morpho-
typic first and last occurrences) occur at the three sites. Hole 904A
was taken as the standard against which the other two sites were com-
pared, and events were then adjusted to minimize the number of out-
of-sequence events. The sequencing is remarkably consistent consid-
ering the nature of the material. Only the first occurrences of Litho-
pera neotera and Cyrtocapsella japonica in Hole 902D and Hole
904 A, respectively, are seriously out of order. L. neotera is very rare
in all sites, and so it is not surprising that its lower limit in Hole 902D
is not precise. C. japonica, on the other hand, is more abundant, and
one would expect to find it at lower levels in Hole 904A. Other out-
of-sequence events are only off by one sample (approximately 3 m),
which is not considered to be significant. The occurrence of several
events between the same pair of samples suggests a hiatus, but may
also reflect sample spacing and/or faunal preservation.

The order of events is, for the most part, consistent with the order
found in more tropical sediments (Nigrini, 1985). Minor discrepan-
cies can be attributed to the preservation state of the New Jersey Mar-
gin material. For instance, identification of Calocycletta virginis de-
pends upon observation of a complete specimen showing its terminal
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Table 4. Comparison of radiolarian events in Holes 902D, 903C/D, and 904A.

EPOCHZONE RADIOLARIAN 802D 903C/D 904A |AGE (Ma) (Hodell & Woodruff, 1994)
Riedel &
SEaanIippc. EVENT (mbsf) | (mbsf) | (mbsf) |Cande & Kentf Berggren et
1971,1978) 1992 al., 1985
B Didymocyrtis 242.00
'E‘ antepenultima 251,70
§ T Cyrtocapsella 367.20 749.24 176.10 11.79 11.48
= tetrapera 376.90 759.80 179.60
: T Cyrtocapsella 443.60 | 749.24 | 201.60 11.31 10.91
£ cornuta 452.90 759.80 205.10
w & |5 piartus 452.90 | 807.38 | 230.10
petterssoni 462.51 815.91 233.40
g T Didymocyrtis 462.51 230.10
= 0 mammifera 472.19 233.40
g S |e tithopera 1386.50 236.40 | 14.46 14.50
a neotera 396.20 239.40
= b B Phormostichoartus | 452,90 | 815.91 | 236.40
g corbula 826.71 | 239.40
% T Calocycletia B55.61 | 239.40
= virginis ; B65.30 | 243.00
8 B Didymocyrtis 462.51 865.30 249.00 13.78* 13.80"
: laticonus 472.19 874.90 252.40
E ‘E T Didymocyrtis 501.20 865.30 252.40
2w tubaria 510.80 874.90 255.40
\&\ & | T Didymocyrtis 520.59 | 903.80 | 255.40
('3 violina 5§30.30 913.30 257.80
g B Didymocyrtis 520.59 | 932.35 | 255.40
\ g mamimifera 530.30 94_2.1_5 257.90
% T Eucyrtidium 549.10 90380 255.40
\ e diaphanes 558.60 | 913.30 | 257.90
5 T Spongasteriscus 549.10 942.15 268.20
\ kS marylandicus 558.60 | 952.18 | 271.90
\ @ | B Stichocorys 558.60 | 952.18 | 284.60
N wolftii 568.21 | 961.80 | 287.60
B Didymocyrtis 568.21 952.18 284.60
violina 577.98 961.80 287.60
T Calocycletia 284.60
serrata 287.860
B Stichocorys 568.21 952.18 287.80 21.77 21.88
% delmontensis 577.98 | 961.80 | 291.20
& B Didymocyrtis 577.98 952.18 291.20
2 tubaria 587.61 961.80 294.21
é T Calocycletta 577.98 | 942,15 | 291.20
E robusta 587.61 | 95218 | 294.21
w » B Calocycietta 577.98 952.18 294.21 23.62*" 23.50""
i e virginis 587.61 | 961.80 | 297.20
g S s Cyrtocapsella 587.61 284.60
= | 8 japonica 595.80 287.60
© T Didymocyrtis 587.60 294.21 16.44 16.65
g | prismatica 595.80 297.20
= T Lychnocanoma 585.80 294.21 16.67 16.90
elongata 606.88 297.20
T Theocyrtis 595.80 294.21 22.42°" 22,93
606.88 297.20
T Eucyrtidium 606.88 998.56 300.90
A | sp. 616.63 | 1009.80 | 303.90
E @ | B Cyrtocapsella 606.88 998.56 303.90 23.63 23.51
Qg comnuta 616.63 | 1009.80 | 306.90
g % B Calocycletta 303.90
3> serrata 306.90
B Cyrtocapsella 606.88 | 998.56 303.90 23.62°" 23.50""
tetrapera 616.63 | 1009.80 | 306.90
T Artophormis 606.88 998.56 303.90 23.94 23.97
. gracilis 616.63 | 1009.80 | 306.90
2 | 5 [B tyehnocanoma 616.63 313.50 | 24.60 25.24
S ?g'a elongata 625.80 316.50
§ :é:"% B Eucyrtidium below 1037.37 | 325.90 23.94 23.97
0 diaphanes 674.09 1_056.?1 329.30
2 |8 cyrocapselia 625.8 | 1009.80 | 329.30
robusta__ 635.5 | 1028.52 | 332.30

Notes: T = last morphotypic occurrence; B = first morphotypic occurrence. Shaded boxes indicate out-of-sequence events. * = age from Johnson and Nigrini (1985); ** = age modified

by Sanfilippo and Nigrini (1995, in press).
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Table 5. Calculated maximum age range of radiolarian events in Hole 902D.

e RANGE OF TAXON STRONTIUM ISOTOPES RADIOLARIAN EVENT AGE
EVENT UPPER LIMIT | LOWER LIMIT| _AGE ABOVE (Ma) | AGE BELOW (Ma) | DEPTH ABOVE| DEPTHBELOW| EFOR MIN (Ma) MAX (Ma)
(mbsf) (mbst) | BKFVB5 | CK92 | BKFVB5 | CKe2 (mbsf) {mbsf} [+ or-Ma) | BKFVB5| CKe2 |BKFvE5| CKg2
(TIL ocanoma_elongata 595.80 606.88 22.04 22.78 22.96 23.41 595.52 603.77 1.00 21.07 | 21.80 | 24.31 | 24.65
| T | Theocyrtis annosa 585.80 606.88 22.04 22.78 22.96 23.41 595.52 603.77 1.00 21.07 | 21.80 | 24.31 | 24.65
| T | Eucyrtidium so, 606.88 616.63 23.16 | 23.54 | 26.61 | 25.88 609.80 616.46 1.00 20.65 | 21.51 | 27.70 | 26.94
B |Cyrtocapsalla comuta 606.88 616.63 23.16 23.54 26.61 25.88 £09.80 616.46 1.00 20.65 | 21.51 | 27.70 | 26.94 |
| B | Cal ta_serrata
,ﬁlgﬂqf—‘_qpssﬂa letrapera 606.88 616.63 23.16 23.54 26.61 25.88 609.80 616.46 1.00 20.65 | 21.51 | 27.70 | 26.94
Fl’_égm!g _gracilis 606.88 616.63 23.16 23.54 26.61 25.88 609.80 616.46 1.00 20.65 | 21.51 | 27.70 | 26.94
_Egll.mgmnm. afengata 616.63 625.80 26.61 25.88 25.50 | 25.80 616.46 625.70 1.00 25.61 | 24.88 | 27.50 | 26.80
£I Cyrtocapsella robusia 625.80 635.50 27.07 26.19 27.94 26.77 628.73 635.41 1.00 25.69 | 24.94 | 28.95 | 27.78
| B | Euveyrtidium_diaphanas

Notes: Ages based on the stratigraphic upper and lower limit of the event and an age derived from strontium isotope analyses (Miller et al., this volume) above and below that range.
BKFV85 = ages calculated using the GPTS of Berggren et al. (1985); CK92 = ages calculated using the GPTS of Cande and Kent (1992). T = last morphotypic occurrence; B =

first morphotypic occurrence.

feet. Specimens in the material described herein are often incom-
plete. There are, however, three major discrepancies. In tropical sed-
iments, the first occurrence of C. japonica is within the middle Mi-
ocene D. petterssoni Zone, whereas on the New Jersey Margin its
first occurrence is much older in the lower Miocene S. delmontensis
Zone. The last occurrences of Didymocyrtis prismatica and of L.
elongata in tropical sediments are within the upper lower Miocene C.
costata Zone, whereas on the New Jersey Margin they are somewhat
older, in the S. delmontensis Zone. Because other events around this
time are not out of order, these discrepancies cannot be attributed to
disruptions in sedimentation, but represent truly diachronous events.

ABSOLUTE AGE OF RADIOLARIAN EVENTS

By combining the radiolarian biostratigraphic determinations and
absolute ages derived from strontium isotope analyses at the three
sites, it has been possible to compare the ages obtained at these sites
with those previously established in other sectors of the world
oceans. The stated error bars for a single analysis (Miller et al., this
volume) for the Sr-derived ages are: 1.0 m.y. for ~38 to 22.8 Ma:
+0.6 m.y. for 22.8 to 15.6 Ma; and +1.4 m.y. for 15.2 to ~10 Ma. This
is the worst-case scenario; Miller and his co-workers have indicated
that their geological results suggest that smaller error bars may apply.
The data is presented using the time scale of Berggren et al. (1985)
and of Cande and Kent (1992). Tables 5-7 show the calculated age
range for the radiolarian events recognized in this study. In some cas-
es, where no age data is available, it has been possible to bracket the
event between events of a known age. In Figures 2 and 3, age ranges
have been plotted for each site along with ages derived from other
studies, principally those of Hodell and Woodruff (1994) and Sanfil-
ippo and Nigrini (1995; in press). The ages from Hodell and Wood-
ruff (1994) are based on strontium isotope derived ages for DSDP
Site 289 in the western tropical Pacific. Some of these ages were sub-
sequently modified by Sanfilippo and Nigrini (1995; in press) after
further examination of the radiolarian fauna at Site 289.

Oligocene to Lowermost Miocene
Strontium isotope data are available from all three sites in the Oli-

gocene to lowermost Miocene part of the section, and it is in this in-
terval that the radiolarian fauna is best preserved. Also, in this inter-
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val, we have the greatest confidence in the Sr isotope ages reported
by Hodell and Woodruff (1994), because the radiolarian events at
Site 289 were re-examined by Sanfilippo and Nigrini (1995; in press)
in the light of present-day species concepts and those concepts are ap-
plied herein. Consequently, the last occurrences of A. gracilis and T.
annosa (two sites only) and the first occurrences of L. elongata (two
sites only), C. cornuta, and C. tetrapera (Figs. 2, 3) all have overlap-
ping ranges and are consistent with the ages reported by Hodell and
Woodruff (1994). In the same interval, the first occurrence of Calo-
cycletta robusta and the last occurrence of Eucyrtidium sp. are inter-
nally consistent, although there are no Sr isotope age data available
for these events. For the first occurrences of Calocycletta serrata and
E. diaphanes strontium isotope data are available only from Hole
904A. There are no Sr isotope data for the C. serrata event and the
externally derived age for E. diaphanes is younger than that calculat-
ed in Hole 904A. The radiolarian data from Sites 902 and 903 suggest
that the first occurrence of E. diaphanes may be even older than that
calculated for Hole 904A. Hence, it may be that the first occurrence
of E. diaphanes is a diachronous event.

Lower Miocene

In this interval, there are strontium isotope determinations only
for Sites 903 and 904. The calculated age range (21.19 to 23.32 m.y.)
for the last occurrence of L. elongata overlap, but are vastly different
from the 16.44 m.y. reported by Hodell and Woodruff (1994). In fact,
the species is extremely rare in the New Jersey Margin material and
it is known to prefer warmer waters. Hence, its disappearance far be-
low the level of its tropical disappearance could be construed as a
slight cooling of the sea water at about 22 Ma. A similar discrepancy
can be noted in regard to the last occurrence of D. prismatica.

The next four events (first occurrences of C. virginis, Didymocyr-
tis tubaria, and S. delmontensis and last occurrence of C. robusta) do
not have overlapping ranges, but the Site 904 ranges coincide with
the Hodell and Woodruff (1994) age data for the first occurrences of
C. virginis and S. delmontensis. The presence of a hiatus associated
with seismic Reflector m5.4 at Site 903 may have produced errone-
ous radiolarian data with respect to the first occurrences, but does not
explain the discrepancy associated with the last occurrence.

Only Site 904 strontium isotope data are available for the first oc-
currence of C. japonica and the last occurrence of C. serraia. Al-
though there are no Sr isotope age determinations for the last occur-
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Table 6. Calculated maximum age range of radiolarian events in Holes 903C/D.

RANGE OF TAXON STRONTIUM ISOTOPES RADIOLARIAN EVENT AGE
RADIOLARIAN EVENT UPPERLIMIT | LOWERLIMIT| AGE ABOVE (Ma) | AGE BELOW (Ma) | pEPTH ABOVE| DEPTHBELOW|  EFROR MIN (Ma) MAX (Ma)
mbsf (mbsf) | BKFVBS | CK92 | BKFVBS | Ckg2 |  (mbsf) {mbsf) (+ or - Ma) | BKFV85| CK92 | BKFVE5| CK92
| T | Cyrtocapsella tetrapera —
T |Cyrtocapsella cornuta B
| B! Diartus petterssoni 807.38 815.91 12.47 | 12.67 | 1256 | 12.75 807.30 829.62 1.40 11.07 | 11.27 | 13.90 | 14.10
T | Didymocyrtis_mammifera
B |Lithopera neotera I N
B | Phormestichoartus _corbula 815.91 826.71 12.47 | 12.67 | 12.56 | 12.75 807.30 829.62 1.40 11.10 | 11.30 | 13.95 | 14.14
| T | Calocycletta_virginis 855.61 865.30 15.70 | 15.38 | 15.25 | 15.00 852.49 874.78 0.60 15.04 | 14.73 | 16.04 | 15.76
'A Didymocyrtis laticonus | B65.30 | 874.90 15.70 | 15.38 | 15.25 | 15.00 852.48 874.78 0.60 14.84 | 14.56 | 15.85 | 15.60
| T | Didymocyrtis_tubaria 865.30 874.90 15.70 | 15.38 | 15.25 | 15.00 | 852.49 874.78 0.60 14.84 | 14.56 | 15.85 | 15.60
| B | Didymocyrtis_mammifara 932.35 942.15 18.22 | 17.95 | 18.28 | 18.01 929.36 942.05 0.60 17.63 | 17.36 | 18.88 | 18.61
T | Eucyrtidium_diaphanes 903.80 913.30 16.32 | 16.01 | 18.17 | 17.89 903.71 910.20 0.60 15.75 | 15.44 | 19.65 | 19.39
| T|Spongasteriscus marylandicuy 942,15 | 952.18 18.28 | 18.01 18.37 | 18.09 942.05 949.70 060 | 17.68 | 17.41 | 19.00 | 18.72
_B| Stichocorys _wolffii 952.18 961.80 18.37 | 18.09 | 20.57 | 20.32 949.70 971.11 0.60 18.02 | 17.75 | 20.21 | 19.95 |
| 8| Didymocyriis_violina 952.18 961.80 18.37 | 18.09 | 20.57 | 20.32 949.70 971.11 0.60 18.02 | 17.75 | 20.21 | 19.95
T | Calocycletta_serrata
| B | Cyrtocapsella japonica | | e e e e
_B|Stichocorys_delmontensis 952.18 961.80 18.37 | 18.09 | 20.57 | 20.32 949.70 971.11 0.60 18.02 | 17.75 | 20.21 | 19.95
Blmg@ﬂm tubaria 952.18 961.80 18.37 | 18.09 | 20.57 | 20.32 949.70 971.11 0.60 18.02 | 17.75 | 20.21 | 19.95
T | Calocyclotta robusta 942,15 952.18 18.22 | 17.85 | 20.57 | 20.32 929.36 971.11 0.60 18.34 | 18.08 | 20.10 | 19.85
BlC letta_virginis 952.18 961.80 | 18.09 | 18.09 | 20,57 | 20.32 | 949.70 | 971.11 0.60 17.78 | 17.75 | 20.09 | 19.95
T | Diclym lis_prismatica
T | Lychnocanoma elongata
|
[T [ Theocyrtie annosa - S| ] Rk [
T | Ewcyrtidium so. 998.56 1009.80 | 24.08 | 24.13 | 27.82 | 26.69 1003.03 1007.30 1.00 19.06 | 20.45 | 31.04 | 29.19
B Cyrtocapsella comuta 998.56 1009.80 | 24.03 | 24.13 | 27.82 | 26.69 1003.03 1007.30 1.00 19.06 | 20.45 | 31.04 | 20.19
B |Cal ita serrata -
B|Cyrtocapsella tetrapera 998.56 1009.80 | 24.03 | 24.13 | 27.82 | 26.69 1003.03 1007.30 1.00 19.06 | 20.45 | 31.04 | 29.19
| T | Artophormis_gracilis 998.56 1009.80 | 24.03 | 24.13 | 27.82 | 26.69 1003.03 1007.30 1.00 19.06 | 20.45 | 31.04 | 29.19
B |Lychnocanoma elongata | B
B |Cyrtocapsella_robusta 1009.80 | 1028.52 | 27.82 | 26.69 | 28.20 | 26.95 | 1007.30 1028.17 1.00 26.87 | 25.72 | 29.21 | 27.95
iii_mzfﬁdium diaphanes
Notes: See Table 5.
rence of C. serrata, its stratigraphic position is consistent with other Middle Miocene

qualitative data. However, the first appearance of C. japonica is usu-
ally much younger, at the base of the D. petterssoni Zone, and it is
probable that this is a diachronous event.

In the remainder of the lower Miocene, the calculated ages for the
first occurrences of D. vielina, S. wolffii, and D. mammifera and the
last occurrences of Spongastericus marylandicus and E. diaphanes
are consistent (or nearly so) between the two sites.

The ages calculated for the middle Miocene radiolarian events are
either internally consistent between Sites 904 and 903 or have only a
single age determination. The ages reported by Hodell and Woodruff
(1994) for the first occurrences of L. neotera and D. perterssoni and
the last occurrences of C. cornuta and C. fetrapera are consistent
with the Leg 150 data. The Hodell and Woodruff (1994) age for the
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Table 7. Calculated maximum age range of radiolarian events in Hole 904A.

RANGE OF TAXON STRONTIUM ISOTOPES RADIOLARIAN EVENT AGE
RADIOLARIANEVENT | | jopem it | LowERLiMIT | AGE ABOVE (Ma) | AGE BELOW (Ma) |pepr DEPTHBELOW  EFFOR MIN (Ma) MAX (Ma)
(mbsf) (mbst) | BKFvB5 | CK29 | BKFvS5 | Ck29 (mbsf) _ I (mbst) | (+ or - Ma) |BKFV85| CK29 |BKFV85| CK29
T | Cyriocapsslia_tetrapera 176.10 | 179.60 12,92 | 13.06 | 11.57 | 11.92 172.10 188.10 1.40 11.18 | 11.37 | 13.89 | 13.92
T | Cyrtocapsella_comuta 201.60 205.10 1251 | 12,71 | 12,41 | 12.27 | 197.60 204.10 1.40 10.86 | 11.04 | 13.45 | 13.60 |
[ :mam-_s petterssoni 230.10 233.40 13.46 | 13.50 | 12.96 | 13.09 213.60 232.40 1.40 11.62 | 11.74 | 14.33 | 14.47
| T | Didymocyrtis_mammifera 230.10 233.40 | 13.46 | 13.50 | 12.96 | 13.09 213.60 232.40 1.40 11.62 | 11.74 | 14.33 | 14.47
'iuh_agm coters | 236.40 239.40 12.96 | 13.09 | 12.96 | 13.09 23240 | 23840 | 1.40 | 11.56 | 11.69 | 14.36 | 14.49
B Phermostichoartus corbula 236.40 239.40 12.96 | 13.09 | 1296 | 13.09 232.40 238.40 1.40 11.56 | 11.69 | 14.36 | 14.48
T/ Calocycietta_virginis 239.40 243.00 12.96 | 13.09 | 15.96 | 15.65 238.40 245.00 1.40 12.01 | 12,08 | 16.45 | 16.27
| & o s laticonus 249.00 252.40 15.06 | 1565 | 16.29 | 15.99 245.00 | 251.40 | 0.60 15.57 | 15.26 | 16.94 | 16.64
| T | Didymocyrtis_tubana 252.40 255.40 16.20 | 15.99 | 16.85 | 16.56 251.40 257.39 0.60 15.78 | 15.49 | 17.26 | 16.97
8| Didymocyrtis_mammifera | 255.40 257.90 16.29 | 15.99 | 16.85 | 16.56 251.40 257.39 0.60 16.06 | 15.77 | 17.50 | 17.21
T | Eveyrtidium disphanes | 255.40 257.90 16.29 | 1599 | 16.85 | 16.56 251.40 257.39 | 0.60 | 16.06 | 15.77 | 17.50 | 17.21 |
| T | Spongasteriscus marylandicus | 268.20 271.90 18.12 | 17.84 | 1B.74 | 18.47 264.20 270.90 0.60 17.89 | 17.62 | 19.43 | 19.16
| B |stichecorys _woltfii 284.60 | 287.60 | 20.00 | 19.75 | 21.55 | 21.31 283.80 288.10 0.60 19.74 | 19.50 | 21.98 | 21.74
'8 | Didymocynis_violina 284.60 287.60 | 20.00 | 19.75 | 21.55 | 21.31 283.60 288.10 0.60 19.74 | 19.50 | 21.98 | 21.74
T | Calocycletia sermata 284.60 287.60 20.00 | 19.75 | 21.55 | 21.31 283.60 288.10 0.60 19.74 | 19.50 | 21.98 | 21.74
B | Cyrtocapset japonica | 284.60 287.60 20.00 | 19.75 | 21.55 | 21.31 283.60 | 288.10 |  0.60 19.74 | 19.50 | 21.98 | 21.74
B Stichacorys deimontensis 287.60 291.20 2155 | 2131 | 21.48 | 21.24 288.10 283.20 0.60 20.96 | 20.72 | 22.11 | 21.87
Bl!DgE' mocyrtis_tubaria 201.20 294.21 21.55 | 21.31 | 21.48 | 21.24 288.10 293.20 0.60 20.91 | 20.67 | 22.07 | 21.83 |
|
T | Calocyclatta robusta 291.20 294.21 21,55 | 21.31 | 21.48 | 21.24 288.10 293.20 0.60 20.91 | 20.67 | 22.07 | 21.83 |
_a_ig_mggg__m 294.21 297.20 21.48 | 21.24 | 2288 | 22.66 293.20 297.70 0.60 21,19 | 20.96 | 23.32 | 23.10
;I'_:g_).l'_dyﬂp_oqrﬁg _prismatica 204.21 297.20 21.48 | 21.24 | 22.88 | 22.66 293.20 297.70 0.60 | 21.19 | 20.96 | 23.32 | 23.10 |
| T | Lychnocanoma elongata | 294.21 297.20 2148 | 21.24 | 22.88 | 22.66 293.20 | 29770 | 0.60 | 21.19 | 20.96 | 23.32 | 23.10
T | Theoeyrtis annosa 294.21 297.20 21.48 | 21.24 | 2288 | 22.66 293.20 297.70 0.60 21.19 | 20.96 | 23.32 | 23.10
T | Eueyrtidium sp. 300.90 303.90 22.66 | 22.34 | 2302 | 23.44 299.90 302.90 1.00 21.71 | 21.71 | 24.17 | 24.81
8 | Cyrtocapselia cornuta 303.90 306.90 23.02 | 23.44 | 24.05 | 24.14 302.90 309.50 | 1,00 | 22.18 | 22.55 | 24.64 | 24.86
| 8 | Calocycletta sorrata 303.90 306.90 23.02 | 2344 | 24.05 | 24.14 302.90 309.50 1.00 22.18 | 22.55 | 24.64 | 24.86
B | Cyrtocapsella tetrapera 303.90 306.90 23.02 | 2344 | 24.05 | 24.14 302.90 309.50 1.00 22.18 | 22.55 | 24.64 | 24.86
T | Artopharmis_gracifis | 303.90 306.90 23.02 | 23.44 | 2405 | 2414 | 302.90 | 309.50 | 1.00 22.18 | 22.55 | 24.64 | 24.86
| 8 | Lychnocanoma elongata 313.50 316.50 24.66 | 24.55 | 24.80 | 24.85 312.50 315.50 1.00 23.17 | 23.58 | 25.85 | 25.68
| B | Cyrtocapselia_robusta  329.30 | 332.30 | 26.27 | 25.64 | 26.19 | 26.27 | 324.88 331.28 1.00 25,21 | 25.08 | 27.18 | 27.37
| B | Eveyrtidium diaphanes 325.90 329.30 26.27 | 25.64 | 26.19 | 26.27 324.88 331.28 1.00 | 25.26 | 24.74 | 27.21 | 27.08

Notes: See Table 5.

first occurrence of D. laticonus is younger than the age determined
herein, but this could well be an identification problem since D. lati-
conus is part of an evolutionary sequence and is not always easy to
identify. On the other hand, it could represent a truly diachronous
event. The Site 904 age for the last occurrence of C. virginis is con-
sistent with that reported by Johnson and Nigrini (1985). There are
no external age data for the last occurrences of D. tubaria and D,
mammifera or the first occurrence of Phormostichoartus corbula.

SPECIES LIST AND TAXONOMIC NOTES

The following alphabetical list includes bibliographic references to all the
taxa recorded in this study, and some additional observations about the mor-
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phological limits applied to some species. Literature references include the
original description and my present concept of the species. One new form,
Eucyrtidium sp.. is described but not named.

Artophormis gracilis Riedel, 1959, p. 300, pl. 2, figs. 12-13. Riedel and San-
filippo, 1970, p. 532, pl. 13, fig. 6; 1971, pl. 3B, figs. 5-7, pl. 3B, figs. 5-
7,pl. 6, fig. 7.

Calocyeletta (Calocyelior) caepa Moore, 1972, p. 150, pl. 2, figs. 4-7.

Calocyclena (Calocyclissima) costata (Riedel). Calocyclas costata Riedel,
1959, p. 296, pl. 2, fig. 9. Calocycletta costara (Riedel), Riedel and San-
filippo, 1970, p. 535, pl. 14, fig. 12.

Calocycletta robusta Moore, 1971, p.743, p. 10, figs. 5-6.

Calocycletta (Calocyclopsis) serrata Moore, 1972, p. 148, pl. 2, figs. [-3.

Calocyeletta (Calocyclerta) virginis (Haeckel). Calocyclas (Calocvelenta)
virginis Haeckel, 1887, p. 1381, pl. 74, fig. 4; Riedel, 1959, p. 295, pl. 2,
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Figure 2. Vertical lines represent calculated age ranges (using Berggren et al., 1985) for radiolarian events in Holes 902D, 903C/D, and 904A, based on Sr-isotope analyses. Horizontal bars depict ages from
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other sources (see Table 4). T
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Figure 3, Vertical lines represent calculated age ranges (using Cande and Kent, 1992) for radiolarian events in Holes 902D, 903C/D, and 904 A, based on Sr-isotope analyses. Horizontal bars depict ages from

other sources (see Table 4). T = last morphotypic occurrence; B



fig. 8. Calocyclerta virginis Haeckel, Riedel, and Sanfilippo, 1970, p. 535,
pl. 14, fig. 10. This species (PL. 1, fig. 4) is distinctive, but can only be rec-
ognized unambiguously when the terminal lamellar feet can be seen.
Hence, in poorly preserved material, such as was found in Holes 903C/D,
it is an unreliable marker species.

Cyrtocapsella cornura (Haeckel). Cyrtocapsa (Cyrtocapsella) cornuta
Haeckel, 1887, p. 1513, pl. 78, fig. 9. Cyrtocapsella cornuta Haeckel,
Sanfilippo and Riedel, 1970, p. 453, pl. 1, figs. 19-20 (with synonymy).

Cyrtocapsella japonica (Nakaseko). Eusyringium japonicum Nakaseko,
1963, p. 193, pl. 4, figs. 1-3. Cyrtocapsella japonica (Nakaseko), Sanfil-
ippo and Riedel, 1970, p. 452, pl. 1, figs. 13—15. Forms encountered here-
in (PL. 1, fig. 3) are generally more robust than the tropical forms. The
morphotypic first occurrence of this species is much older than has been
reported previously.

Cyrtocapsella tetrapera (Haeckel). Cyrtocapsa (Cyriocapsella) tetrapera
Haeckel, 1887, p. 1512, pl. 78, fig. 5. Cyrtocapsella tetrapera Haeckel,
Sanfilippo and Riedel, 1970, p. 453, pl. 1, figs. 16-18 (with synonymy).

Diartus petterssoni (Riedel and Sanfilippo). Cannartus (7) petterssoni condi-
tional manuscript name proposed in Riedel and Funnell, 1964, p. 310;
Riedel and Sanfilippo, 1970, p. 520, pl. 14, fig. 3. Diartus petterssoni
(Riedel and Sanfilippo), Sanfilippo and Riedel, 1980, p. 1010.

Didymocyrtis antepenultima (Riedel and Sanfilippo). Panarium antepenulti-
mum conditional manuscript name proposed by Riedel and Funnell, 1964,
p. 311. Ommatartus antepenultimus Riedel and Sanfilippo, 1970, p. 521,
pl. 14, fig. 4. Didymocyrtis antepenultima (Riedel and Sanfilippo), Sanfil-
ippo and Riedel, 1980, p. 1010.

Didymocyrtis (7) bassanii (Carnevale). Cannartidium bassanii in Carnevale,
1908, p. 21, pl. 3, fig. 12. Didymocyrtis (?) bassanii (Carnevale), Sanfil-
ippo and Riedel, 1980, p. 1011.

Didymocyrtis laticonus (Riedel). Cannartus laticonus Riedel, 1959, p. 291,
pl. 1, fig. 5. Didymocyrtis laticonus (Riedel), Sanfilippo and Riedel, 1980,
p.1010.

Didymocyrtis mammifera (Haeckel). Cannartidium mammiferum Haeckel,
1887, p. 375, pl. 39, fig. 16. Cannartus mammiferus (Haeckel), Riedel,
1959, p. 291, pl. 1, fig. 4. Cannartus mammifer (Haeckel), Sanfilippo et
al., 1973, p. 216, pl. 1, fig. 7. Didymocyrtis mammifera (Haeckel), Sanfil-
ippo and Riedel, 1980, p. 1010.

Didymocyrtis prismatica (Haeckel). Pipertella prismatica Haeckel, 1887, p.
305, pl. 39, fig. 6; Riedel, 1959, p. 287, pl. 1, fig. 1. Cannartus prismaticus
(Haeckel), Riedel and Sanfilippo, 1970, pl. 15, fig. 1. Didymocyrtis pris-
matica (Haeckel), Sanfilippo and Riedel, 1980, p. 1010.

Didymocyrtis tubaria (Haeckel). Pipettaria tubaria Haeckel, 1887, p. 339, pl.
39, fig. 15. Cannartus wbarius (Haeckel), Riedel, 1959, p. 289, pl. 1, fig.
2. Didymocyrtis tubaria (Haeckel), Sanfilippo and Riedel, 1980, p. 1010.

Didymocyrtis violina (Haeckel). Cannartus vielina Haeckel, 1887, p. 358, pl.
39, fig. 10; Riedel, 1959, p. 290, pl. 1, fig. 3 (with synonymy). Didymocyr-
tis violina (Haeckel), Sanfilippo and Riedel, 1980, p. 1010.

Dorcadospyris ateuchus (Ehrenberg). Ceratospyris ateuchus Ehrenberg
1873, pl. 218; 1875, pl. 21, fig. 4D. Dorcadospyris ateuchus (Ehrenberg),
Riedel and Sanfilippo, 1970, p. 523, pl. 15, fig. 4. Dorcadospyris (?) or
Petalospyris (?) ateuchus (Ehrenberg), Petrushevskaya and Kozlova,
1972, p. 532.

Dorcadospyris dentata Haeckel, 1887, p. 1040, pl. 85, fig. 6; Riedel, 1957, p.
79, pl. 1, fig. 4; Riedel and Sanfilippo, 1971, pl. 2D, figs. 2-3.

Eucyrtidium diaphanes Sanfilippo and Riedel. Calocyclas coronata Carnev-
ale, 1908, p. 33, pl. 4, fig. 24 (non Eucyrtidium coronatum Ehrenberg,
1873). Eucyrtidium diaphanes Sanfilippo and Riedel, Sanfilippo et al.,
1973, p. 221, pl. 5, figs. 12—-14 (new name). A single row of enlarged
pores on the proximal part of the abdomen is characteristic of this species
(P1. 1, fig. 10). However, these pores, the thoracic pores, and the rest of
the abdominal pores are more irregular in size and arrangement in middle
latitude forms than they are in low latitude specimens.

Eucyrtidium sp.
(PL 1, Figs. 7-9)

Description: Multisegmented form with up to 6 segments, approximately
conical in outline. Shell wall heavy. Simple cephalis, poreless, hyaline with
apical spine free within cephalis and projecting as a short cylindrical apical
hom. Collar and subsequent strictures distinct. Thorax and subsequent seg-
ments inflated, increasing in breadth distally. Pores subcircular, in longitudi-
nal rows on the thorax and abdomen, but becoming irregular in size and
arrangement distally. Termination ragged. In some specimens the final seg-
ment is constricted distally.

RADIOLARIAN BIOSTRATIGRAPHY OF SITES 902, 903, AND 904

Dimensions (based on 10 specimens): Length: cephalis 25-30 pm; thorax
30-35 pm; abdomen 43—55 pm; maximum 195-265 pm, Breadth: cephalis 25—
30 pm; thorax 55-70 pm; abdomen 87—112 pm; maximum 105-133 ym.

Remarks: It is possible that this form is the ancestor of Stichocorys del-
montensis.

Lithopera (Lithopera) neotera Sanfilippo and Riedel, 1970, p. 454, pl. 1, figs.
24-26, 28.

Lychnocanoma elongata (Vinassa de Regny). Tetrahedrina elongata Vinassa
de Regny, 1900, p. 243, pl. 2, fig. 31. Lychnocanium bipes Riedel, 1959,
p. 294, pl. 2, figs. 5-6. Lychnocanoma elongata (Vinassa de Regny), San-
filippo et al., 1973, p. 221, pl. 5. figs. 19-20 (with synonymy).

Phormostichoartus corbula (Harting). Lithocampe corbula Harting, 1863, p.
12, pl. 1, fig. 21. Phormostichoartus corbula (Harting), Nigrini, 1977, p.
252, pl. 1, fig. 10 (with synonymy).

Spongasteriscus marylandicus Martin. Spongasteriscus marylandicus Mar-
tin, 1904, p. 453, pl. 130, fig. 10; Palmer, 1986, p. 28, pl. 1, fig. 2. This
form (PL. 1, figs 1-2) is distinctive even in poorly preserved material and
is a useful lower Miocene stratigraphic marker species.

Stichocorys delmontensis (Campbell and Clark). Eucyrtidium delmontense
Campbell and Clark, 1944, p. 56, pl. 7, figs. 19-20. Stichocorys delmon-
tensis (Campbell and Clark), Sanfilippo and Riedel, 1970, p. 451, pl. 1,
fig. 9 (with synonymy). Forms encountered herein (PL. 1, figs. 5-6) al-
ways have heavier shell walls than the typical tropical specimens. The
specimen figured in Plate 1, figure 6, is an early form in which the abdo-
men is shorter, difference in breadth between the third and subsequent
segments is less pronounced, and the abdominal pores are irregular.

Stichocorys wolffii Haeckel, 1887, p. 1479, pl. 80, fig. 10; Riedel, 1957, p. 92,
pl. 4, figs. 6-7.

Theocorys spongoconus Kling, 1971, p. 1087, pl. 5, fig. 6.

Theocyrtis annosa (Riedel). Phormocyrtis annosa Riedel, 1959, p. 295, pl. 2,
fig. 7. Theocyrtis annosa (Riedel), Riedel and Sanfilippo, 1970, p. 535.

Tristvlospyris triceros (Ehrenberg). Ceratospyris triceros Ehrenberg, 1873, p.
220; 1875, pl. 21, fig. 5. Tristylospyris triceros (Ehrenberg), Haeckel,
1887, p. 1033; Riedel, 1959, p. 292, pl. 1, figs. 7-8.

SUMMARY

Analysis of the radiolarian fauna in three sites (902, 903, and 904)
drilled on the New Jersey Margin has resulted in the placement of 31
biostratigraphic “events” (morphotypic first and last occurrences)
ranging in age from the late Oligocene to the middle Miocene. For the
most part, the standard tropical radiolarian zonation of Riedel and
Sanfilippo (1971, 1978) could be applied, despite the lack of zonal
markers in much of the lower Miocene section. The radiolarian
“events” could be placed in the context of absolute ages derived from
strontium isotope analyses of mixed foraminifer species to give an
age range for each event. Comparison of these age ranges with those
determined in other parts of the world ocean shows that most of the
events are globally synchronous within the error limits of the age and
stratigraphic data. However, three events show marked diachrony.
The last occurrences of L. elongata and D, prismatica and the first oc-
currence of C. japonica are all much older in the New Jersey Margin
material. Because L. elongata is known to prefer warmer waters, its
premature extinction in this area suggests cooling of at least the local
water mass at about 20 Ma,
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Plate 1. All figures X275 unless otherwise noted. 1. Spongasteriscus marylandicus Martin. Sample 150-904A-33X-6. R-V17/1, X195. 2. Spongasteriscus mary-
landicus Martin showing details of central structure. Sample 150-904A-33X-6, 60—62 cm, R-V17/1. 3. Cyrtocapsella japonica (Nakaseko) showing more
robust form typical of the studied area. Sample 150-902D-36X-3, 6062 cm, V41/0. 4. Calocycletta (Calocycletta) virginis (Haeckel) showing diagnostic termi-
nal feet. Sample 150-904A-31X-6, 66—62 cm, P31/0. 5. Stichocorys delmontensis (Campbell and Clark). Sample 150-904A-15H-6, 60-62 cm, M31/0. 6. Sti-
chocorys delmontensis (Campbell and Clark). Early form in which the abdomen is generally shorter, difference in breadth between the third and subsequent
segments is not as pronounced, and the abdominal pores are irregularly arranged. Sample 150-904A-31X-6, 60-62 cm, B-L24/3. 7. Eucyrtidium sp., focused on
abdominal and post-abdominal pores. Sample 150-904A-33X-6, R-V17/1. 8. Eucyrtidium sp.. focused on apical horn. Sample 150-904A-33X-6, R-V17/1. 9.
Eucyrtidium sp., Sample 150-904A-34X-2, F34/1. 10. Eucyrtidium diaphanes Sanfilippo and Riedel, Sample 150-904A-36X-6, 60-62 cm, Q26/2.
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