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9. EOCENE TO PLEISTOCENE CLAY MINERAL SEDIMENTATION OFF NEW JERSEY,

WESTERN NORTH ATLANTIC (SITES 903 AND 905)"

J.F. Deconinck? and P. Vanderaveroet?

ABSTRACT

The clay fraction of sediments drilled at Sites 903 and 905 is composed of variable proportions of chlorite, illite, random
mixed layers (including illite-smectite and illite-vermiculite), smectite, and kaolinite. The coincidence of major changes in clay
mineralogy with increasing values of oxygen isolopes suggests a dominant climatic control of the clay sedimentation. At Site
903, we distinguish four intervals (Eocene, upper Oligocene—middle Miocene, middle Miocene—upper Miocene, and Pleis-
tocene) characterized by distinct clay assemblages.

The Eocene clay sedimentation is dominated largely by land-derived smectites, except close to a microtektites layer, where
smectites probably formed by submarine alteration of glass. Across the major unconformity separating the Eocene chalks from
Oligocene-Miocene siliciclastic sediments, the sharp increase in illite and kaolinite reflects the active erosion of the Appala-
chians Highlands. Sea-level lowering associated with Cenozoic global cooling seems to be responsible for the reworking of
these minerals. Kaolinite was probably reworked from ancient rocks and from alterations. The step-by-step increase of both
clay minerals lasted until the middle Miocene. The highest percentages of kaolinite from that time also indicate increasing
humidity on land.

During the late middle Miocene and late Miocene, illite still increased, but kaolinite decreased. This major change in clay
mineralogy probably resulted from the combination of a glacioeustatic event previously documented by 8'%0 data and the ero-
sion of uplifted crystalline terrains in the Appalachians. The Pleistocene clay sedimentation is characterized by abundant chlo-
rite and illite resulting from the mechanical erosion of crystalline rocks outcropping in northern areas (e.g., Canadian Shield).

A similar trend is recorded at Site 905, but in comparison with sediments from the upper slope (Site 903), sediments depos-
ited on the upper rise are significantly enriched with illite-smectite mixed layers over either illite and kaolinite. This difference
results from the combination of differential settling processes of clay minerals and from the north-south circulation of bottom

water carrying suspended clays to the region from sources farther north.

INTRODUCTION: PREVIOUS CLAY MINERAL
DATA IN THE WESTERN NORTH ATLANTIC

During Leg 150 of the Ocean Drilling Program (ODP), holes were
drilled at five sites, Sites 902, 903, 904, and 906 are located on the
slope off New Jersey and Site 905 is on the upper rise (Fig. 1). The
upper Oligocene through Pleistocene sediments deposited on the pas-
sive continental margin off New Jersey are composed dominantly of
clays, silty clays, and clayey silts lying above Eocene nannofossil
clayey chalks (Shipboard Scientific Party, 1994a, 1994b, 1994c,
1994¢). Most terrigenous particles were brought to the New Jersey
Margin by rivers crossing the Appalachian Highlands (Poag and
Sevon, 1989; Poag, 1992). After deposition, they were redistributed
on the continental margin by oceanic currents, submarine slumping,
and turbidity currents through canyons cutting the continental shelf
and slope.

Numerous clay mineral data have been reported for Cenozoic sed-
iments deposited in deep-sea basins and abyssal plains from the west-
ern North Atlantic (Rothe and Tucholke, 1981; Rothe, 1989), but lim-
ited clay mineral data are available for sediments deposited on the
rise and slope. Some clay mineral analyses have been performed on
Cenozoic sediments drilled during Deep Sea Drilling Project (DSDP)
Leg 93 on the upper rise (Sites 604 and 605) (Dunn et al., 1987), but
most clay mineral data are from sediments deposited in deeper envi-
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ronments, on the lower continental rise (DSDP Leg 44, Site 388;
Flood, 1978), in the Cape Hatteras basin (DSDP Leg 11, Site 105), in
the Labrador Sea (ODP Leg 105, Site 646; Cremer et al., 1989), and
in the Baffin Bay (ODP Leg 105, Site 645; Thiébault et al., 1989;
Thiébault and Cremer, 1990).

The aim of this study is (1) to document variations in the nature
and composition of clay mineral assemblages brought from the North
American continent to the New Jersey Margin, and (2) to identify
environmental changes from the Eocene to the Pleistocene. In the
proximal rise and slope areas, the composition of clay mineral assem-
blages should be more sensitive to climatic, tectonic, and sea-level
fluctuations than in distal oceanic basins where they were studied
previously.

Pleistocene

At Sites 604 and 605 drilled on the upper rise (Fig. 1), the clay
fraction of the Pleistocene sediments is composed dominantly of illite
(average quantity, 60%), with chlorite (23%) and kaolinite (17%).
Smectite occurs sporadically (Dunn et al., 1987). On the lower rise,
Pleistocene sediments are also rich in illite (mica) occurring together
with chlorite and kaolinite (Flood, 1978). In deeper environments of
the western North Atlantic, chlorite and illite are generally the dom-
inant minerals of Pleistocene sediments at DSDP Sites 388 and 391
(Pastouret et al., 1978), 105 (Chamley et al., 1980), and 534 (Cham-
ley et al., 1983). In recent sediments deposited on the continental
margin of the East Coast of the United States, Hathaway (1972) dis-
tinguished a northern assemblage composed dominantly of chlorite,
illite, amphibole, and feldspars and a southern assemblage composed
dominantly of kaolinite and smectite.

147



J.F. DECONINCK, P. VANDERAVEROET

Vs 76° 75°

Baltimora Canyon

74° 73° 72°W
5141°N

39°

Wilmington Canyon

100 1kl1’|

|

Figure 1. Location of Leg 150 sites and most of the DSDP sites drilled in the western North Atlantic.

Miocene and Eocene

The clay fraction of Miocene sediments is composed of illite and
kaolinite at Site 604 on the upper rise (Dunn et al., 1987). On the low-
errise, illite is the dominant clay mineral with smectite, kaolinite, and
chlorite in late to middle Miocene age clays and silty clays (Flood,
1978). In the deep-sea basins and abyssal plains of the western North
Allantic, smectite is usually the dominant clay mineral occurring
commonly with small amounts of illite, kaolinite, and fibrous clays,
including palygorskite and sepiolite.

Middle Eocene sediments were drilled at Site 605 on the upper
rise. Clay minerals comprise smectite, illite, and kaolinite (Dunn et
al., 1987). In deeper environments, smectites are the dominant clay
minerals in the western Atlantic Ocean (Rothe, 1989).

METHODS

The clay mineral associations were identified using X-ray diffrac-
tion (XRD) on oriented mounts. Defloculation of clays was done by
successive washing with distilled water after decarbonation of the
crushed rock with 0.2 N HCI. The clay fraction (particles < 2 ym) was
separated by sedimentation and centrifugation (Brown and Brindley,
1980; Holtzapffel, 1985). XRD diagrams were obtained using a Phil-
ips PW 1730 diffractometer with CuKo radiation and Ni filter. A
tube voltage of 40 kV and a tube current of 25 mA were used. Three
XRD analyses were performed, after samples were air-dried, ethyl-
ene-glycol-solvated, and heated at 490°C for 2 hr. The goniometer
scanned from 2.5° to 28.5° 26 for air-dried, glycol-solvated condi-
tions and from 2.5 to 14.5° 26 for heated conditions. The identifica-

148

tion of clay minerals was made according to the position of the (001)
series of basal reflections on the three XRD diagrams (Brown and
Brindley, 1980; Reynolds, 1980; Moore and Reynolds, 1989). Semi-
quantitative estimates are based on the intensity and on the area of the
main diffraction peak of each clay mineral (Holtzapffel, 1985). The
percentages of smectite layers in illite/smectite mixed layers (I/S) are
estimated by measuring the “saddle index™ (Inoue et al., 1989).

In addition, clay minerals were observed by transmission electron
microscopy (TEM) using a JEOL 100 CX to identify the possible oc-
currence of traces of palygorskite and to determine the shape and size
of clay particles.

RESULTS
Site 903

Two-hundred ninety-five samples from Site 903 were X-rayed.
The clay mineral assemblages identified are composed of dominant
illite, kaolinite, and smectitic minerals, including smectite and ran-
domly interstratified illite/smectite minerals. Chlorite abundance is
very low (5%) throughout the section, but increases sharply in Pleis-
tocene sediments (Fig. 2). Four distinct clay mineral zones (CMZ)
were identified according to (1) the appearance or disappearance of
clay species and (2) the behavior of relative percentages of clay min-
erals. They are considered in the stratigraphic order.

CMZ 1V

Clay Mineral Zone IV coincides with lithological Unit VII, an
Eocene, heavily bioturbated nannofossil clayey chalk that becomes
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Figure 2. Clay mineralalogy and clay mineral zones (CMZ) of sediments drilled at Site 903. I/S = random illite-smectite mixed layers, I/V = random illite-vermiculite mixed layers.
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Figure 3. A-D. Typical X-ray diffractograms (glycolated) from the four clay mineral zones identified at Site 903. I/S = random illite-smectite mixed-layers,
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Table 1. X-ray diffractometry mineralogical results (CMZ IV), Site 903.

Core, section, Depth Ilite /s Kaolinite  Quartz Saddle
interval (cm) (mbsf) (%) (%) (%) (%) Opal-CT index
150-903C-

51R-5, 4748 1059.6 9 85 6 + + 0.370
51R-6, 50-52 1061.1 7 91 2 + + 0.301
S1R-7,49-51 1062.6 28 72 0 + + 0.864
S53R-1, 50-52 1074.3 5 92 3 + + 0.205
53R-2, 50-52 1075.8 6 92 2 + + 0.222
53R-3, 50-52 1077.3 4 95 1 + + 0.165
53R-4, 50-52 1078.8 4 95 1 + + 0.159
53R-5, 50-52 1080.3 4 95 1 + + 0.167
54R-1, 50-52 1083.9 4 95 | + + 0.167
54R-3, 49-51 1086.9 5 93 2 + + 0.301
54R-5, 49-51 1089.9 6 92 2 * + 0.212
S5R-1, 50-51 1093.3 5 93 2 + + 0.220
55R-4, 50-52 1097.8 3 95 2 + + 0.182
55R-5, 139-140 1100.2 5 94 1 + + 0.204
56R-1, 49-51 1102.8 4 96 0 + + 0.187
56R-3, 49-51 1105.2 4 96 0 + + 0.189
56R-5, 49-51 1108.2 5 95 0 + + 0.347
56R-7,49-51 1111.2 8 88 4 + + (.300
57R-1, 50-52 1112.0 5 90 5 * + 0.261
57R-3, 50-52 1115.0 4 93 3 + + 0.232
58R-2, 54-56 1121.8 5 93 2 + + 0.255
58R-3, 43-45 1123.2 4 94 2 + + 0.238
58R-4, 52-54 1124.8 7 91 2 + ++ 0.309
58R-5, 49-51 1126.3 5 93 2 + ++ 0.285
58R-6, 48-50 1127.7 8 89 3 + ++ 0418
58R-7, 50-52 11293 6 93 1 + ++ L3118
58R-8, 47-50 1130.7 8 92 0 + ++ 0414
S9R-2, 52-54 1131.5 10 90 0 + ++ 0.458
60R-4, 4749 1143.8 5 95 0 + + 0.257

Note: Results for quartz and opal-CT are reported as rare (+) or common (++).

lllite

Kaolinite

R-4

Quartz

Opal -CT

14 10

7 5

3 (A

CMZII
lliite

Sample 150-903A-61X3.-50-52 cm

Kaolinite

Kaolinite

14 10

7 5

I/V = random illite-vermiculite mixed layers, Amph. = amphibole

150

3 (A

Intensity (CPS) X 102

Intensity (CPS) X 102

10

CMZ il

Sample 150-903C-34R-1. 48-49 cm

Kaolinite

Quartz
Kaolinite +lllite

14 10 7 5 3 A
D
CcMZ| 1 -38X3: 102-104 cm
Quartz
Chlorite +lllite
: Chilorite
lliite Feldspar
~ Chiorite
IS
(v f|AmEh
14 10 7 5 3 (A



CLAY MINERAL SEDIMENTATION OFF NEW JERSEY

Table 2. X-ray diffractometry mineralogical results (CMZ III), Site 903.

Core, section, Depth Chlorite [lite /s Kaolinite Saddle
interval (cm) (mbsf) (%) (%) (56) (%) Quartz Opal-CT  index
150-903C-
17R-2, 50-52 738.80 2 37 15 46 ++ 0.857
17R-3, 50-52 740.30 2 41 10 47 ++ 0.897
17R-4, 50-52 741.80 0 42 14 44 ++ 0.933
17R-5, 49-51 743.29 2 42 12 A + 0.872
18R-1, 4042 746.90 2 41 12 45 ++ 0.905
18R-2, 50-52 747.63 0 43 12 45 ++ 0.902
18R-3, 50-52 749.13 2 37 13 48 ++ 0.891
18R-4, 50-52 750.63 2 43 12 43 ++ 0.915
19R-1, 50-52 756.70 0 13 17 50 ++ 0.830
19R-2, 50-52 758.20 2 36 22 40 ++ 0.894
19R-3, 51-53 759.71 2 32 31 35 ++ 0.800
19R-4, 51-53 761.21 2 31 3l 36 ++ 0.812
19R-5, 51-53 762.21 2 30 23 45 ++ 0.528
20R-2, 50-52 766.61 5 29 20 37 ++ 0.875
20R-3, 50-52 768.11 7 29 34 35 ++ 0.864
20R-4, 50-52 769.61 0 34 22 44 ++ 0.857
20R-5, 48-50 771.09 2 30 31 37 4 0.823
20R-6, 50-52 772.61 2 28 28 42 ++ 0.845
20R-7, 50-52 774.11 0 26 35 39 ++ 0.835
21R-1, 50-52 776.00 2 29 26 43 ++ 0.850
21R-2, 50-52 777.08 2 28 38 32 ++ 0.779
21R-3, 50-52 T78.58 0 29 34 37 ++ 0.810
21R-4, 50-52 780.08 2 28 37 33 ++ 0.826
21R-5, 50-52 781.58 2 27 40 31 ++ 0.842
21R-6, 50-52 783.08 Z 24 40 34 ++ 0.819
21R-7, 50-52 784.58 2 3l 30 37 ++ 0.860
22R-1, 50-52 785.70 2, 32 28 38 ++ 0.810
22R-2, 50-52 787.20 2 30 29 39 ++ 0.884
22R-3, 50-52 788.70 2 30 28 40 ++ 0.847
22R-4, 50-52 790.20 2 29 32 37 + 0,794
22R-5, 50-52 791.70 2 28 32 38 ++ 0.829
22R-6, 50-52 793.20 2 28 27 43 ++ 0.859
23R-1, 50-52 795.40 2 32 33 33 ++ 0.865
23R-2, 50-52 796.90 2 30 29 39 ++ 0.856
23R-3, 50-52 798.40 2 3l 36 31 ++ 0.809
23R-4, 26-28 799.66 2 29 Ell 38 ++ 0.881
23R-5, 50-52 801.40 2 29 35 34 ++ 0.852
23R-6, 50-52 802.90 2 32 31 35 ++ 0.866
25R-1, 19-21 813.99 5 32 35 28 ++ 0.843
25R-2, 59-61 815.89 3z 30 36 32 ++ 0.784
27R-1, 112-114 834.22 0 17 44 39 ++ 0.707
28R-1,99-101 843.69 2 26 44 28 ++ 0.823
28R-2, 100-102 845.20 2 32 35 31 ++ 0.867
29R-1, 49-51 852.89 2 21 52 25 ++ 0.833
29R-2, 50-52 854.40 2 27 44 27 ++ 0.805
29R-3, 130-132 856.70 2 25 47 26 ++ .846
29R-5, 86-88 859.26 2 22 46 30 ++ 0.728
31R-1,49-51 872.19 2 21 35 42 ++ 0918
31R-2, 97-99 874.17 0 23 48 29 ++ 0.853
32R-1, 50-52 881.90 2 23 42 33 ++ 0.871
32R-2, 50-52 B883.40 2 21 44 33 ++ 0.823
32R-3, 83-85 885.23 2 25 41 32 Eag 0.882
33R1, 49-51 891.59 2 23 48 27 ++ 0.837
33R-2, 49-51 893.09 2 23 45 30 ++ 0.794
33R-3, 49-51 894.59 2 24 37 37 ++ 0.857
33R—4, 49-51 896.09 2 23 38 37 4 0.871
33R-5, 49-51 897.59 0 22 47 31 ++ 0.887
33R-6, 49-51 899 09 0 21 45 34 ++ 0.871
34R-1,48-49 901.18 2 21 51 26 ++ 0775
34R-2,48-49 902.68 0 22 53 25 ++ 0.702
35R-2, 50-52 911.31 0 25 53 22 ++ 0.895
35R-3, 50-52 912.81 0 24 51 25 + 0.800
35R-4, 50-52 914.31 2 25 44 29 e 0.840
35R-5,47-49 915.78 2 24 50 24 ++ 0.816
35R-6, 50-52 917.31 2 24 44 30 ++ 0.819
35R-7, 50-52 918.81 2 26 44 28 ++ 0.842
36R-1, 48-50 920.48 2 22 45 3l ++ 0.810
150-903C-

36R-2, 48-50 921.98 0 29 43 28 ++ 0.865
36R-3, 48-50 923.48 2 29 38 31 ++ 0.795
37R-1, 49-51 930.19 Zz 32 34 32 ++ (.895
37R-2, 49-51 931.69 2 32 29 37 ++ 0.836
37R-3,27-28 932,97 2 30 37 3l ++ 0.869
37R-4, 49-51 934.69 2 30 38 30 ++ 0.825
37R-5, 49-51 936.19 2 30 38 30 ++ 0.823
37R-6, 49-51 937.69 2 22 44 32 ++ 0.828
39R-3, 4042 952.00 2 18 59 2l ++ 0.660
40R-3, 50-52 961.70 2 25 49 24 ++ 0.764
41R-3, 52-54 971.02 2 21 48 29 ++ 0.761
44R-1, 104-106 997.54 ] 18 63 19 + 0.619
45R-1, 4446 1006.6 0 24 55 21 ++ 0.659
45R-2, 114-116 1008.8 2 19 58 2] ++ 0.631
47R-1, 51-52 1026.0 2 15 73 10 + + 0.497
47R-2, 91-92 1027.9 0 9 84 7 + + 0.266
48R-1, 49-51 1029.6 0 8 88 4 + -+ 0.254
48R-2, 118-120 1031.8 0 9 86 5 + + 0.321
48R-3, 49-51 1032.6 o 12 75 13 + + 0.446
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Table 2 (continued).
Core, section, Depth Chlorite 1lite s Kaolinite Saddle
interval (cm) (mbsf) (%) (%) (%) (%) Quartz  Opal-CT  index
49R-2, 50-52 1035.8 2 13 79 6 - + 0.489
49R-3, 50-52 1037.3 0 6 90 4 + + 0.270
49R-4, 49-51 1038.8 0 14 73 13 B + 0.559
49R-5, 50-52 1040.3 0 4 92 4 + + 0.198
49R-6, 50-52 1041.8 0 8§ 87 5 + + 0.357
49R-7, 50-52 1043.3 2 18 61 19 - + 0.791
51R-2, 49-51 1035.1 0 15 67 18 + + 0.677
51R-3, 51-53 1056.6 2 10 85 3 v + 0.386
S1R-4, 48-50 1058.1 0 14 73 13 + + 0.518
Note: Results for guartz a;d upal-ET are reported as rare (+) or common (++).
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tirely of smectitic minerals (up to 96%. Table 1) with traces of illite
and kaolinite. Opal-CT (cristobalite/tridymite) is common toward the
base (Fig. 3A). The percentage of smectitic sheets in the smectitic
minerals is between 70% and 90% according to the saddle index val-
ues (Table 1). The (060) reflection has a position of 1.499 A, which
indicates a dioctahedral type of crystal lattice. Observations by trans-
mission electron microscopy show that the smectites display a fleecy
shape (P1. 1) without any crystalline overgrowths that would indicate
an authigenic origin.

At Sites 903 and 904, a microtektite layer interbedded within the
chalk was recovered (Shipboard Scientific Party, 1994b, 1994c). The
clay mineral associations were closely studied across the microtektite
layer at Site 904 because this layer is better preserved than at Site
903. Fourteen samples selected in Section 150-904A-45X-2, 50-130
cm, are characterized by a clay fraction composed dominantly of
smectite with minor illite and kaolinite. The microtektite layer and
the clay fraction of the overlying chalk are significantly enriched with
smectite probably derived from the submarine alteration of glassy
material (McHugh et al., this volume). At Site 903, a similar trend
was observed, with the maximum smectite occurrence in Core 150-
903C-56R above the microtektite layer (Table 1).

CMZ 111

lllite and kaolinite increase significantly from CMZ IV to III,
across the major sequence boundary (reflector O1) separating the

152

Figure 5. Evolution of the saddle index of I/S within CMZ III.

Eocene chalk from the Oligocene-Miocene siliciclastic sediments.
Clay Mineral Zone I1I includes lithological Units V and VI. The clay
mineralogy of this dominantly argillaceous zone is characterized
from the base to the top by decreasing proportions of smectitic min-
erals, and concurrently increasing illite and kaolinite (Fig. 2; Table
2). The percentages of these latter minerals are positively correlated
(Fig. 4). In lithological Unit VI, the dominant smectitic minerals
(55%-95%) occur with 5% to 30% of well-crystallized illite (the illite
crystallinity index is between 0.3° and 0.4° 28) and kaolinite (0%—
20%) (Fig. 3B). Unit V consists of diatomaceous silty clays, with the
clay fraction composed of smectitic minerals (10%-60%), illite
(15%—40%), and kaolinite (20%—40%). There is no significant min-
eralogical change between lithological Units VI and V, but the evo-
lution of the saddle index (Fig. 5) shows that the percentage of smec-
tite layers in I/S from Unit VI ranges between 60% and 90%. whereas
1/S from Unit V is composed of less than 60% smectite layers. There-
fore, percentages of 1/S and percentages of smectite layers in these in-
terstratified minerals decrease simultancously upsection. Transmis-
sion electron microscopy reveals the occurrence of short and broken
fibers of palygorskite (Pl 1), which were not detected by XRD be-
cause the amounts are too small.
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Table 3. X-ray diffractometry mineralogical results (CMZ II), Site 903.

Core, section, Depth Chlorite Ilite v /s Saddle
interval (cm) (mbsf) (%) (%) (%) (%) Kaolinite  Quartz  index
150-903A-
39X-3, 82-84 340.22 ] 35 0 14 42 ++ 0.750
39X-4, 109-111 341.99 17 41 0 20 22 ++ 0.800
40X-1, 53—-56 346.53 16 41 0 25 18 ++ 0.750
40X-3, 60-62 349.60 2 42 0 32 24 ++ 0.773
41X-3, 82-84 359.52 2 46 0 22 30 i 0.894
42X-4, 81-83 370.71 5 38 0 24 33 ++ 0.845
43X-4, 82-84 380.22 5 34 0 24 37 ++ 0.817
44X-3,17-19 87.77 5 44 0 19 32 ++ 0.872
45X-4, 12-14 398.92 2 I8 0 16 44 ++ (1.800
46X-4, 27-29 408.27 5 R 0 23 40 ++ 0.779
47X-3,21-23 416.91 2 36 0 20 42 ++ 0.821
48X-3, 99-101 427.29 2 a7 0 30 31 ++ 0.826
48X-6, 123-125 432.03 2 45 0 20 33 ++ 0.815
49X4, 49-51 437.99 2 47 0 15 36 ++ 0.843
50X-3, 105-107 446.75 0 33 0 40 27 ++ 0.648
51X-3, 86-88 456.06 2 42 0 24 32 ++ 0.819
52X-3, 110-120 466.00 2 50 0 21 27 ++ 0.815
53X-6, 39-41 479.49 2 44 0 20 34 ++ 0.852
54X-3, 100-102 485.30 2 48 0 16 34 ++ 0.866
55X-4,29-31 495.69 2 39 0 23 36 ++ 0.842
56X-2, 59-61 502.69 2 42 0 21 35 ++ 0.886
903C-5R-2, 3941 507.49 2 38 0 25 35 ++ 0.825
903A-57X-3, 129-131 514.49 2 37 0 26 35 ++ 0.862
903C-
TR-1, 52-54 515.82 2 36 0 24 38 ++ 0.882
TR-2,43-45 517.23 2 39 0 21 38 ++ 0.868
TR-3, 4547 518.75 2 35 0 24 39 ++ 0.839
TR-4, 50-52 520.30 5 37 0 19 39 ++ 0.868
903A-58X-1, B2-84 520.72 2 38 0 27 33 ++ 0.870
903C-
7R-5, 29-31 521.59 2 41 0 19 38 ++ 0.905
TR-6, 27-29 523.07 2 42 0 15 41 ++ 0.895
Q03A-
59X-3, 127-129 533.77 D 44 0 17 34 ++ 0.877
60X-1, 49-51 539.69 5 45 0 15 35 ++ 0.833
60X-2, 48-50 541.18 5 47 0 12 16 ++ 0.898
60X-3, 50-52 542.70 5 45 0 11 39 + 0.921
60X-4, 49-51 544.19 5 47 4] 13 35 ot 0913
60X-5, 50-52 545.70 2 53 0 10 35 ++ 0.933
60X-6, 50-52 547.20 2 46 0 15 37 ++ 0.895
61X-1, 50-52 549.40 2 45 0 12 41 ++ 0.893
61X-2, 50-52 550.90 2 46 0 10 42 4 0.918
61X-3, 50-52 552.40) 2 48 0 13 37 4+ 0.865
61X-4, 50-52 553.90 5 45 0 11 39 ++ 0.893
61X-5, 50-52 555.40 2 43 0 14 41 R 0.821
61X-6, 50-52 556.90 2 48 0 10 40 e 0.880
62X-1, 50-53 559.00 2 R 0 15 39 ++ 0.900
62X-2, 50-53 560.50 2 46 0 15 37 ++ 0.867
62X-3, 50-53 562.00 2 44 0 15 39 ++ 0.891
62X-4, 50-52 563.50 2 48 0 14 36 +4+ 0.909
62X-5, 50-52 565.00 5 46 0 13 36 +4 0.852
62X-6, 50-52 566.50 2 37 0 20 40 ++ 0.896
63X-1, 50-52 568.30 0 37 0 21 42 ++ 0.870
63X-2, 50-52 569.80 2 43 0 11 4 ++ 0911
63X-3, 50-52 571.30 2 37 0 11 50 ++ 0.930
63X-4, 50-52 572.80 5 38 0 10 47 ++ 0.929
63X-5, 50-52 574.30 0 40 0 10 50 + 0.923
63X-6, 50-52 575.80 0 37 0 13 50 ++ 0.868
63X-7, 35-37 577.15 2 39 0 10 49 ++ 0.905
64X-1, 50-52 578.00 2 44 0 11 43 ++ 0.926
64X-2, 50-52 579.50 0 43 0 20 37 +4 0.855
64X-3, 50-52 581.00 0 40 0 21 39 ++ 0.900
64X-4, 03-05 582.03 2 35 0 25 38 ++ 0.876
64X-5, 49-51 583.99 2 47 0 12 39 +4 0.932
64X-6, 47-49 585.47 2 48 0 9 41 ++ 0.935
64X-7, 1012 586.60 2 44 0 11 43 ++ 0.930
903C-9R-1, 50-52 587.00 2 44 0 11 43 ++ 0.877
903A-65X-1, 50-52 587.60 2 52 0 10 36 ++ 0.909
903C-9R-2, 50-52 588.50 5 45 0 10 40 ++ 0.907
903A-65X-2, 51-54 589.11 2 46 0 10 42 4+ 0.900
903C-9R-3, 50-52 590.00 2 42 0 14 42 4 0.843
903A-
65X-3, 50-52 590.60 2 55 0 8 35 ++ 0917
65X-4, 50-52 592.10 2 45 0 12 41 ++ 0.880
903C-10R-1, 49-51 592.59 2 44 0 14 40 ++ 0.865
903A-65X-5, 50-52 593.60 2 48 0 12 38 ++ 0.929
903C-10R-2, 49-51 594.09 2 42 0 15 41 +4 0.868
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Table 3 (continued).
Core, section, Depth Chlorite Ilite v s Saddle
interval (cm) (mbsf) (%) (%) (%) (%)  Kaolinite Quartz  index
903A-65X-6, 50-52 595.10 0 44 0 14 42 o 0.860
903C-
10R-3, 49-51 595.59 5 43 0 19 33 ++ 0.852
LOR-4, 18-20 596.78 2 43 0 15 40 i 0.825
903A-66X-CC 597.03 0 42 0 12 46 ++ 0.922
903C-
10R-5, 19-21 598.29 2 44 0 14 40 4 0.868
10R-7, 10-12 600.00 2 34 0 28 36 ++ 0.854
11R-1, 49-51 602.29 2 32 0 M4 32 ++ 0.835
11R-2, 58-60 603.88 5 33 0 30 32 o+ 0.837
11R-2, 131-133 604.60 2 30 0 33 35 e 0.792
903A-
67X-1, 50-52 606.80 2 33 0 29 36 ++ 0.800
67X-2, 51-53 608.31 0 33 0 30 37 ++ 0.812
67X-3, 50-52 609.80 5 36 0 25 34 ++ 0.860
67X-4, 49-51 611.29 2 34 0 25 39 e 0.878
67X-5, 49-51 612.79 2 34 0 29 35 ++ 0.819
67X-6,49-51 614.29 0 36 0 29 35 + 0.822
68X-1, 50-52 616.50 2 36 0 23 39 ++ 0.907
68X-2, 50-52 618.00 2 33 0 26 39 ++ 0.871
68X-3, 50-52 619,50 0 36 0 20 42 ++ 0.901
68X-4, 50-52 621.00 2 35 0 19 44 ++ 0.867
68X-5, 50-52 622.50 2 36 0 20 42 ++ 0.882
68X-6,32-34 623,82 2 33 0 18 47 4 0.851
68X-7, 33~-34 625.33 0 36 0 11 53 ++ 0.909
69X-1, 50-52 626.10 0 37 0 8 55 ++ 0.927
69X-2, 50-52 627.60 0 42 0 12 46 ++ 0.880
69X-3, 50-52 629.10 2 4] 0 13 44 ++ 0.896
69X-4, 50-52 630.60 0 39 0 14 47 ++ 0.885
69X-5, 52-54 632,12 2 40 0 12 46 ++ 0.882
69X-6, 52-54 633.62 0 40 0 13 47 ++ 0.906
70X-1, 50-52 635.70 0 41 0 13 46 4 0.900
70X-2, 50-52 637.20 2 38 0 13 47 ++ 0.898
70X-3, 50-52 638.70 2 32 0 27 39 ++ 0.885
70X-4, 50-52 640.20 2 3l 0 26 41 . 0.868
70X-5, 50-52 641.70 2 32 0 26 40 ++ 0.890
70X-6, 50-52 643.20 2 36 0 21 41 + 0.894
70X-7, 50-52 644.20 0 a3 0 24 41 ++ 0.915
71X-1,49-51 645.19 2 35 0 22 41 ++ 0.885
71X-2, 50-52 646,70 0 33 0 23 44 -+ 0.864
T1X-3, 44-46 648.14 2 32 0 16 50 ++ 0.922
71X-4, 50-52 649.70 2 35 0 15 48 ++ 0.949
71X-5, 50-52 651.20 2 33 0 24 4] et 0.864
71X-6, 49-51 652.69 0 32 0 29 39 ot 0.835
72X-1, 50-52 654.90 2 31 0 26 41 -+ 0.848
72X-2, 48-50 656.38 2 39 0 20 39 ++ 0.911
72X-3,38-39 657.78 0 34 0 21 45 ++ 0.855
72X-4, 3941 659.29 0 30 0 31 39 ++ 0.823
72X-5,49-51 66(.89 2 34 0 25 39 -+ 0.874
72X-6, 4345 662.33 2 35 0 20 43 ++ 0.880
T3X-1, 48-50 664.58 2 37 0 22 39 + 0.889
73X-2,51-53 666.11 0 35 0 21 44 -+ 0.910
73X-3, 50-52 667.60 0 36 0 23 41 ++ 0.900
73X-4, 50-52 669.10 2 32 0 23 43 - 0.901
73X-5, 50-52 670.60 2 37 0 19 42 4 0.925
73X-6, 48-50 672.08 0 35 1] 21 44 ++ 0.893
74X-1, 48-50 674,28 2 34 0 19 45 ++ 0.897
T4X-2, 4749 675.77 2 34 0 17 47 ++ 0.905
T4X-3, 4446 677.24 2 33 0 22 43 ++ 0.833
74X-4, 4547 678.75 0 36 0 17 47 +4 0.939
T74X-5, 48-50 680.28 0 34 0 21 45 ++ 0.892
T4X-6, 4749 681.77 0 30 0 22 48 ++ 0.859
75X-1, 48-50 683.98 2 35 0 22 41 ++ 0.878
75X-2, 48-50 685.48 2 29 0 21 48 +H 0.857
903A-
T5X-3, 48-50 686.98 "2 29 0 19 50 et 0.848
T5X-4, 48-50 688.48 2 27 0 15 56 ++ 0.900
903C-12R-1, 4749 689.07 2 35 0 18 45 ++ 0.905
903A-75X-5, 48-50 689.98 0 3s 0 18 47 ++ 0.831
903C-12R-2, 69-71 690.79 0 33 0 19 48 ++ 0.857
903A-T5X-6, 48-50 691.48 0 36 0 15 49 + 0.891
903C-
12R-3, 34-36 691.94 0 34 0 18 48 ++ 0.926
12R-4, 3941 693.49 2 40 0 17 41 ++ 0.869
203A-T6X-1, 50-52 693.60 0 38 0 16 46 ++ 0.937
903C-12R-5, 21-23 694.81 2 36 0 22 40 ++ 0.928
Q03A-
76X-2,43-45 695.03 0 33 0 21 46 ++ 0.893
76X-3, 45-47 696.55 0 34 0 21 45 +4 0.815
76X-4, 49-51 698.09 0 37 0 21 40 ++ 0.896
903C-13R-1, 50-52 698.70 2 29 0 18 51 4 0.879
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Table 3 (continued).
Core, section, Depth Chlorite 1llite w s Saddle
interval (cm) (mbsf) (%) (%) (%) (%) Kaolinite  Quartz index
903A-T6X-5, 51-53 699.61 0 40 0 18 42 s 0.893
903C-13R-2, 51-53 700.21 5 36 0 13 46 ++ 0.873
903A-T6X-6, 53-56 701.13 0 30 0 17 53 4 0.891
903C-13R-3, 49-51 701.69 2 35 0 18 45 e 0.841
Q03A-76X-7, 45-47 702.05 4 36 0 18 46 + 0.877
903C-
14R-1, 50-52 708.30 0 30 0 20 50 4 0.830
14R-2, 50-52 709.80 0 31 0 21 48 -+ 0.864
14R-3. 51-53 711.31 0 30 0 15 55 —+ 0.867
14R-4, 50-52 712.80 2 31 0 18 49 ++ 0.863
14R-5, 48-50 714.28 2 31 0 10 57 + 0.895
14R-6, 49-51 715.29 0 24 4] 15 61 e 0.895
15R-1, 52-54 717.72 2 32 0 15 51 [ 0.902
15R-2, 51-53 719.21 2 36 0 14 48 ++ 0.854
15R-3, 50-52 720.70 2 40 0 16 42 ++ (1L.B98
15R-4, 50-52 722.20 2 37 0 17 44 ++ 0.850
16R-1, 50-52 727.50 0 38 0 10 52 ++ 0.902
16R-2, 50-52 729.00 2 37 0 12 49 i 0.891
16R-3, 50-52 730,50 2 43 0 8 47 +4 0.933
16R-4, 50-52 732.00 2 40 0 8 50 - 0.857
17R-1, 49-51 737.29 2 41 0 10 47 -+ 0917

Mote: Results for quartz are reported as common (++).
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Figure 6. Illite/kaolinite diagram showing the absence of correlation in CMZ
1.

CMZ 1l

CMZ 11 comprises lithological Units IV and 11T and the lowermost
part of Subunit IIB. This interval is also dominantly argillaceous with
the common occurrence of silty and sandy, 1- to 10-m-thick glauco-
nitic beds (Shipboard Scientific Party, 1994b). Well-crystallized illite
increases from the base (30%) to the top (45%—50%), whereas ka-
olinite decreases (45% at base, 30% to the top) (Fig. 2: Table 3). In
contrast with CMZ III the amounts of illite and kaolinite show no co-
variance (Fig. 6). The transition from CMZ III to CMZ 11 is therefore
characterized by a major change in the behavior of illite and kaolinite
relative to each other. The transition between these CMZs is also
lithologically characterized by the occurrence, at 730 m below sea-
floor in Core 150-903C-16R, of a 4-m-thick section of redeposited
strata showing micro-normal faulting (Shipboard Scientific Party,
1994b). The mineralogical change does not coincide with a seismic
reflector but occur at the time of the formation of a canyon at Site 906
(Shipboard Scientific Party, 1994e). The quantities of I/S, with less

than 55% of smectite layers (Fig. 3C), are relatively constant, with an
average value of about 20% (Fig. 2). Transmission electron micro-
scopy reveals a mixture of large, irregular-shaped and well-outlined
particles of illite with tiny subhexagonal particles of kaolinite (PL. 1).

CMZ1

The clay fraction of sediments from CMZ 1 differs significantly
from those of the underlying sediments. It is composed mainly of
well-crystallized illite and chlorite (Pl. 1), associated with random
illite/vermiculite mixed layers and small amounts of kaolinite (Figs.
2, 3D; Table 4). Therefore, a mineralogical change characterized by
the decrease of kaolinite and by increasing chlorite occurs between
upper Miocene and lower Pleistocene. Because most of the Pliocene
is missing, this sharp change is readily apparently. Pleistocene sedi-
ments are also characterized by the occurrence of random illite/ver-
miculite mixed-layers, the abundance of detrital feldspars and the
common occurrence of amphibole (Fig. 3D). This mineralogical as-
semblage corresponds to the Northern assemblage defined by Hatha-
way (1972).

Site 905

Three-hundred ninety-one samples were studied from Site 905.
The clay mineral assemblages have a similar composition as Site 903,
but their relative proportions are quite different. The clay fraction is
also more homogeneous throughout the stratigraphic column (Fig. 7).
Three clay mineral zones were distinguished.

CMZ 11

Clay Mineral Zone III, which coincides with lithological Unit IV,
is characterized by homogeneous clay assemblages composed of
dominant illite/smectite mixed layers (50%-70%) occurring with
well-crystallized illite (10%—20%), kaolinite (10%—30%), and traces
of chlorite (Fig. 8A; Table 5). The amounts of kaolinite increase
weakly upsection (Fig. 7). A similar trend is observed in CMZ III of
Site 903 (Fig. 2). The percentage of smectite layers within I/S ranges
between 50% and 75%. Transmission electron microscopy reveals
the lath shape of smectite particles and the occurrence of rare, short
fibers of palygorskite (PI. 2).
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Table 4. X-ray diffractometry mineralogical results (CMZ I), Site 903.

Core, section, Depth  Chlorite [llite  [/V /S Kaolinite Saddle
interval (cm) (mbsf) (%) (%) (%) (%) (%) Quartz  Feldspar Amphibole  index
150-903A-
37X-3, 69-T1 319.98 25 52 5 7 11 ++ + + 0.903
38X-3, 102-104 330.72 37 30 15 16 2 ++ At ++ 0.845
39X-1, 92-94 337.32 22 42 15 13 8 ++ ++ ++ 0.964

Note: Results for quartz, feldspar, and amphibole are reported as rare (+) or common (++).

CMZ 11

Clay Mineral Zone II comprises lithological Units IIT and II (Fig.
7; Table 6). The clay assemblages are composed of small quantities
of chlorite, well-crystallized illite (15%—45%), kaolinite (5%—40%),
and I/S (30%—75%) in which the percentage of smectite layers ranges
between 45% and 85% (Fig. 8B). Unit I11, a succession of mass-trans-
port deposits, shows slightly more kaolinite and fewer illite-smectite
mixed layers than Unit II (Fig. 7). As at Site 903, CMZ 11 is charac-
terized by decreasing proportions of kaolinite upsection balanced by
an increase of illite and chlorite. Kaolinite occurs as tiny (less than
0.5 pm), subhexagonal particles (P. 2).

CMZ1

The clay fraction of CMZ I at Site 905 is composed dominantly of
chlorite and illite associated with small quantities of random mixed
layers (including illite-smectite and illite-vermiculite) and kaolinite
(Fig. 8C; Table 7). In contrast with CMZ II, the clay fractions are
very heterogeneous from one sample to another. The I/S layers are
generally less smectitic than in the underlying sediments, with the
percentage of smectite layers composing between 40% and 70%.
Ilite occurs as large well-outlined particles, whereas kaolinite still
occurs as small subhexagonal crystals (PI. 2).

DISCUSSION

Most Cenozoic sediments recovered from the Eocene to the Pleis-
tocene of the North Atlantic show an irregular increase of illite and
chlorite associated with mixed layers, quartz, feldspars, and amphi-
bole (Chamley, 1979). This evolution was also observed at Site 903
and is interpreted as a consequence of worldwide cooling that devel-
oped since the Eocene/Oligocene boundary (Barron, 1985; Frakes et
al., 1992). The comparison between clay mineralogy and the com-
posite oxygen isotope records for the Atlantic published by Miller et
al. (1987) indicates a rather good correspondence between bound-
aries separating clay mineral zones and sharp increase of isotope val-
ues (Fig. 9). Therefore, climatic fluctuations appear to be the main
factor controlling the clay mineral sedimentation on the continental
slope and rise off New Jersey.

Origins of Clay Minerals

In the Atantic Ocean, most deep-sea clay minerals are derived
from continental areas with little change in the crystalline structure
(Biscaye, 1965; Chamley, 1989). This is particularly the case for
chlorite, illite, and kaolinite. Chlorite is readily altered by chemical
weathering. Together with illite, chlorite is typical of high-latitude
sediments deposited during glacial periods (Chamley, 1979). Both il-
lite and chlorite are the result of mechanical weathering of crystalline
rocks cropping out on continental areas (Weaver, 1989). By contrast,
kaolinite occurs mainly in soils of hot and humid climates by weath-
ering in well-drained environments in low-latitude areas (Chamley,
1989). The origin of smectite is more controversial, as it can be detri-
tal, authigenic, or an alteration product of volcanic material.
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Eocene Smectitic Sedimentation (CMZ 1V, Site 903)

The clay fraction of Eocene chalks drilled in the Atlantic Ocean is
commonly composed almost entirely of smectitic minerals (Rothe,
1989). Three main origins for smectite and smectitic minerals are
currently envisaged for marine deposits of the Atlantic Ocean: re-
working of exposed soils and sediments, early diagenetic authigene-
sis, and submarine alteration of volcanic material.

A detrital origin of smectitic minerals was presented for various
locations of the Atlantic Ocean. Numerous mineralogical, micromor-
phological, and chemical studies including rare earth elements (REE)
and Sr isotopes of smectitic minerals suggested that smectites from
most Mesozoic and Cenozoic sediments were little controlled by
postsedimentary processes and were mainly soil-derived minerals (in
Chamley, 1979, 1989). The abundance of these minerals in the clay
fraction of marine sediments was attributed to the dominantly equa-
ble warm and seasonally humid climate of the late Mesozoic and ear-
ly Cenozoic times that favored the pedogenic formation of Al-Fe
smectites in the soils extensively developed in continental areas. No-
tice that an eolian origin of smectitic minerals has been suggested for
Cretaceous North Atlantic sediments (Lever and McCave, 1983) and
for the Coniacian chalk of England, in which calculation of mass ac-
cumulation rates suggested that smectitic minerals were deposited al-
most entirely from the background concentration of tropospheric dust
(Kimblin, 1992). The atmospheric circulation of the middle Eocene
suggests the occurrence of west to east winds (Parrish and Curtis,
1982), which would have been able to transport smectite from the
North American continent to the North Atlantic (Fig. 10).

Authigenic formation of smectites in the host sediment was sup-
ported mainly by Jeans (1968, 1978; Jeans et al., 1982), who noticed
that smectite-dominated clay assemblages were associated with silic-
ifications (opal-CT and o-quartz). Jeans (1978) proposed that silica
and smectite were precipitated from the pore waters of the sediments
a few meters below the seawater/sediment interface. More recent
studies have shown that overgrowth laths occur commonly in Atlan-
tic deposits characterized by low sedimentation rates, without signif-
icant changes in the total percentage of smectitic minerals relative to
other clay species (Holtzapffel et al., 1985; Holtzapffel and Chamley,
1986; Steinberg et al., 1987). Recently Thiry and Jacquin (1993) sug-
gested that the abundance of smectite in oceanic sediments could be
the result of in situ transformation of detrital particles. According to
them, transformation of the terrigenous clay components into smec-
tite is the mechanism that best explains the abundance of smectites in
oceanic sediments. They argued that smectite cannot be detrital, be-
cause weathering profiles contain mainly illite and kaolinite. An au-
thigenic formation of Al-Fe smectite was also rejected by these au-
thors, using the argument that Al is highly insoluble in the seawater.

The alteration of volcanic material is common close to the basalt/
sediment transition in the ocean especially in hydrothermal environ-
ments (in Chamley, 1989). Volcanic glass is converted to smectite
showing a magnesian or a highly ferriferous composition different
from those of Al/Fe beidellite, which characterizes most open-sea
sediments. The alteration of volcanic glass shards scattered in the
sediments has also been called up to explain the abundance of smec-
tites. The main question that arises about this hypothesis is that vol-
canic debris are rarely recognized in common Atlantic sediments and
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should have been supplied in huge quantities to justify the large
amounts of smectite identified. Dunn et al. (1987) suggested that the
irregular stratigraphic distribution of smectite at Site 605 (upper con-
tinental rise) supports neoformation rather than inheritance, but the
only direct evidence of volcanism is the occurrence of an ash layer in
the middle Eocene. In addition, the number of analyzed samples is
too small to give a good representation of the stratigraphic distribu-
tion. Our data show by contrast that the composition of the clay frac-
tion is rather homogeneous throughout the Eocene chalk drilled in an
area close to the North American continent. In addition, smectite par-
ticles observed by TEM display the usual fleecy aspect of detrital par-
ticles. These observations indicate that smectites are principally land-
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derived minerals, except in the microtektite layer and in a few meters
above, where the smectite enrichment results from the submarine al-
teration of glass (Shipboard Scientific Party, 1994c; McHugh et al.,
this volume).

Paleoclimatic reconstructions of the Late Cretaceous and Early
Cenozoic indicate high rainfall on the eastern North American mar-
gin (including the Appalachians), which may have favored the wide-
spread formation of kaolinite (Parrish and Curtis, 1982: Barron,
1989). A temperature maximum in the Eocene is indicated by conti-
nental and marine records (Frederiksen, 1984; Miller et al., 1987).
During the Eocene, the tropical rainforest probably prevented soils
from the erosion as ever-wet tropical climates would minimize the
availability and dispersal of siliciclastic particles (Cecil, 1990).
Therefore, despite the favorability of the climatic conditions to the
formation of kaolinite in soils, this mineral is rare in the Eocene ma-
rine deposits of the continental slope. This supports that as in Late
Cretaceous chalks, smectites from the Eocene chalks may have been
transported by winds.

Upper Oligocene to Lower Middle Miocene Clay Sedimentation
(CMZ 111, Site 903)

The most striking feature of this interval is the increasing propor-
tions of illite and kaolinite relative to smectitic minerals. The increase
of typical detrital minerals indicates the active erosion of continental
areas and is consistent with the passage from a carbonate to a silici-
clastic sedimentation. The Appalachian Highlands were the main ter-
rigenous source terrain, and the ancient Susquehanna, Delaware, and
Hudson Rivers were the main sediment dispersal routes (Fig. 10;
Poag, 1992). Surprisingly, the amounts of chlorite are always very
low by comparison with illite, suggesting that hydrolyzing conditions
were too strong to allow the preservation of this mineral. The increas-
ing proportions of illite are consistent with global cooling starting in
the Oligocene (Chamley, 1986), but the parallel increase of kaolinite
that is typical of soils from tropical to equatorial areas is more unusu-
al. The direct correlation between illite and kaolinite (Fig. 4) suggests
a common origin of these minerals. They were probably brought by
rivers from the Appalachians; but, according to the climatic context
characterized by global cooling, it is difficult to consider kaolinite to
be reworked only from Oligocene to lower Miocene soils. It is more
likely that kaolinite was also reworked from sedimentary rocks
eroded together with crystalline rocks of the Appalachians, or from
kaolinite-bearing soils developed during Eocene. Paleocene, and
even Late Cretaceous times. Late Cretaceous to early Cenozoic hy-
drolyzing climates have favored the widespread formation of kaolin-
ite on the eastern North American continent (Barron, 1989). For ex-
ample, Paleocene to middle Miocene formations from Virginia con-
tain abundant kaolinite (McCartan, 1988). Therefore, it is very likely
that kaolinite was eroded from pre-Oligocene weathering profiles by
rivers crossing the Appalachians. The increasing erosion probably re-
sults from the glacioeustatic lowering of the sea level. As in many
sites from the North and South Atlantic and the Pacific Oceans, the
maximum amount of kaolinite occurs in the middle Miocene. This is
attributed to an increase of global humidity by Robert and Chamley
(1987), which may have favored the formation of kaolinite in soils.
An additional factor may be the increasingly proximal pro-deltaic
depositional environment for clays from the Oligocene to the middle
Miocene (Hesselbo, this volume).

In summary, the progressive increase of illite and kaolinite from
the upper Oligocene to middle Miocene of offshore New Jersey re-
sults from the global cooling and sea-level lowering that have favored
the active erosion of the Appalachian Highlands. Kaolinite seems to
be mainly reworked from paleoalterations but also expresses increas-
ing humidity during the middle Miocene and increasingly proximal
depositional environments through Oligocene to middle Miocene.



Table 5. X-ray diffractometry mineralogical results (CMZ TII), Site 905.

CLAY MINERAL SEDIMENTATION OFF NEW JERSEY

Core, section, Depth  Chlorite  llite IS Kaolinite Saddle
interval (cm)  (mbsf) (%) %) (%) (%)  Quartz Opal-CT index
150-905A-
T6X-1, 46-48 68426 2 20 58 20 ++ 0.641
T6X-2,49-51 685.69 2 14 66 18 ++ 0.620
T6X-3,52-54 68647 2 18 61 19 ++ 0.636
76X-4,47-49 687.92 2 14 63 21 4 0.631
76X-5, 4648 689.41 2 18 60 20 e+ 0.611
T6X-6, 46-48 69091 2 16 62 20 ++ 0.684
76X-7,49-51 692.44 2 15 63 20 ++ 0.584
77X-1,45-48 693.85 2 17 62 19 ++ 0.587
T7X-2,45-50 69445 2 18 60 20 ++ 0.578
77X-3,45-47 69595 2 15 63 20 ++ 0.619
TIX-4, 4648 69746 2 18 58 22 ++ 0.599
TIX-5,47-50 698.97 2 17 59 22 ++ 0.614
77X-6,48-52  700.48 2 15 63 20 4+ 0.583
77X-7,47-50  701.97 2 18 51 29 L 0.646
TEX-1, 4648 70336 2 16 63 19 ++ 0.595
78X-2,4749  704.87 2 15 62 21 ++ 0.591
T8X-3,47-49  706.37 2 14 67 17 ++ 0.594
T8X-4,47-49 707.87 2 17 62 19 +4+ 0.552
TEX-5,4749 70937 2 16 63 19 ++ 0.684
TBX-6, 48-50 T10.88 2 16 64 18 ++ 0.599
79X-1,47-49  713.07 2 15 64 19 ++ 0.597
T9X-2,47-49  714.57 2 19 59 20 ++ 0.589
79X-3,47-49  716.07 2 18 59 21 ++ 0.552
79X-4, 46-48 717.56 2 18 57 23 ++ 0.583
TIX-5, 4648  T19.06 2 19 59 20 ++ 0.598
T9X-6,47-49  720.57 2 19 55 24 e 0.583
80X-1,48-50 722.68 2 16 64 18 4+ 0.578
80X-2,48-50 724.18 2 17 61 20 4 0.574
80X-3,48-50 725.68 2 18 62 18 ot 0.571
B0X-4, 48-50 727.18 2 17 63 18 ++ 0.590
80X-5, 48-50 728.68 2 16 61 21 ++ 0.559
80X-6, 48-50  730.18 2 15 61 22 R 0.582
80X-7,48-50 731.68 2 20 55 23 +1+ 0.610
81X-1,4749 73227 2 19 56 23 ++ 0.587
81X-2,47-49 73283 2 17 56 25 ++ 0.566
81X-4,47-49 73583 2 18 58 22 44 0.562
81X-5,47-49 737.33 2 22 52 24 ++ 0.584
B1X-6,46-48 T38.82 2 17 58 23 ++ 0.582
B1X-7,47-49 740.33 2 16 61 21 Eg 0.540
81X-8,47-49 74183 2 17 63 18 ++ 0.631
82X-1,48-50 74198 2 19 58 21 ++ 0.592
82X-2,48-50 743.08 2 16 64 18 4+ 0.607
82X-3, 48-50 74423 2 16 64 18 ++ 0.621
82X-4,48-50 745.73 2 17 59 2 ++ 0.613
82X-5,47-49 74722 2 18 56 24 +4+ 0.616
82X-6,46-48 748.71 2 17 62 19 ++ 0.590
82X-7,47-49  750.22 2 17 60 21 ++ 0.586
83X-1,49-51 751.59 2 18 58 22 e 0.608
83X-2,47-49  753.07 2 17 63 18 ++ 0.578
B3X-3,46-48 754.56 2 15 66 17 ++ 0.521
83X-4, 36—40 75598 2 15 66 17 ++ 0.578
83X-5,47-49 757.57 2 14 67 17 ++ 0.530
83X-6,45-47 759.05 2 16 62 20 ++ 0.540
83X-7,47-49 760.57 2 19 55 24 4 0.590
B4X-1,49-51 761.19 2 18 63 17 + 0.622
84X-2,47-49 762.67 2 15 65 18 ++ 0.645
84X-3,48-50 764.18 2 17 61 20 o 0.621
B4X-4,47-49  T65.67 2 15 66 17 ++ 0.620
84X-5,47-49 767.17 2 16 65 17 Eas 0.603
84X-6,46-48  768.66 2 16 64 18 e 0.596
B4X-7,48-50 770.18 2 17 66 15 4+ 0.603
85X-2,50-52 77240 2 15 67 16 +d 0.618
B5X-3, 48-50 773.88 2 14 68 16 ++ 0.603
85X-4,48-50 775.38 2 18 61 19 ++ 0.648
85X-5,47-49 776.87 2 15 62 21 ++ 0.670
85X-6,47-49  T78.37 2 14 67 17 ++ 0.614
85X-7,47-49 779.87 2 19 58 21 ++ 0.664
86X-1, 42-44  TR0.52 2 16 63 19 ++ 0.651
86X-2,45-47 782,05 2 17 62 19 ++ 0.599
86X-3,47-49  783.57 2 14 67 17 ++ 0.623
86X-4, 47-49  TR5.07 2 13 68 17 ++ 0.591
86X-5, 44-46  786.54 2 14 66 18 = 0.566
86X-6,48-50 788.08 2 17 60 21 o 0.589
87X-1,47-49 790.17 2 17 64 17 ++ 0.571
87X-2,47-49 791.67 2 12 68 18 e 0.568
87X-3,47-49 793.17 2 16 64 18 ++ 0.594
87X-4,46-48 794,66 2 20 62 16 +4 0.583
B7X-5.46-48 796.16 2 16 67 15 ++ 0.611
87X-6,47-49 797.67 2 13 66 19 Ena 0.488
87X-7,47-49  799.17 2 13 67 18 ++ 0.531
88X-1,47-49 79087 2 15 62 21 ++ 0.595
R8X-2,47-49 800.94 2 16 64 18 e 0.636
88X-3,49-51 802.46 2 14 69 15 ot 0.566
88X-4,46-48 803,93 2 17 65 16 +t 0.578
88X-5,46-48 805.43 2 17 67 14 +4 0.562
88X-6, 4749  806.94 2 14 69 15 ++ 0514
88X-7,47-49 808.44 2 15 66 17 b 0.595
89X-1,49-51 809.59 2 ‘15 68 15 L 0.639
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Table 5 (continued).

Core, section, Depth  Chlorite  llite s Kaolinite Saddle
interval (cm) (mbsf) (%) (%) (%) (%) Quantz Opal-CT  index

BOX-3,44-46 812.54 2 14 63 21 ++ 0.593
89X-5,48-50 815.58 2 15 69 14 4t 0.583
90X-1,45-47 819.15 2 12 72 14 ++ 0.509
90X-3, 44-46 822,14 2 14 69 15 ++ 0.583
90X-5, 44-46  824.94 2 15 68 15 ++ 0.572
91X-1,52-54 82892 2 13 71 14 ++ 0.545
91X-2,46—48 829.52 2 16 64 18 ++ 0.545
91X-3,49-51 831.05 2 13 68 17 ++ 0.537
91X-4,48-50 83254 2 16 64 18 ++ (.538
91X-5,48-50 834.04 2 15 67 16 ++ 0.509
91X-6, 50-52 83556 2 14 67 17 ++ 0.559
91X-7,49-51 837.05 2 13 68 17 ++ 0.524
92X-1,47-50 83847 2 15 65 18 ++ 0.478
92X-2,49-51 839.99 2 13 61 24 ++ 0.550
02X-3,4649 84146 2 18 63 17 ++ 0.554
92X-4,49-53 84299 2 16 65 17 ++ 0.544
92X-5,47-49 84447 2 15 66 17 ++ 0.602
92X-6,48-50 845,98 2 15 65 18 ++ 0.590
92X-8,45-47 84788 2 14 65 19 ++ .595
93X-1,37-39 848.07 2 13 67 18 4 0.535
93X-2,40-42 84927 2 15 64 19 ++ 0.573
93X-3, 4042 85077 2 15 67 16 ++ 0.535
93X-4,46-48 852,33 2 16 66 16 4 0.550
93X-5,46—48 853.83 2 15 68 15 ++ 0.550
93X-6,4749 855.34 2 14 67 17 ++ 0.563
93X-7,4749 856,84 2 16 66 16 4 0.487
94X-1,46-48 857.86 2 14 65 19 ++ 0.564
94X-2,48-50 B58.46 2 15 67 16 ++ 0.584
94X-3, 48-50 859.96 2 16 67 15 ++ 0.491

94X-4,48-50 86146 2 18 64 16 ++ 0.567
94X-5,48-50 862.96 2 14 67 17 ++ 0.575
94X-6, 48-50 864.46 2 16 65 17 ot 0.600
94X-7.48-50 86596 2 17 62 19 ++ 0.593
95X-1,4749 86747 2 15 64 19 ++ 0.576
95X-2,4749 868.97 2 14 67 17 ++ 0.562
95X-3,4749 87047 2 14 69 15 ++ 0611

95X-4, 4749 871.97 2 14 68 16 ++ 0.555
95X-5,4749 87347 2 14 66 18 ++ 0.552
95X-6,47-49 874.97 2 18 65 15 ++ 0.550
95X-7,4749 87647 2 16 58 24 ++ 0.615
96X-1,4648  877.06 2 15 67 16 +* 0.561
96X-2,47-49  878.57 Z 16 65 17 4 0.597
96X-5. 4749  BR3.07 2 15 64 19 ++ 0.640
96X-6, 45-47  884.55 2 13 12 13 ++ 0.574
96X-7, 4749 886.07 2 16 64 18 +4 0.610
100R-1, 48-50 §95.98 2 15 67 16 ++ . 0.516
100R-2, 51-53 89751 2 14 70 14 ++ - 0.500
102R-1, 50-52 900,10 2 15 71 12 ++ + 0.566

Note: Results for quartz and opal-CT are reported as rare (+) or common (++).

Upper Middle Miocene and Upper Miocene Clay Sedimentation
(CMZ 1I)

At Site 903, the abundance of illite and kaolinite relative to smec-
tite indicates the active erosion of the Appalachians, which is also
suggested by the occurrence of terrestrial rather than marine organic
matter (Shipboard Scientific Party, 1994b). The increasing propor-
tions of illite associated with the decrease of kaolinite and the ab-
sence of any correlation between these minerals (Fig. 6) suggests the
occurrence of a major paleoenvironmental change within the middle
Miocene.

The long-term cooling trend is obviously partly responsible for
the decrease of kaolinite recorded at Sites 903 and 905, but the
change in clay sedimentation within the middle Miocene suggests a
step-like event, a more rapid cooling that is also indicated by §'*0
data (Savin, 1977). Oxygen isotopic studies suggest that a gla-
cioeustatic event occurred in the middle Miocene (Miller et al.,
1987). Less hydrolyzing conditions are reflected by the sporadic oc-
currence of higher proportions of chlorite than in CMZ I11. Climatic
models predicted a general decline in precipitation rates through the
Cenozoic for the Appalachians (Barron, 1989). Together with a lower
average temperature, these climatic conditions would have favored
the preservation of chlorite and illite and disfavored the formation of
kaolinite.

Alternatively, increasing proportions of illite can be taken as a
signal of renewed source-terrain uplift especially evident in the
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northern part of the Central Appalachians and suggested by the in-
crease in terrigenous sediments accumulating in the middle Atlantic
basins (Poag and Sevon, 1989; Poag, 1992). A large outer shelf depo-
center developed off Maryland, Delaware, and southern New Jersey
(Fig. 10). All the major ancient rivers systems joined to build a huge
confluent delta at the shelf edge (Poag, 1992). The tectonic uplift of
the Central Appalachians has favored the erosion of crystalline rocks
to yield large quantities of micas (illite), whereas the formation of ka-
olinite was disfavored by deteriorating climatic conditions. There-
fore, the evolution of clay mineral assemblages in CMZ Il results
mainly from the combination of tectonic and climatic factors.

Pleistocene Clay Sedimentation (CMZ I)

At both sites, the clay fraction of Pleistocene sediments is charac-
terized by the abundance of chlorite and illite and by a relative deple-
tion in smectite and kaolinite. From the Baffin Bay to the north to low
latitudes, a similar increase of chlorite and illite is recorded in Pleis-
tocene sediments of the North Atlantic (Hathaway, 1972; Chamley,
1989; Thiébault et al., 1989). Obviously, these clay assemblages re-
flect a significant change of detrital sources that is confirmed by the
common occurrence of amphibole and by a change of quartz grain
shape (Mazzullo, 1987). Illite and chlorite are inherited primarily
from the North American crystalline basement (e.g., the Canadian
Shield) and transported by continental ice sheets and marine currents
(Hathaway, 1980; Dunn et al., 1987; Cremer et al., 1989; Thiébault
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Table 6. X-ray diffractometry mineralogical results (CMZ I1), Site 905.

Core, section, Depth  Chlorite  Illite w I/S  Kaolinite Saddle
interval (cm) {mbsf) (%) (%) (%) (%) (%) Quartz  Feldspar  index
150-905A-

27X-1,46-48 219.46 9 46 0 33 12 ++ + 0.758
27X-2, 50-52 221.00 10 35 10 35 10 ++ + 0.770
27X-3, 50-52 222.50 12 24 0 54 10 ++ o 0.541
27X-4, 50-52 224.00 5 26 0 52 17 ++ 0.632
28X-2, 47-49 22597 13 31 0 44 12 ++ 0.555
29X-1,49-51 232.89 10 19 0 60 11 4+ 0.544
30X-1,49-51 242,49 2 20 0 62 16 ++ 0.451
31X-1, 49-51 252.19 5 18 0 64 13 ++ 0.537
32X-1, 50-52 261.80 5 20 0 63 12 ++ 0.529
33X-1, 48-50 271.48 9 17 0 65 9 +* 0.483
34X-1, 53-55 281.13 2 17 0 70 11 ++ 0.409
35X-1,49-51 290.69 2 23 0 50 25 4 0.537
35X-2, 50-52 29220 2 19 0 67 12 ++ 0.447
35X-3, 50-52 293.70 2 19 0 67 12 ++ 0.510
35X-4, 50-52 295.20 2 16 0 73 9 ++ 0.433
35X-5, 50-52 296,70 2 19 0 64 15 + 0.448
35X-6, 50-52 298.20 10 22 0 59 9 - 0.446
36X-1, 50-52 300.10 5 19 0 60 16 + 0.536
36X-2, 50-52 301.60 2 20 0 66 12 ++ 0.484
36X-3, 50-52 303.10 2 17 0 72 9 ++ 0.429
36X-4, 51-53 304.61 2 18 0 69 ° 11 ++ 0.461
36X-5, 50-52 305.24 Z 18 0 68 12 ++ 0.443
37X-1, 50-52 309.40 5 16 0 72 6 ++ 0.500
37X-2, 50-52 310.90 2 18 0 68 12 ++ 0.451
37X-3, 50-52 31240 5 20 0 58 17 ++ 0.494
37X4, 50-52 313.90 2 21 0 65 12 ++ 0.488
38X-1, 49-51 318.79 8 18 0 66 8 ++ 0.446
38X-2,49-51 320.29 2 19 0 68 11 e 0.486
38X-3,49-51 321.79 2 20 0 65 13 ++ 0.449
38X-4, 49-51 323.29 2 21 0 64 13 + 0.481
38X-5, 49-51 324.79 2 19 0 66 13 ++ 0.449
38X-6, 49-51 326.29 10 25 4] 55 10 ++ 0.462
39X-1, 50-52 328.20 5 19 0 60 16 e 0.482
39X-2, 50-52 329.70 10 24 2 52 12 ++ 0.530
39X-3, 50-52 331.20 5 20 0 59 16 ++ 0.494
39X4, 50-52 332.70 2 2] 0 64 13 ++ 0.506
39X-5, 50-52 334.20 2 21 0 64 13 ++ 0.479
39X-6, 50-52 335.70 2 17 0 70 11 + 0.431
40X-1, 50-52 337.80 9 21 0 63 7 L3 0.460
40X-2, 50-52 33930 2 18 0 69 11 + 0.427
40X-3, 50-52 340.80 2 16 0 71 11 et 0.470
40X-4, 50-52 342,30 10 23 0 59 8 ++ 0.491
40X-5, 50-52 343.80 11 26 0 51 12 ++ 0.525
40X-6, 50-52 345.30 5 22 0 51 2 ++ 0.531
41X-1, 48-50 347.48 2 22 0 60 16 s 0.449
41X-2, 50-52 349.00 2 19 0 65 14 ++ 0.436
41X-3, 50-52 350.53 11 30 0 46 13 + 0.536
41X-4, 55-57 352.08 2 20 0 60 18 b 0.485
41X-5, 50-52 353.56 2 20 0 63 15 ++ 0.449
41X-6, 50-52 355.06 5 25 0 58 15 ++ 0.497
42X-1, 49-51 357.09 5 22 0 56 17 ++ 0.494
42X-2,49-51 358.59 2 15 0 72 11 ++ 0.427
42X-3, 49-51 360.09 2 17 0 69 12 e 0.446
42X-4, 49-51 361.59 2 17 0 70 11 ++ 0.452
42X-5, 49-51 363.09 & 19 0 67 12 ++ 0.387
42X-6, 49-51 364.59 2 18 0 68 12 +4 0.427
42X-7, 19-21 365,79 2 19 0 66 13 ++ 0.400
43X-1, 50-52 366.70 2 21 0 57 20 ++ 0.488
43X-2, 50-52 368.20 2 18 0 68 12 + 0.424
43X-3, 50-52 369.70 9 23 0 59 9 ++ 0.467
43X-4, 50-52 371.20 2 18 0 67 13 <4 0.476
43X-5, 50-52 372.70 10 25 2 52 11 ++ 0.461
43X-6, 50-52 374.20 9 19 0 63 9 ++ 0.433
44X-1, 50-52 376.40 2 17 0 70 11 ++ 0.460
44X-2, 50-52 377.50 2 19 0 67 12 ++ 0.452
44X-3, 50-52 379.40 2 17 0 70 11 ++ 0.429
44X-4, 50-52 380,90 2 20 0 64 14 ++ 0.461
44X-5, 50-52 382.40 5 20 0 56 19 +4 0.506
44X-6, 50-52 383.90 a 20 0 61 17 ++ 0513
44X-7, 50-52 384.90 2 17 0 68 13 ++ 0.438
45X-1, 50-52 386.00 2 17 0 67 14 ++ 0.400
45X-2, 50-52 387.50 2 18 0 62 18 ++ 0.536
45X-3, 50-52 389.00 2 18 0 67 13 ++ 0.455
45X-4, 50-52 390.50 2 17 0 68 13 ++ 0.433
45X-5, 50-52 392.00 2 19 0 63 16 ++ 0.453
45X-6, 50-32 393.50 2 19 0 66 13 + 0.485
46X-1, 50-52 395.70 2 16 0 70 12 - 0414
46X-2, 50-52 397.20 2 20 0 60 18 ++ 0.493
46X-3, 49-51 398.69 2 18 0 65 15 ++ 0.470
46X-4, 48-50 400.18 2 18 0 66 14 - 0.459
46X-5, 49-51 401.69 2 18 0 64 16 ++ 0.444
46X-6, 50-52 403.20 2 17 0 71 10 ++ 0.490
47X-1, 48-50 405.28 5 21 0 58 16 ++ 0.469
48X-1, 49-51 414.99 2 18 0 63 17 ++ 0.463
48X-2, 49-51 416.49 2 16 0 70 12 ++ 0.464
48X-3, 50-52 418.00 2 17 0 71 10 ++ 0.429
48X-4, 37-39 419,37 2 19 0 62 17 ++ 0.452
48X-3, 49-51 420.99 2 17 0 68 13 ++ 0.425
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Table 6 (continued).

Core, section, Depth  Chlorite  1llite w /S Kaolinite Saddle

interval (cm) (mbsf) (%) (%) (%) (%) (%) Quartz  Feldspar  index
48X-6, 49-51 42249 2 15 0 70 13 ++ 0.459
48X-7, 49-51 423.50 2 18 0 67 13 ++ 0.438
49X-1, 49-51 424.29 2 17 0 67 14 ++ 0.436
49X-2, 4749 425.77 2 16 0 64 18 ++ 0.471
49X-3, 45-47 427.25 2 17 0 67 14 4 0.451
49X-4, 4749 42877 2 16 0 69 13 ++ 0.432
49X-5, 48-50 430.28 2 16 0 69 13 ++ 0.454
49X-6, 48-50 431.78 5 19 0 63 13 ++ 0.454
49X-7, 32-34 433.12 2 18 0 67 13 ++ 0.453
50X-1, 50-52 433.80 2 17 0 69 12 ++ 0.425
50X-2, 54-56 435.34 5 23 0 54 18 ++ 0.475
50X-4, 49-51 438.29 2 20 0 63 15 ++ 0.370
50X-6, 50-52 441.30 2 17 0 68 13 ++ 0.400
50%-7, 50-52 442 80 2 17 0 70 11 ++ 0.480
51X-1, 50-52 443,50 2 17 0 67 14 ++ 0.451
51X-2, 50-52 445.00 2 17 0 70 11 ++ 0.396
51X-3, 48-50 446 48 2 17 0 64 17 ++ 0.395
51X-4, 48-50 44798 2 17 0 66 15 ++ 0.464
51X-5, 48-50 44948 2 21 0 54 23 ++ 0.479
51X-6, 48-50 450,98 2 19 0 66 13 ++ 0.474
52X-1, 48-50 453.18 2 19 0 65 14 4 0.388
52X-2, 48-50 454.68 2 16 0 68 14 ++ 0.491
52X-3, 48-50 456.18 2 17 0 68 13 e+ 0.437
52X-4, 48-50 457.68 2 20 0 63 15 b 0.448
52X-5, 18-20 458.88 2 17 0 68 13 ++ 0.464
52X-6, 48-50 460.68 2 17 0 67 14 o 0.437
52X-7, 48-50 462.18 2 18 0 62 18 ++ 0.465
53X-1, 50-52 462.80 2 18 0 65 15 ++ 0.464
52X-8, 48-50 463.68 2 15 0 63 20 ++ 0.479
53X-2, 50-52 464.30 2 19 0 63 16 ++ 0.451
53X-3, 50-52 465.80 2 17 0 67 14 ++ 0.430
53X-4, 50-52 467.30 2 18 0 64 16 ++ 0.419
53X-5, 49-51 468.79 2 15 0 15 8 i+ 0.433
53X-6, 50-52 470.30 2 17 0 68 13 ++ 0.493
54X-1, 20-22 472.20 2 17 0 67 14 ++ 0.420
54X-2,20-22 472.65 2 18 0 65 15 ++ 0.401
54X-3, 20-22 474.15 2 17 0 67 14 ++ 0.426
54X-4, 20-22 475.65 2 16 0 68 14 ++ 0.464
54X-5, 20-22 477.15 2 17 0 68 13 ++ 0.484
54X-6, 20-22 478.65 2 17 0 64 17 ++ 0.458
54X-7,20-22 480.15 2 13 0 72 13 ++ 0.497
54X-8, 20-22 481.65 2 15 0 70 13 ++ 0.500
55X%-1, 35-37 481.95 2 15 V] 69 14 ++ 0.420
55X-2,35-37 483.45 2 19 0 65 14 ++ 0.452
55X-3, 35-37 484.95 2 15 0 71 12 4 0.416
55X-4, 35-37 486.45 2 18 0 63 1% ++ 0.500
55X-5, 35-37 487.95 2 17 0 66 15 ++ 0.512
55X-6, 35-37 489.45 2 19 0 62 17 ++ 0.466
56X-1,47-49 491.77 2 17 0 66 15 ++ 0.429
56X-2, 47-49 493.27 2 18 0 66 14 ++ 0.500
56X-3, 4749 49477 2 15 0 69 14 ++ 0.477
56X-4, 50-52 496.30 2 15 0 69 14 ++ 0.491
56X-5, 50-52 497.80 2 16 0 69 13 ++ 0.471
56X-6, 50-52 499.30 2 18 0 68 12 + 0.481
57X-1, 49-51 501.09 2 18 0 65 15 ++ 0.458
57X-2,47-49 502.57 2 20 0 63 15 ++ 0.527
57X-3, 47-49 504.07 2 18 0 64 16 ++ 0.516
57X-4, 4749 505.57 2 18 0 66 14 ++ 0.525
57X-5, 47-49 507.07 2 19 0 62 17 ++ 0.557
57X-6, 47-49 508.57 2 20 0 59 19 ++ 0.591
57X-7,47-49 510,07 2 21 0 60 17 ++ 0.574
58X-1, 48-50 510.68 2 18 0 62 18 ++ 0.523
58X-2, 4850 512.18 2 16 0 68 14 ++ 0.528
58X-3, 48-50 513.68 2 21 0 62 15 ++ 0.544
58X-4, 48-50 515.18 2 17 0 68 13 ++ 0.526
58X-5, 48-50 516.68 2 20 0 63 15 ++ 0.567
58X-6, 48-50 518.18 2 17 0 67 14 ++ 0.527
59X-1, 48-50 520.38 2 18 0 65 15 ++ 0.528
59X-2, 48-50 521.88 5 18 2 59 16 ++ 0.576
59X-3, 48-50 523.38 2 16 0 68 14 ++ 0.520
59X-4, 48-50 524.88 2 20 0 6l 17 ++ 0.544
59X-5, 48-50 526.38 2 17 0 65 16 + 0.585
59X-6, 48-50 527.88 2 17 0 69 12 ++ 0.582
60X-1, 48-50 529.98 2 20 0 61 17 ++ 0.555
60X-2, 48-50 531.48 5 19 0 61 15 ++ 0.472
60X-3, 48-50 532.98 2 18 0 65 15 ++ 0.476
60X-4, 48-50 53448 2 18 0 63 17 ++ 0.494
60X-5, 48-50 535.98 2 18 0 65 15 ++ 0.509
60X-6, 48-50 537.48 2 17 0 68 13 ++ 0.508
61X-1, 4749 539.57 2 18 0 63 17 ++ 0.552
61X-2, 48-50 541.08 2 20 0 62 16 ++ 0515
61X-3, 4648 542.56 2 20 0 60 18 ++ 0.521
61X-4, 4648 544.06 2 19 0 62 17 ++ 0.506
61X-5,46-48 545.56 2 20 0 62 16 ++ 0.494
61X-6, 4749 547.07 2 19 0 63 16 ++ 0.452
62X-2, 46-48 550.76 2 16 0 64 18 ++ 0.472
62X-3, 4749 552.27 2 18 0 60 20 e 0.471
63X-2, 45-47 560.45 2 20 1] 61 17 ++ 0.519
63X-3, 4744 561.97 2 19 0 62 17 ++ 0.569
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Table 6 (continued).
Core, section, Depth  Chlorite  1llite 174" IS Kaolinite Saddle
interval {cm) (mbsf) (%) (%) (%) (%0) (%) Quartz  Feldspar  index
63X-4, 4749 563.47 2 21 0 59 18 ++ 0.590
63X-5, 47-49 564.97 2 18 0 63 17 ++ 0.521
63X-6, 47-49 566.47 2 22 0 53 23 ++ 0.605
64X-1, 4648 568.66 2 20 0 59 19 ++ 0.640
64X-2, 48-50 570.18 2 17 0 63 18 ++ 0.509
64X-3, 47-49 571.67 2 18 0 62 18 ++ 0.514
64X-4, 48-50 573.18 2 19 0 60 19 ++ 0.497
64X-5, 58-60 57478 2 25 0 54 19 ++ 0.775
64X-6, 4143 576.11 2 17 0 61 20 ++ 0.561
65X-1, 48-50 578.28 2 21 0 53 24 ++ 0.698
65X-2, 48-50 579.78 2 17 0 62 19 ++ 0.592
65X-3, 49-51 581.29 2 20 0 58 20 ++ 0.599
65X-4, 49-51 582.79 2 17 0 64 17 ++ 0.611
65X-5, 48-50 584.28 2 20 0 59 19 ++ 0.549
65X-6, 46-48 585.76 2 26 0 49 23 ++ 0.633
66X-1, 46-48 587.86 2 21 0 59 18 et 0.658
66X-2, 46-48 589.36 2 19 0 62 17 ++ 0.627
66X-3, 47-49 590.87 2 23 0 57 18 +4 0.628
66X-4, 46—48 592.36 2 20 0 56 22 e 0.587
66X-53, 47-49 593.77 2 17 0 60 21 ++ 0.601
66X-6, 48-50 595.28 2 20 0 54 24 ++ 0.656
66X-7, 48-50 596.78 2 18 0 61 19 ++ 0.632
68X-1, 44—-46 607.14 2 23 0 54 21 ++ 0.592
68X-2, 44-46 607.99 2 17 0 65 16 +4 0.591
68X-3, 43-45 609.48 2 18 0 60 20 ++ 0.596
68X-4, 48-50 611.03 2 17 0 64 17 +4+ 0.603
68X-3, 51-53 612.56 2 18 0 62 18 ++ 0.622
68X-6, 48-50 614.03 2 17 0 61 20 ++ 0.594
68X-7, 48-50 615.53 2 17 0 62 19 ++ 0.619
69X-1, 48-50 616.78 2 23 0 55 20 ++ 0.621
68X-8, 4648 617.01 2 19 0 62 17 ++ 0.635
69X-2, 48-50 618.28 2 18 0 57 23 ++ 0.652
69X-4, 46-48 621.26 2 22 0 56 20 ++ 0.603
69X-5, 48-30 622.78 2 17 0 63 18 ++ 0.614
69X-6, 47-49 624.27 2 20 0 57 21 ++ 0.643
69X-7, 4648 625.76 2 20 0 56 22 ++ 0.615
T0X-1, 48-50 626.48 2 23 0 56 19 ++ 0.611
70X-2, 48-50 627.98 2 20 0 60 18 ++ 0.638
70X-3, 48-50 629.48 2 18 0 63 17 ++ 0.606
70X-4, 48-50 630.98 2 17 0 61 20 ++ 0.606
TOX-5, 45-47 632.45 2 18 0 61 19 ++ 0.610
70X-6, 50-52 633.50 2 16 0 62 20 ++ 0.570
71X-1, 46-48 636.06 2 17 0 55 26 ++ 0.611
71X-2, 46-48 637.56 2 20 0 53 25 ++ 0.639
T1X-3, 46-48 639,06 2 18 0 60 20 +4+ 0.555
T1X-4, 46-48 640.56 2 17 0 61 20 ++ 0.599
T1X-5, 46-48 642.06 2 17 0 59 22 ++ 0.593
T1X-6, 4648 643.56 2 16 0 61 21 ++ 0.573
72X-1,47-49 645.67 2 18 0 59 21 ++ 0.600
72X-2, 48-50 647.18 2 16 0 63 19 ++ 0.571
72X-3, 47-49 648.67 2 16 0 58 24 ++ 0.559
T2X-4, 4648 650.16 2 18 0 57 23 ++ 0.591
72X-5, 50-52 651,70 X 18 0 53 27 ++ 0.627
72X-6, 50-52 653.20 2 18 0 52 28 ++ 0.554
73X-2, 119-121 656.65 2 29 0 31 38 ++ 0.822
73X-3, 82-84 657.78 2 22 0 44 32 =+ 0.778
Note: Results for quartz and feldspar are reported as rare (+) or common (++).
Table 7. X-ray diffractometry mineralogical results (CMZ I), Site 905.
Core, section, Depth  Chlorite  Tllite 1A% I/S  Kaolinite Saddle
interval (cm) (mbsf) (%) (%) (%) (%) (%) Quartz  Feldspar Amphibole index
150-905A-
2H-1, 50-52 30.00 26 43 15 12 4 44 ++ ++ 0.581
3H-1, 50-52 36.50 41 12 10 15 2 4t ++ ++ 0.778
4H-1, 50-52 46.00 15 29 0 42 14 ++ + 0.543
6H-1, 50-52 61.50 16 46 5 18 15 ++ + + 0.793
7H-1, 50-52 63.50 14 29 2 a4 11 ++ + 0.590
9H-1, 48-50 80.48 24 45 15 12 4 ++ ++ ++ 0.865
10H-1, 49-51 89.49 34 3l 20 12 3 e+ ++ ++ 0.833
11H-1, 49-51 98.99 38 33 15 10 4 ++ ++ ++ 0.864
12H-1, 50-52 107.00 25 36 15 15 9 ++ ++ ++ 0.785
13H-2, 93-95 113.93 24 35 15 16 10 ++ ++ ++ 0.810
15H-1, 50-52 126.50 15 48 10 11 16 ++ + 0.805
16X-1, 49-51 134.99 30 35 15 15 5 ++ 4+ ++ 0.826
17X-2, 50-52 146.10 23 44 10 14 9 ++ + + 0.886
19X-1, 49-51 163.89 32 31 20 14 3 ++ ++ ++ 0.881
22H-1, 50-52 192.70 21 35 15 20 9 e +4 ++ 0.800
23H-1, 50-52 196.20 24 37 15 16 8 ++ ++ ++ 0.817
24H-1, 50-52 202.00 28 32 15 22 3 & ++ ++ 0.829
24H-2, 50-52 203.50 26 31 25 12 6 ++ + ++ 0.881
25H-1, 50-52 211.50 19 31 10 31 9 ++ ++ ++ 0.724
25H-2, 50-52 213.00 13 27 0 48 12 ++ + 0.574
25H-3, 50-52 214.50 14 31 0 43 12 ++ + 0.553
26H-1, 50-52 215.50 11 28 2 49 10 4 + 0.595

Note: Results for quartz, feldspar, and amphibole are reported as rare (+) or common (+4).
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Figure 9. Correspondence between clay mineral zones and the composite
oxygen isotope curve of the Atlantic Ocean published by Miller et al. (1987).

etal., 1989) (Fig. 10). Therefore, these clay assemblages are a conse-
quence of the development of the Arctic polar ice sheet.

At Site 905, where 22 samples were studied, the proportions of
clay minerals—especially chlorite, I/S, and kaolinite—show impor-
tant variations. Pleistocene sediments were deposited by mass-trans-
ported processes. They consist of silty clay showing common color
variations, and contorted and discordant beds with abundant clay
clasts of various size and age (Shipboard Scientific Party, 1994d).
The important fluctuations in the clay mineralogy may result from
the mixture of reworked sediments from various origins. Alternative-
ly, the changing mineralogy may be the result of alternating glacial
(chlorite-rich) and interglacial episodes (I/S and/or kaolinite-rich).
Further study on the clay mineralogy of Pleistocene sediments from
Site 902 will allow us to establish the distinct influence of these fac-
tors.

Comparison Between Sites 903 and 905

The same clay mineral species and similar trends in the vertical
evolution of percentages are observed at both sites. However, at Site
9035, the clay assemblages are more homogeneous and the long-term
trends are less obvious than at Site 903. In comparing both sites, the
most striking feature is the difference between the amounts of I/S. In
CMZ 11 of Site 903, the average percentage of IS is 18% whereas in
the coeval sediments of Site 905 this percentage reaches 62% (Fig.
11).

Several factors are probably responsible for such a difference.
Numerous examples show that differential settling processes of clay
minerals favor the deposition of smectite in distal oceanic basins and
the preferential settling of kaolinite and illite in nearshore environ-
ments (Chamley, 1989). In recent sediments deposited off the Niger
delta, smectite increases from about 30% in coastal environments to
60% at distances from the shore, reaching 120 km (Porrenga, 1966).
Gibbs (1977) showed that from the mouth of the Amazon River along
the continental shelf to the northwest for about 1400 km, smectite in-
creases from 27% to 40%. The distance between Sites 903 and 905 is
about 30 km and the difference in I/S percentages reaches 40%. Ac-
cording to modern examples, the increase of smectite from the slope
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to the upper rise seems too high to be attributable only to differential
settling processes, Therefore, other factors have also played a role in
the smectite enrichment at Site 905.

Smectite may have been transported at Site 905 by bottom cur-
rents. The tertiary North Atlantic Ocean basin was affected by the ac-
tion of abyssal currents causing seafloor erosion along the continental
margins (Tucholke and Mountain, 1986). The pattern of bottom cur-
rents indicates that the studied region was probably submitted to the
action of the Western Boundary Undercurrent (WBUC) flowing from
the north through the Labrador Sea (Tucholke and Laine, 1982; Cart-
er and Schafer, 1983; McCave and Tucholke, 1986; Locker and
Laine, 1992). In near-surface sediments, chlorite is transported south-
ward by the WBUC, along the margin of the basin as far as the Great-
er Antilles Outer Ridge (Tucholke, 1975). According to Tucholke
(1986), the current extends at depth less than 1000 m and reaches
depth greater than 5000 m. The upper rise of Newfoundland located
between 2600 and 2800 m of water depth, as at Site 905, is swept by
a rapid south-flowing core of the WBUC. Therefore, during the mid-
dle and late Miocene this current may have transported smectites at
Site 905, because sources of smectites existed to the north. In upper
Miocene sediments drilled in the Labrador Sea (ODP Site 646), the
proportion of smectite resulting from the erosion of ancient forma-
tions reaches 60% (Cremer et al., 1989). Smectite may also have en-
tered the Labrador Sea through the Baffin Bay, as Miocene sediments
drilled at Site 645 contain an average proportion of 78% of smectites
reworked mainly from old sedimentary rocks (Thiébault et al., 1989).
Since the early middle Miocene, the Baffin Bay was probably a main
conduit between the Arctic and Atlantic Oceans and the focus of
southward directed flow to the Labrador Sea (Srivastava, Arthur,
Clement, et al., 1987). Consequently smectite identified in sediments
from Site 905 may have been partly brought by bottom currents flow-
ing in a southward direction.

In summary, during the middle and late Miocene, the relative I/S
enrichment of sediments deposited on the upper rise results at least
from the combination of differential settling processes of clay miner-
als and from the influence of oceanic circulations (Fig. 10)

CONCLUSIONS

On the passive continental margin off New Jersey, the Cenozoic
clay sedimentation is controlled mainly by the decrease of hydrolyz-
ing conditions in relation with worldwide cooling. Major mineralog-
ical changes coincide with increasing 8'*O values. The influence of
climate is modulated by the influence of tectonic uplift occurring in
the Appalachians and at Site 905 by the influence of marine currents
flowing southward along the continental slope.

Four distinet intervals are described below (Fig. 12):

1. The Eocene carbonate-rich/clay-poor sedimentation reflects re-
stricted erosion of continental areas. A tropical rain forest covering
continental areas probably prevented the erosion of the kaolinite-rich
pedologic complex. Smectites from the Eocene chalks were probably
transported by easterly winds from the North American continent to
the Atlantic.

2. The progressive increase of illite and kaolinite at the expense of
smectite occurring during late Oligocene to middle Miocene results
from the influence of at least the three following processes, in order
of importance:

a. intensification of erosion in the Appalachians caused main-
ly by glacioeustatic lowering, with kaolinite partly re-
worked from pre-Oligocene weathering profiles;

b. increasingly humid climatic conditions culminating in the
middle Miocene; and

¢. decreasing distance between sites and the shoreline.

3. The glamoeustatlc lowering that occurred in the middle Mio-
cene is recorded by increasing proportions of illite reworked from
crystalline rocks at the expense of kaolinite.
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Figure 10. Inferred origins of clay minerals deposited on the continental slope and rise off New Jersey from the late Eocene to Pleistocene (modified after Poag
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4. The increasing proportion of chlorite in Pleistocene sediments
reflects the development of the Northern Hemisphere ice caps and the
mechanical erosion of crystalline basement.

To conclude, at each significant climatic cooling recorded from
Eocene to Pleistocene, we noticed a renewal of clays from smectite
to kaolinite at the Eocene/Oligocene transition, from kaolinite to illite
in the middle Miocene, and from illite to chlorite from Miocene to
Pleistocene. This succession clearly illustrates that the lessening hy-
drolyzing climates favored increased physical weathering.
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Plate 1. TEM photographs of clay fractions of samples from Site 903, Scale bar = 1 pm. 1. Sample 150-903C-57R-3, 50-52 cm (CMZ IV), showing abundant
fleecy particles of smectite (Sm). 2. Sample 150-903C-39R-3, 40-42 cm (CMZ I11). Lath-shaped particles of smectite are abundant. Notice the occurrence of
short fibers of palygorskite (P). 3. Sample 150-903A-63X-3. 50~52 cm (CMZ 1I) showing large particles of illite (I) occurring together with very small subhex-
agonal crystals of kaolinite (K). 4. Sample 150-903A-75X-6, 4850 cm (CMZ II) showing the abundance of kaolinite particles and the occurrence of palygors-
kite? 5, 6. Sample 150-903A-38X-3, 102-104 cm (CMZ I). Well-outlined detrital illite and chlorite.
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Plate 2. TEM photographs of clay fractions of samples from Site 905. Scale bar = 1 pm, except for Fig. 4, in which scale bar = 0.25 pm. 1, 2. Sample 150-905A-
92X-8, 45-47 cm (CMZ 1), has an abundance of smectite displaying a lath shape. Note the occurrence of palygorskite. 3. Sample 150-905A-58X-5, 48—50 cm
(CMZ 1), has a mixture of large particles of illite (I), with subhexagonal kaolinite (K), and fleecy particles of smectites (Sm). 4. Detail from Sample 150-905A-
58X-5, 48-50 cm, of subhexagonal, small particles of kaolinite. 5, 6. Sample 150-905A-6H-1, 50-52 ¢cm (CMZ 1), has a mixture of well-outlined clay minerals
comprising abundant illite, chlorite (large particles), and kaolinite (small particles).
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