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ABSTRACT

Inorganic chemical composition and downhole variation of major
and trace elements yields useful insights into the sediment provenance
and paleoceanography of deep-sea sediments of deepwater continental
margins. Here, fine-grained sediments were chemically analyzed at ~10-m
intervals from the Eocene to Albian section at Site 1276. These sedi-
ments represent a time when background hemipelagic sedimentation
was continuously beneath, or near, the calcite compensation depth
(CCD). Additional samples were analyzed from the upper Paleocene-
middle Eocene time interval to determine whether a volcaniclastic
component is present, as suggested by petrographic studies of the
coarser size fraction. Sediments recovered near the bottom of the hole
show the effects of contact metamorphism adjacent to a sill of alkaline
basalt. The overlying thick (~700 m) Albian succession (lithologic Unit
5) is indicative of a dominantly terrigenous source. Redox-sensitive
trace elements (e.g., Cu, Ni, V, and Cr) are concentrated in organic-rich
layers (black shales) that can be partially correlated with oceanic anoxic
Events la-1d and 2. Beginning around the Cenomanian/Turonian
boundary, a profound change took place to more oxidizing, slowly de-
positing sediments throughout the North Atlantic, characterized by rel-
ative enrichment in Fe, Mn, and related trace metals (e.g., Cu, Ni, and
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Cr). Similar background conditions persisted until the Eocene when lo-
cal conditions at Site 1276 became more reducing, as indicated by more
subdued colors and lower MnO contents. Moderate upwelling along the
Newfoundland continental margin during the Eocene is suggested by
the presence of relatively high values of silica coupled with opaline sil-
ica. Phosphate and associated trace elements (e.g., Ce and Y) are locally
enriched, suggesting relatively high primary productivity. However,
productivity was lower than on the conjugate Iberia margin at Deep Sea
Drilling Project Site 398. Fine-grained terrigenous sediments at Site
1276 probably were mainly derived from the Grand Banks (e.g., Avalon
uplift) and finally accumulated in deep water below the CCD mainly as
mud turbidites and hemipelagites.

INTRODUCTION

The aim of this paper is to use inorganic geochemical analysis of
fine-grained sediments to shed light on the depositional and diagenetic
processes related to the development of the Mesozoic—early Cenozoic
rifted margin of the northwest Atlantic Ocean off Newfoundland (Can-
ada), as sampled during Leg 210 (Tucholke, Sibuet, Klaus, et al., 2004).
Site 1276 is located at the base of the continental rise east of the Grand
Banks/Flemish Cap (Figs. F1, F2). Chemical data presented here com-
plement the information from core descriptions, smear slide analysis,
X-ray diffraction (XRD), and preliminary chemical analysis, as obtained
at sea (Shipboard Scientific Party, 2004). Analysis of chemical changes
in fine-grained sediments through time is useful to identify changes in
sediment provenance, paleoceanography, and diagenesis. Despite this,
published geochemical analyses of deep-sea sediments that cover a long
time-range, as presented here, remain remarkably rare.

Fine-grained sediments that were studied represent a combination of
background hemipelagic sediments and the fine-grained upper inter-
vals of turbidites, which in many instances cannot be easily distin-
guished from one another in the cores (Shipboard Scientific Party,
2004). These sediments experienced extensive mixing during sediment
transport, prior to final deposition, and are therefore likely to record
the composition of a range of source rocks exposed over a wide area in
the region of sediment supply. Sand-sized sediment was studied petro-
graphically in a related study (Marsaglia et al., this volume).

GEOLOGICAL SETTING

The local setting of Site 1276 on the Newfoundland rifted margin is
shown in Figure F2. Note its location between basement highs to the
northwest that are known to be rifted continental crust and crust to the
southeast, which is located within the ocean—continent transition zone.
The regional U reflection (Fig. F2) that was penetrated at Site 1276 was
initially thought simply to record a break-up unconformity (Tucholke
et al., 1989). However, results at Site 1276 suggest that it may also be re-
lated to the regional intrusion of alkaline basalt sills following final
continental break-up (Shillington et al., 2006). Seaward of Site 1276, ex-
humed mantle serpentinite and overlying basaltic flows were recovered
within the ocean—continent transition zone at Site 1277 (Shipboard Sci-
entific Party, 2004; Robertson, this volume).

F1. Location of Site 1276, p. 22.
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At Site 1276, a single deep hole was drilled at the lower edge of the
continental rise and was cored from 800 to 1739 meters below seafloor
(mbsf) (Fig. F2). Cored sediments begin with deep-sea sediments of ear-
liest Oligocene age and end with deep-sea sediments of earliest Albian
age (Fig. F3). A latest Aptian age was suspected for the oldest sediments,
but this has not been confirmed. An excellent, relatively complete sedi-
mentary record (~85%) was obtained for the cored interval. The oldest
sediments significantly postdate the crust, which is estimated at ~130
Ma (i.e., end-Hauterivian). Coring terminated within the lower of two
sills of alkaline basalt, which intruded at ~105 and ~98 Ma (Hart and
Blusztajn, 2006). Intrusion of these sills has influenced the diagenesis of
the directly adjacent sediments recovered from Site 1276 (Shipboard
Scientific Party, 2004; Pletsch and Cramer, 2006).

In general, sediment recovery documents the evolution of a rifted
passive continental margin following regional continental break-up.
Deposition first took place on a thermally immature, rapidly subsiding,
topographically varied rifted margin on which very rapid sediment ac-
cumulation took place at rates up to 105 mm/yr. During this time only
a narrow (~100 km) deep-ocean basin separated Site 1276 from the con-
jugate Iberia margin. This was followed by a more thermally mature
phase during which subsidence slowed and sedimentation rates de-
creased greatly to <7.4 mm/yr. During this time Site 1276 bordered an
increasingly wide oceanic basin.

A summary of sediments recovered and their ages is given in Figure
F3. The grain-size plot in this figure emphasizes the occurrence of rela-
tively coarse grained sediments that were mainly deposited by turbidity
currents (Shipboard Scientific Party, 2004). However, the present paper
focuses on the chemical composition and interpretation of the fine-
grained sediments, which volumetrically predominate.

METHODS AND MATERIALS

Analytical Data

Inorganic chemical analysis of 102 samples of fine-grained sediments
was carried out by X-ray fluorescence (XRF) at the University of Edin-
burgh (United Kingdom), School of GeoSciences, using the method
described below.

Representative fine-grained sediments were selected for analysis at an
interval of one per core (i.e., one sample per ~10 m). Exceptions were
made where, occasionally, fine-grained sediments were not present
within a particular core or where samples inadvertently were not taken.
Despite being of considerable interest, the Cretaceous/Cenozoic bound-
ary interval did not include fine-grained sediments and was not sam-
pled during this work. Also, occasional black-shale intervals (Fig. F3)
that were thought to represent rare well defined oceanic anoxic events
(OAEs) were not sampled because they were reserved for more special-
ized analysis (see Arnaboldi and Meyers, this volume). However, some
of the large number of organic-rich sediment layers within the Albian-
Cenomanian interval were sampled and geochemically analyzed during
this work. Additional samples of fine-grained sediments were analyzed
from the upper Paleocene-middle Eocene time interval (Unit 2) to de-
termine whether a volcaniclastic component is present. Volcaniclastic
material was observed in sand-sized turbidites from this interval (Ship-

F3. Summary of core recovery,
p- 24.
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board Scientific Party, 2004; Marsaglia et al., this volume), with signifi-
cant implications for sediment provenance and regional geology.

X-Ray Fluorescence Analysis

The analytical method for major and trace elements was described by
Fitton et al. (1998) and is repeated below in slightly modified form. Ma-
jor element concentrations were determined after fusion with a lithium
borate flux containing La,O as a heavy absorber using a standard
method referred to by Fitton et al. (1998). Rock powder was dried at
100°C for at least 1 hr, and a nominal but precisely weighed 1-g aliquot
was ignited at 1100°C to determine loss on ignition (LOI). The residue
was then mixed with Johnson Matthey Spectroflux 105 in a sample to a
flux ratio of 1:5, based on the unignited sample mass, and was fused at
1100°C in a muffle furnace in a Pt 5% Au crucible. After the initial fu-
sion, the crucible was reweighed and any flux weight loss was made up
with extra flux. After a second fusion over a Meker burner, the molten
mixture was swirled several times to ensure homogeneity, cast into a
graphite mold, and flattened with an aluminium plunger into a thin
disk. The mold and plunger were maintained at a temperature of 230°C
on a hotplate.

Trace element concentrations were determined on pressed-powder
samples. Eight grams of rock powder were mixed with eight drops of a
2% aqueous solution of polyvinyl alcohol and then formed into a 38
mm diameter disc backed and surrounded by a 0.3-mm aluminium foil
“cup” and compressed in a hydraulic press to produce a solid disc.

Fused and pressed samples were analyzed using a Phillips PW 1480
automatic XRF spectrometer with a Rh-anode X-ray tube. Analytical
conditions and calibrations were optimized for low concentrations of
trace elements. Background positions were placed close to peaks, and
long count times were used at both peak and background positions.
Where background count rates were measured on either side of the
peak, as in most trace element determinations, the count time was di-
vided equally between the two positions. The analytical conditions are
specified in table 2 of Fitton et al. (1998).

Corrections for matrix effects on the intensities of major element
lines were made using theoretical alpha coefficients calculated online
with Phillips software. Coefficients were calculated to allow for the
amount of extra flux replacing volatile components in the sample so
that analytical totals could be 100%, less the measured LOI. Intensities
of longer wavelength trace element lines (La, Nd, Cu, Ni, Co, Ct, V, Ba,
and Sc) were corrected for matrix effects using alpha coefficients based
on major element concentrations measured at the same time on pow-
der samples. Matrix corrections were applied to intensities of other
trace element lines by using the count rate from the Rh Kalpha Comp-
ton scatter line as an internal standard. Line-overlap corrections were
applied using synthetic standards.

The spectrometer was calibrated with United States Geological Sur-
vey and Centre de Recherches Petrographiques et Geochimiques stan-
dards, using the standard values referred to by Fitton et al. (1998). These
standards were run prior to and after the sample analyses. Additional
in-house standards were used to fine-tune calibrations for each analyti-
cal run. Independent in-house standards, not used for the spectrometer
calibration, were also analyzed during each run. Details of precision
and accuracy determined for the above analytical method are given in
Fitton et al. (1998).
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Inorganic geochemical data obtained during this study are set out as
weight-percent oxides for major elements and parts per million for
trace elements (Table T1).

Associated Data

Supporting data used here include core descriptions, smear slide and
thin section descriptions, clay mineral identifications, and carbonate
determinations. This information is reported in the “Lithostratigraphy”
section of Shipboard Scientific Party (2004).

Additional inorganic chemical analyses were obtained at sea using
the inductively coupled plasma—atomic emission spectrometry (ICP-AES)
method (see Tucholke, Sibuet, Klaus, et al., 2004). Analyzed shipboard
samples typically include a range of different lithologies and grain sizes,
and they were selected for analysis to aid immediate identification and
initial interpretation of the sediments. Shipboard and postcruise studies
were therefore carried out using different analytical techniques. It is un-
wise simply to treat all of the analytical data as a single database, and
this paper focuses on the new XRF analyses. In general, results given
here support and complement the preliminary interpretations of the
ICP-AES data given in Shipboard Scientific Party (2004). Some of the
dark organic-rich sediments (black shales), including designated OAEs,
were also analyzed at sea for major and trace elements by the ICP-AES
method. Black shales were also analyzed for total organic carbon (TOC) at
sea by the Rock-Eval pyrolysis method (see Tucholke, Sibuet, Klaus, et al.,
2004). Additional geochemical data for the black shales were obtained
postcruise and are reported by Arnaboldi and Meyers (this volume).

DISCUSSION AND INTERPRETATION OF RESULTS

Inorganic geochemical data are interpreted here in relation to the
sedimentary development of Site 1276. The succession is discussed
from the base upwards to help identify changes though time. The dis-
cussion below is organized into five time intervals, which correspond to
the lithological units recognized at sea (Fig. F3). A summary of the in-
ferred depositional setting of the fine-grained sediments deposited dur-
ing each of these time intervals is given first. Relevant inorganic
geochemical data from this study are then integrated, with reference to
selected geochemical plots. A brief comparison with coeval sediments
recovered elsewhere in the North Atlantic is then made. Finally, sedi-
ment provenance and the origin of the black shales are discussed for
the site as a whole.

Albian-Turonian (Unit 5)

Sedimentology

The Albian-Turonian interval at Site 1276 (>700 m thick) was di-
vided by the shipboard sedimentologists into three subunits, mainly on
the basis of color, degree of bioturbation, and carbonate content, as
summarized in Figure F3. This time interval contains several organic-
rich layers with >1 wt% organic matter, as determined at sea, which
were described as black shales.

Subunit 5C is of Albian age and contains >80 intervals of mudrocks
that were determined to be turbidites, mainly based on the sedimentary

T1. Element analyses, p. 60.
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structures observed in the cut core faces at sea. This time interval also
includes coarser grained sediments that were interpreted as mud-rich
turbidites, sand-rich turbidites, and muddy and sandy debris flows. Bur-
rowing is rare or absent. The presence of occasional reddish layers is
suggestive of periodically oxidizing bottom conditions, whereas the
succession overall is mainly anoxic. Highly altered volcanic ash was lo-
cally identified. Pyritized radiolarians were occasionally noted in smear
slides from the upper Albian interval. Agglutinated foraminifers are
rarely present.

Subunit 5B, of Albian—-Cenomanian age, is 90% mudrock, which is
generally well burrowed and indicates a change to generally oxidizing
bottom conditions during this time. This interval has a greater propor-
tion of background hemipelagic sediment compared to the subunits
above and below, as suggested by shipboard smear slide analysis. TOC
values determined at sea are generally lower than those in Subunit 5A
(Shipboard Scientific Party, 2004). Beginning in the Cenomanian (and
extending through the Maestrichtian to Paleogene), the planktonic
foraminifer assemblage is indicative of a relatively cool water boreal in-
fluence (Shipboard Scientific Party, 2004).

Subunit 5A, of Cenomanian-Turonian age, is largely devoid of bio-
turbation and includes numerous sand and mud turbidites (~71% of
the succession). The coarser grained fraction contains abundant meta-
morphic rock fragments, mainly quartzite and mica schist. In addition,
occasional black layers exhibit relatively high TOC values (reported in
Shipboard Scientific Party, 2004). OAE 2 was identified in Sections 210-
1276A-31R-3 and 31R-4. Shipboard inorganic chemical analysis was car-
ried out on several samples from the inferred OAE 2 horizon by the
ICP-AES method, and these are enriched in Ca, MnO, P,Os, Cr, Ni, Fe,
and V relative to the interbedded nonorganic-rich mudrocks. Also,
AL O;, TiO,, and other lithogenous constituents are depleted within the
black shale layers relative to the less organic rich mudrocks above and
below. Palynomorphs are relatively abundant, whereas calcareous mi-
crofossils are sparse and usually poorly preserved. Wood and plant frag-
ments are common, indicating an important terrigenous input
(Shipboard Scientific Party, 2004). In addition, shipboard Rock-Eval
pyrolysis suggested that the organic matter in these black shales is
commonly, but not exclusively, terrestrial.

Taking Unit 5 as a whole, shipboard XRD analysis detected quartz,
clay minerals, and feldspar (plagioclase and alkaline). Clay minerals are
illite-smectite, mixed-layer clays, illite, muscovite, chlorite, and kaolin-
ite group minerals. The favored shipboard interpretation of the clay
mineral occurrence is that during the Albian-Turonian (a time of rising
sea level [Haq et al., 1987]), particulate land-derived kaolinite and chlo-
rite were largely trapped on the continental shelf, whereas the largely
colloidal illite-smectite bypassed the margin to reach the deep basin
(McCave, 1972; Chamley, 1979; Robertson and Bliefnick, 1983; Cham-
ley and Debrabant, 1984; Stow et al., 2001).

The lowest part of the Unit 5 succession included two sills of alkaline
basalt, of which only the upper sill and its adjacent sediments were
completely penetrated. During postcruise studies the age of the upper
sill was estimated to be 82.5-105.9 Ma (Karner and Shillington, 2005),
based on the porosity vs. depth trend in the sediments. More recently,
the sills yielded 4°Ar/3°Ar plateau ages of ~105.3 Ma for the upper sill
and ~97.8 Ma for the lower sill (Hart and Blusztajn, 2006). Calcareous
mudstones directly above the upper sill contain numerous porphyro-
blasts of pure stoichiometric calcite in which inclusions of crystalline
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albite, sodaite (magnesian chlorite), possible magnesium calcite, and
pyrite were identified by shipboard XRD. There is evidence of a change
from smectite of inferred detrital origin to illite-smectite mixed layer
clays of diagenetic origin ~100 m above the upper sill. This could reflect
a diagenetic change related to depth of burial, local thermal effects
from the sills beneath, or a change in the composition of source clays,
related to climatic change on land (Pollastro, 1993; Pletsch, 1997). Post-
cruise studies using vitrinite reflectance of organic matter suggest that,
except in close proximity to the sills, the thermal maturity of the sedi-
mentary succession remained outside the oil-generating window; even
close to the sills the dominant kerogen did not favour hydrocarbon
generation (Pletsch and Cramer, 2006). A study of the thermal alter-
ation of six sporomorphs groups also shows that thermal alteration
does not increase until within ~20 m of the igneous sill, a step rise oc-
curs at 4.23 m above the sill, and the strongest alteration is seen in the
sample closest to the sill (Pross et al., 2007).

Geochemistry

A relatively large number of samples (63) were analyzed from the
long Albian-Turonian interval represented by Unit 5 (Table T1). A cross-
plot of Al,O5 vs. K,O (Fig. F4) shows a strong positive correlation, con-
sistent with the presence of a compositionally constant detrital
material, probably detrital clay input. A crossplot of Al,O; vs. MgO (Fig.
F5) shows scatter that suggests the presence of more than one detrital
constituent or a single constituent of variable composition (e.g., differ-
ent states of chemical alteration or diagenesis). In common with other
areas of the North Atlantic, AL,O;, K,O, and MgO are assumed to be
mainly detrital in origin (Chamley and Debrabant, 1984). The cross-
plot of Al,O; vs. Na,O (Fig. F6) shows a similar scatter. However, the
stratigraphically lowest sample analyzed in close proximity to a diabase
sill shows a very high value of Na,O (~3.26 wt%). This is assumed to
record the formation of a Na-bearing phase, possibly a clay mineral,
feldspar, or zeolite, in response to locally elevated temperature close to
the sill (Shipboard Scientific Party, 2004).

Analyzed samples show a general correlation of Al,O; and TiO, (Fig.
F7). However, some samples are relatively enriched in TiO,. This sug-
gests that a compositionally different Ti-rich source material may be
present (e.g., a volcaniclastic turbidite or tuff of alkaline composition).
Very altered fine-grained tuff was locally observed in smear slides near
the Subunit 5B/5C boundary, suggesting that a fine-grained but highly
altered Ti-rich tuffaceous component may be present. The relative TiO,
variation may also relate to compositional differences in the source
lithologies located on the adjacent continental margin, which could
include a Ti-rich component (e.g., rift-related alkaline igneous rocks).

A crossplot of MgO vs. TiO, (Fig. F8) confirms the existence of a per-
sistent terrigenous component but with considerable compositional
variation. A crossplot of Al,O; vs. Fe,O; (Fig. F9) also suggests a terrige-
nous association but with considerable scatter and several relatively
Fe,O; rich samples, which probably reflect diagenesis (see below).

The Al,O; vs. SiO, cross-plot (Fig. F10) reveals two general composi-
tional groupings. First, a “detrital” grouping shows a positive correla-
tion of Al,O; and SiO,. The second grouping is relatively enriched in
SiO, and shows a generally negative correlation. This probably reflects

F4. ALO; vs. K,0, Unit 5, p. 25.
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the presence of biogenic silica (i.e., a siliceous component independent | F10. ALO; vs. SiO,, Unit 5, p. 31.
of quartz associated with detrital aluminosilicates). :

A plot of Fe,O; vs. MnO (Fig. F11) suggests that the two metal oxides
occur independently of each other. The local enrichment in MnO could
suggest the presence of an insoluble diagenetic phase (e.g., manganese
carbonate), although this was not detected by shipboard XRD. A num-
ber of samples are relatively enriched in Fe,O; (up to 18%) and are also
relatively rich in CaO, which is otherwise very low in these sediments
that accumulated below the calcite compensation depth (CCD). The
combined relative enrichment of Fe,O; and CaO is attributed to the dia-
genetic formation of siderite, as revealed by shipboard XRD. MgO is
not, however, similarly enriched in the ferruginous samples, suggesting
that dolomite is not significantly abundant as a diagenetic phase, in
agreement with shipboard XRD.

F11. Fe,O; vs. MnO, Unit 5, p. 32.

Regional Comparisons

Lia e

A detailed comparison can be made with the equivalent Albian time
interval at Deep Sea Drilling Project (DSDP) Site 398 on the conjugate
Iberia margin, which is <100 km east of Site 1276 on a restored palaeo-
geography (Tucholke, Sibuet, Klaus, et al., 2004). Similar sedimentation
persisted at Site 398 from the upper Barremian through the upper
Aptian, a longer time interval than at Site 1276 where no pre-Albian
succession has been drilled.

The oldest sediments recovered at Site 398, of Barremian—Albian age,
are similar to those of Subunit SC at Site 1276 but are largely older and
are more obviously turbiditic. A relatively shallow water prodelta set-
ting or a deeper water submarine fan setting was suggested for these
sediments at Site 398 (Arthur, 1979). By contrast, their younger coun-
terparts at Site 1276 accumulated in a deeper water bathyal setting be-
low the CCD (Shipboard Scientific Party, 2004). At Site 398 the Albian
sediments, as at Site 1276, are relatively organic rich and contain low
Ca and abundant plant debris. The lower to mid-Albian intervals at
both of these sites accumulated at more or less the same rates (i.e., 20—
100 mm/yr). A probable equivalent of OAE 2, as recognized at Site
1276, was identified within the mid-Cenomanian to mid-Albian inter-
val at Site 398 (Sibuet, Ryan, et al., 1979; de Graciansky and Chenet
1979).

In addition, time equivalents of Unit 5 were cored at several DSDP
sites in the central North Atlantic, where lithologically similar sedi-
ments range from Barremian to Cenomanian in age. This interval is
mainly carbonates and clays of greenish gray and black shales, together
with some calcareous sediments and laminated marls (Jansa et al., 1979;
Meyers, 1987). The black shales can be generally correlated with the OAEs
identified at Site 1276. The DSDP sites are located farther off-margin
and therefore contain relatively little sand compared to Site 1276. How-
ever, many of the hemipelagic sediments in these more distal settings
are interpreted to have accumulated as low-density turbidites (McCave
1979; Robertson and Bliefnick, 1983), similar to the mudrocks recov-
ered at Site 1276.
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Turonian-Uppermost Santonian (Unit 4)
Sedimentology

At Site 1276, the Turonian to uppermost Santonian interval is char-
acterized by reddish brown strongly bioturbated muddy sandstones and
siltstones. These sediments are mainly siliciclastic, with only very mi-
nor intercalated mudrocks. The sparse mudrocks contain quartz, calcite,
plagioclase, alkali feldspar, smectite, minor illite, rare kaolinite, chlo-
rite, goethite, manganite, and also manganese hydroxide as thin layers
(Shipboard Scientific Party, 2004).

The Turonian- to uppermost Santonian-aged sediments are strati-
graphically condensed and accumulated at a slow rate (~1.9-4.0 mm/
yr). Where present, these mudrocks accumulated in a strongly oxidizing
setting, hence their reddish color. Clay mineralogy indicates that the
terrigenous material was derived from a landmass that experienced
weathering in a warm humid climate (Chamley, 1989). The contrasting
silty and sandy nature of much of Unit 4 is attributed to the activity of
relatively strong bottom currents. This was possibly associated with the
establishment of a deep-marine connection with the South Atlantic
around the Cenomanian/Turonian boundary (Tucholke and Vogt,
1979). An alternative is that the oxidizing environment relates to the
separation of the Rockall Plateau from northwest Europe (Sibuet, Ryan,
et al., 1979). However, the relatively small geographical scale of this
event is unlikely to have triggered such a major oceanographic change
affecting the entire North Atlantic.

Geochemistry

Interelement relationships are combined for Units 3 and 4 because
the number of samples analyzed is relatively small. The crossplots of
AL O3 vs. TiO, (Fig. F12) and AL,O; vs. K20 (Fig. F13) confirm the pres-
ence of a dominantly terrigenous component, similar to Unit 5. By con-
trast, ALLO; vs. SiO, (Fig. F14) shows a clear inverse correlation, which is
attributable to the presence of biogenic silica. Locally high concentra-
tions of MnO (up to 2.58 wt% MnO) are associated with relatively high
Cu, Zn, and Ni (Table T1). A manganese oxide mineral phase was
detected by shipboard XRD. The metal enrichment is consistent with
strong oxidization at the seafloor.

Regional Comparisons

At Site 398, the upper Turonian—-Campanian interval is dominated by
reddish brown nonfossiliferous claystones (Sibuet, Ryan, et al., 1979).
However, these sediments do not show an enrichment of trace metals
comparable to Site 1276 (Chamley et al., 1979), although the data set is
less complete for Site 398. Similar sediments also occur elsewhere on
the Iberia margin at Ocean Drilling Program (ODP) Sites 899, 898, and
1070, but their age is not well constrained (Sawyer, Whitmarsh, Klaus,
et al., 1994; Beslier, Whitmarsh, Wallace, and Girardeau, 2001). Also,
these sediments have not been studied geochemically. Comparable sed-
iments from the central Atlantic are mentioned below.

F12. AL,O; vs. TiO,, Units 3 and 4,
p- 33.

F13. ALO; vs. K,O, Units 3 and 4,
p- 34.

F14. Al,O; vs. SiO,, Units 3 and 4,
p. 335.
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Lower Campanian-Upper Paleocene (Unit 3)
Sedimentology

At Site 1276, this interval is dominated by reddish mudrocks com-
prising ~80% of the succession, with the remainder being mainly car-
bonates. These sediments are interpreted as mainly mud turbidites,
with a decreasing abundance of carbonate grainstones downhole in the
unit (Shipboard Scientific Party, 2004). Shipboard TOC values are rela-
tively low (<2 wt%). Shipboard XRD revealed the presence of quartz,
calcite, plagioclase, K-feldspar (including sanidine in Core 210-1276A-
32R), common smectite and kaolinite, illite, and local opal in the form
of scattered opal-CT lepispheres. The Cretaceous/Cenozoic boundary
was identified in interval 210-1276A-21R-4, 41-49 cm, but did not in-
clude fine-grained background sediments suitable for sampling during
this work. The continuing abundance of smectite is again suggestive of
sediment supply from a warm, humid, deeply weathered landmass
(Chamley et al., 1979).

Within the central North Atlantic Ocean the entire Turonian to Pale-
ocene time interval is dominated by reddish sediments defined as the
Plantagenet Formation (Jansa et al., 1979). The succession at Site 1276 is
generally similar to the Plantagenet Formation; however, the Site 1276
equivalent of the lower part of this formation (i.e., Unit 4) is sandier
than it is elsewhere throughout the central North Atlantic (Jansa et al.,
1979; Wise et al., 1986; Gradstein et al., 1990). The sandy nature and
ubiquitous red color may be related to the effects of abyssal circulation
following the establishment of a deep-marine connection with the
South Atlantic Ocean (Tucholke and Vogt, 1979).

Geochemistry

Interelement relationships are shown in Figures F12, F13, and F14,
combined with Unit 4, as described above. The relatively few samples of
fine-grained sediments from this time interval reflect continuing depo-
sition on a well oxidized seafloor, as suggested by occasional very high
values of MnO (up to 0.73 wt%). In addition, significant silica produc-
tivity is suggested by relatively high values of SiO, (up to 80.13 wt%).
Opal was detected by shipboard XRD. P,0s is also relatively enriched
(up to 0.33 wt%.), as are Ce, Y, and Nb, elements that are typically asso-
ciated with phosphate in deep-sea sediments. An apatite phase is to be
expected in these samples but was not detected by shipboard XRD,
possibly because of low absolute abundances.

Regional Comparisons

At Site 398, during early Paleocene-Campanian time, deposition was
dominated by reddish brown mudstones, together with reddish marly
chalks, marlstone and claystone, and occasional siliciclastic turbidites
(Maldonado, 1979). Minor opaline silica is present.

Upper Paleocene-Middle Eocene (Unit 2)
Sedimentology

The sediments that accumulated during this interval are more calcar-
eous than the sediments below (Shipboard Scientific Party, 2004). At
Site 1276, >60% of the succession is calciturbidites and the remaining
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40% is mudrocks (claystones and mudstones). Colors are mainly sub-
dued reddish, grayish, and greenish. Mudrocks become less abundant
uphole and colors change to dark reddish brown in places, suggesting
an increase in bottom water oxygen content at times. Mudstones are
mostly massive and are interpreted as mainly muddy turbidites. Sedi-
ments that were reddish at the time of deposition have been patchily
reduced to greenish colors during diagenesis, producing a mottled or
blotchy appearance. Shipboard TOC values are variable. Shipboard XRD
revealed the presence of quartz, plagioclase, alkaline feldspar, local
opal-A, opal-CT, and occasional abundant clinoptilolite. Like the under-
lying succession, shipboard XRD showed that smectite is abundant
together with kaolinite, chlorite, mixed-layer clays, minor illite, and
rare possible palygorskite. Clay mineralogy suggests a continuing warm
humid climate in the source area (Chamley, 1989). Also, the relatively
elevated silica content in some of the mudrocks (up to 72.96 wt%) sug-
gests relatively high primary organic productivity coupled with silica
diagenesis.

Several interbedded calcareous sandstones contain felsic to mafic vol-
canic detritus. This material is assumed to have undergone gravity
transport by turbidity currents. One possible source area is the vicinity
of the Newfoundland Seamounts (see Pe-Piper et al., 1990), generally to
the south, although this may not be consistent with the limited pale-
ocurrent evidence from Site 1276 that suggests a turbidite source on the
Grand Banks (Hiscott, this volume). Regional comparisons suggest that
volcanism around the Paleocene/Eocene boundary (~60 Ma) was quite
widespread around the North Atlantic (Marsaglia et al., this volume),
and thus it is likely that additional, still unknown volcanic centers exist.

In addition to the routine sampling (1 sample every ~10 m; i.e., 5
samples in this interval) 10 additional samples were taken from the up-
per Paleocene-middle Eocene interval to determine whether a signifi-
cant volcanogenic (i.e., tuffaceous) component is present within the
fine-grained background sediments. This might be similar to the com-
position of volcaniclastic sediments that were identified at sea within
the interbedded sandstone turbidites (Shipboard Scientific Party, 2004;
Marsaglia et al., this volume).

An additional feature of this interval is that carbonate grains include
numerous very large benthic foraminifers, together with planktonic for-
aminifers. Postcruise studies indicate the existence of one or more car-
bonate banks within the source area of the redeposited carbonates.
Tropical-subtropical communities of organisms with Caribbean affini-
ties existed on these build-ups during the latest Paleocene—earliest middle
Eocene (Cores 210-1276A-15R to 7R). These carbonates accumulated
during the early Eocene climatic optimum, a time of high sea level and
global warmth. It is likely that biogeographic provinces moved north-
ward at this time, possibly related in part to the development of a
“proto-Gulf Stream” (R. Hiscott, pers. comm., 2006; M. Leckie, pers.
comm., 2007)

Geochemistry

Analyzed samples are mainly rich in CaCOs, as shown by shipboard
determinations, and correspondingly rich in CaO (up to 35.37 wt%), as
shown in Table T1. This composition reflects an abundance of fine-
grained calcareous turbidites that accumulated during late Paleocene-
middle Eocene time. The noncalcareous component of these sediments
is largely terrigenous, similar in composition to the underlying sedi-
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ments, as shown in Figure F15. Volcaniclastic input was observed in the | F15. K,O vs. TiO,, Unit 2, p. 36.
sand fraction using the optical microscope and occurs within interbed-
ded terrigenous turbidites (Shipboard Scientific Party, 2004; Marsaglia
et al., this volume). If volcaniclastic sediment is also present in the fine-
grained samples that were analyzed (i.e., as fine-grained turbidites or
air-fall tuff), these should show higher absolute values of TiO, and
lower ratios of, for example, terrigenous constituents vs. TiO, than the
typically terrigenous compositions of fine-grained sediments elsewhere
in the cored interval. The crossplot of Al,O; vs. TiO, (Fig. F16) shows
that this does indeed appear be the case, although mixing with terrige-
nous sediment has produced a scattered pattern.

In the upper Paleocene-middle Eocene section, the episodic high | F16. ALO; vs. TiO,, Unit 2, p. 37.
SiO, values can again be attributed to biogenic productivity and subse- '
quent silica diagenesis. The crossplot of AL,O; vs. SiO, (Fig. F17), how-
ever, suggests that biogenic and terrigenous sediment are mixed.
Occasional relatively elevated values of P,0Os (up to 5.18 wt%) may also
record high organic productivity and related diagenesis. Occasional
high values of trace metals (e.g., Ni at 557 ppm) correlate with thin dark .
layers that are relatively enriched in TOC. e

Regional Comparisons F17. $i0, vs. TiO,, Unit 2, p. 38.

Sediments comparable to those recovered at Site 1276 are present at
Site 398 (Sibuet, Ryan, et al., 1979). There, fine-grained calcareous sedi-
ments become more oxidized uphole, and subdued green and gray col-
ors give way to reddish colors. Biogenic silica is relatively abundant
(20-30 wt%) compared to Site 1276, which is interpreted to reflect en-
hanced upwelling along the eastern margin of the North Atlantic
Ocean basin (e.g., von Breymann et al., 1992). Elsewhere on the Iberia
margin more proximal carbonate turbidites were recovered (e.g., ODP
Sites 900, 1067, and 1068) (Sawyer, Whitmarsh, Klaus, et al., 1994;
Beslier, Whitmarsh, Wallace, and Girardeau, 2001).

Elsewhere, markedly siliceous sediments accumulated widely
throughout the central North Atlantic during the early to middle
Eocene and are defined as the Bermuda Rise Formation. These sedi-
ments are locally very rich in biogenic silica and are commonly sili-
ceous claystone and chert, together with calcareous mudstone. The
chert includes isotropic silica (opal-CT) and chalcedonitic quartz. Fine-
grained sediments analyzed from DSDP Site 534 in the Blake Bahama
Basin are strongly enriched in silica (up to 74.69 wt%) (Robertson,
1983). The siliceous sediments are generally interpreted to reflect a period
of high organic productivity (Jansa et al., 1979; Gradstein et al., 1990).

Middle to Upper Eocene (Unit 1)
Sedimentology

Only a small number of samples were taken from this interval. The
succession is ~85% mudrocks, consisting of a mixture of mudstone and
claystone, together with subordinate calciturbidites (Shipboard Scien-
tific Party, 2004). Subdued brownish colors predominate. Radiolarians
were identified in the lower middle Eocene interval. This was the only
part of the succession other than the Paleocene in which radiolarians
were identified (Shipboard Scientific Party, 2004). Whole-rock XRD re-
vealed quartz, minor plagioclase, common opal-A, and rare zeolite (in
Cores 210-1276A-6R and 5R), together with illite and chlorite. The pre-
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dominance of illite and chlorite is consistent with derivation of terrige-
nous sediments from a landmass undergoing erosion in a temperate
climate with little chemical weathering (Chamley, 1989). This contrasts
with the previous period when weathering took place in a warm humid
setting and carbonate build-ups occurred in shallow water.

Shipboard TOC values are somewhat variable. Visual diagenetic fea-
tures include small carbonate concretions and reduction haloes. Ship-
board optical petrographic study of the coarser silt and sand fraction
revealed widespread siliceous cement, opal-CT lepispheres, and minor
chalcedonitic quartz.

Geochemistry

The chemical composition of the fine-grained terrigenous sediment
component appears similar to the underlying succession (Table T1). A
crossplot of Al,O; vs. TiO, (Fig. F18) supports this dominantly terrige-
nous input, although one sample is relatively enriched in TiO,. Occa-
sional relatively high absolute values of CaO (up to 6.61 wt%) record
the fine-grained component of calciturbidites derived from the shal-
lower margin above the CCD. Some high values of SiO, (up to 67.97
wt%) also point to significant productivity of biogenic silica plus the ef-
fects of silica diagenesis, as indicated by shipboard smear slide and XRD
studies. MnO values are unusually low compared to the underlying
Cenozoic part of the succession (<380 ppm). This, in part, reflects dilu-
tion by the abundant fine-grained carbonate; however, it is also possi-
ble that diagenetic conditions were relatively reducing during the
middle to late Eocene time of high carbonate input, promoting dissolu-
tion and mobility of manganese. Occasional slightly higher values of
trace metals (e.g., Ni at 102 ppm) may again reflect an association with
organic matter, as seen in Unit 2.

Regional Comparisons

The background hemipelagic sediments at Site 1276 are noncalcare-
ous and accumulated below the CCD, although rapidly deposited calci-
turbidites appear in this interval (Fig. F3). Background hemipelagic
sediments similar to those at Site 1276, defined as the Blake Ridge For-
mation, accumulated throughout the central North Atlantic from middle
Eocene to Pliocene time (Tucholke and Vogt, 1979; Jansa et al., 1979;
Sheridan, Gradstein, et al., 1983). By contrast, at Site 398 on the Iberia
margin mainly pelagic carbonates accumulated above the CCD with a
greater abundance of siliciclastic and carbonate turbidites than at Site
1276 (Maldonado, 1979). Only the fine-grained sediments that were an-
alyzed from successive 10-m depth intervals are included in the depth
vs. composition plots, and the additional samples analyzed from Unit 2
(at closely spaced intervals) were used to determine whether a volcani-
clastic component is present or excluded (see above).

Sources of Fine-Grained Sediment

To summarize the results outlined above and highlight changes
through time, abundances of selected major element oxides and trace
elements were plotted against depth in meters below seafloor (Figs.
F19-F38). Unit boundaries are indicated in these plots (see also Fig. F3).

Major element oxides that are associated with terrigenous constitu-
ents, as already discussed, show an overall uphole decrease in absolute
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F18. ALO, vs. TiO,, Unit 1, p. 39.
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abundances, as illustrated for AL, O; (Fig. F19), TiO, (Fig. F20), K,O (Fig.
F21), and Fe,O; (Fig. F22). These constituents are mainly associated
with detrital clay minerals (Chamley et al., 1979). In addition to ship-
board XRD analysis of clay minerals, more specialized postcruise XRD
studies revealed that from the base of the hole to ~1550 mbsf only illite-
smectite mixed-layer minerals, some more exotic mixed-layers, kaolin-
ite, illite, and chlorite exist (T. Pletsch, pers. comm., 2006). From 1550
mbsf, there is a very rapid upward increase in smectite from 0% to
~50%, corresponding to the lower levels of Subunit 5B (1550-1500
mbsf). Smectite makes up 60%-80% of the clay minerals in Subunit 5A
and probably remains dominant above this, although a postcruise
study of clay minerals higher in the succession was not carried out.

Silica shows an overall increase in abundance uphole (Fig. F23),
which suggests an increase of an independent constituent, probably
biogenic silica, as noted earlier. Very high values of silica, locally seen in
the upper part of the succession, are related to occurrences of opaline
silica as determined by XRD and smear slides. The pelagic component is
low in carbonate (Fig. F24) except where resedimented by turbidity cur-
rents because the site was continuously below the CCD. Some carbon-
ate (e.g., siderite) formed diagenetically within the sediments. P,O; (Fig.
F25) is higher in the upper Cretaceous (Campanian) and Cenozoic parts
of the succession, which could relate to primary productivity variations,
as noted earlier. MnO (Fig. F26) exhibits low values with occasional
“spikes” that probably relate to penecontemporaneous precipitation of
ferromanganese oxides when seafloor conditions were strongly oxidiz-
ing. These spikes occur in reddish Turonian-Paleogene sediments (Units
4 and 3). Some MnO spikes in the Albian (Subunit Sb) may relate to
accumulation at times when the seafloor was more oxidizing because
these sediments are well burrowed in contrast to those above and below.

MgO shows an upward decrease, followed by high values in Unit 3
and then a decrease in Units 2 and 1 (Fig. F27). The abundance in Unit
3 correlates with elevated values of Al,O;, K,O, MnO, P,O;, Ni, Cr, Cu,
Zn, La, S1, Y, and Zr (Table T1). These samples show a relative enrich-
ment in an authigenic phase (i.e, phosphate) and a detrital phase (i.e.,
smectite rich). These sediments are well oxidized and accumulated on a
current-influenced seafloor. Deep-sea currents may have carried in fine-
grained detrital sediment from an area of contrasting provenance or
clay mineral composition, which would explain the high values of
MgO in Unit 3.

By contrast, Na,O (Fig. F28) shows an uphole increase in abundance,
which generally correlates with a measured downhole decrease in the
porosity of clays and silts (Shipboard Scientific Party, 2004). The trend
in Na,O can be attributed to the expulsion of salt water during compac-
tion and burial because Na,O values have not been corrected for salt
content. Otherwise, Na,O would be expected to correlate with lithoge-
nous constituents (e.g., sodium feldspar) and have an uphole decrease
as in Figures F19, F20, F21, and F22.

Of the trace elements, Rb shows an uphole decrease in abundance
(Fig. F29) like the terrigenous-derived major element oxides shown in
Figures F19, F20, F21, and F22. Some other trace elements also show a
general uphole decrease in abundance, including Cr (Fig. F30), Ni
(Fig. F31), Zn (Fig. F32), V (Fig. F33), Ba (Fig. F34), and Zr (Fig. F35). Ni
and Zn are weakly enriched in organic-rich layers, especially those in
Unit 5 of Albian-Turonian age. Cu (Fig. F36) and Ce (Fig. F37) show lit-
tle downhole variation but have much higher values locally near the

F19. Al,O; vs. depth, p. 40.

F20. TiO, vs. depth, p. 41.

F21. K,O vs. depth, p. 42.

F22.

F23.

F24.

F25. P,O; vs. depth, p. 46.

F26. MnO vs. depth, p. 47.
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Unit 2/3 boundary. These trace elements are also enriched in manganif-
erous horizons, as in Unit 4 of Turonian-Santonian age. Ba (Fig. F34) is
relatively depleted in pre-Cenomanian sediments but is commonly ele-
vated above this, which may relate to increased primary productivity
(Dymond et al., 1992). Y and Ce (Fig. F37) are generally enriched in
phosphatic intervals.

The dominantly terrigenous provenance of Site 1276 sediments is
also supported by distinctive patterns of shale-normalized plots for rep-
resentative mudrock samples from each lithologic unit (Fig. F38). These
samples are compositionally similar to the North American shale com-
posite (NASC) (Gromet et al., 1984); however, Cr, Zr, and Ba are slightly
depleted, whereas Y, La, Ce, Nd, and Sr are slightly enriched. The small
deviations from NASC may relate to the concentration of trace ele-
ments within authigenic marine phases (e.g., Sr within diagenetic car-
bonates, Y within marine phosphates, and Ba related to plankton
productivity). Variations, however, also reflect the composition of the
source region on land, which may differ from the NASC.

Available data from Site 1276 suggest a generally north-northeastward
flow of turbidity currents during the Albian with considerable variation
(Hiscott, this volume). A possible source of turbidity currents was there-
fore on the southeastern Grand Banks (i.e., the Avalon Uplift that was
exposed at the time) (Hiscott, this volume). The regional geology of the
Avalon Uplift includes lithologic equivalents of the Meguma Zone,
which consists of lower Paleozoic rocks that were metamorphosed during
the late Paleozoic Alleghenian orogeny, where they are exposed in Nova
Scotia (Schenk, 1995; Williams et al., 1995). Other parts of the Grand
Banks correlate with the Precambrian to lower Paleozoic Avalon Zone
and its Carboniferous cover of mainly sandstones and shales (e.g., Jansa
and Wade, 1975; Williams et al., 1995; Sanford et al., 1979). White
micas that were dated from Cretaceous sandstones at Site 1276 by the
Ar/Ar method have mainly yielded ages of 260-340 Ma (Carboniferous-
Permian) characteristic of the Alleghenian orogeny. In addition, a
smaller number of samples have older ages (400-600 Ma) characteristic
of the Acadian orogeny. These results suggest that a possible source area
of Cretaceous sediments at Site 1276 was the Meguma Zone under the
southern Grand Banks, assuming that the Meguma rocks there experi-
enced Alleghenian metamorphism (Wilson and Hiscott, this volume).
However, it is also possible that an exotic terrane of Hercynian meta-
morphic rocks, similar to those of western Europe, is present in the
Grand Banks area and contributed sediment to Site 1276. A wide variety
of rocks exposed in Newfoundland and on the Grand Banks, potentially
including the lower Paleozoic Meguma Group, its upper Paleozoic sedi-
mentary cover, Devonian/Carboniferous granites and granodiorites,
and even an exotic Hercynian terrane may have contributed fine-
grained sediment to Site 1276.

In summary, overall downhole trends of major element oxides and
trace elements are consistent with deposition on a subsiding rifted pas-
sive margin on which the relative abundance of land-derived lithoge-
nous constituents gradually decreased with time relative to the amount
of pelagic, biogenic, and authigenic constituents. The geochemical evi-
dence also suggests that the composition of the predominantly terrige-
nous component at Site 1276 remained relatively constant during the
Albian-Santonian (Units 4 and 5) but may have become more variable
subsequently when deep-sea currents became more active.

F27.

F28.

F29.

F30.

F31.

F32.

F33.

F34.

MgO vs. depth, p. 48.

Na,O vs. depth, p. 49.
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Origin of Black Shales

Organic-rich sediments of the Albian-Turonian interval (Unit 5) are
time equivalents of black shales within the Hatteras Formation of the
central North Atlantic (Jansa et al., 1979; Tucholke et al., 1989; Arthur et
al., 1987; Hofmann et al., 2001; Arnaboldi and Meyers, this volume).
However, the Albian succession at Site 1276 is greatly expanded because
of a high input of sediments from turbidity currents. Numerous
organic-rich horizons that do not coincide with known OAEs are
present low in the Albian succession.

The lowest example of well-recognized black shales is from the middle
of lithologic Subunit 5C, of early Albian age, and could represent OAE
1b, known as the “Paquier” event. Higher in Subunit 5C, an organic-
rich interval that is characterized by terrestrially derived kerogen could
correspond to OAE 1c (Shipboard Scientific Party, 2004). Dark layers
near the base of Subunit 5B might represent a presently unrecognized
OAE-type layer. The top of Subunit 5B, of late Albian age, may corre-
spond to OAE 1d, which is known to be dominated by terrigenous or-
ganic matter elsewhere (see Hofmann et al., 2001; Leckie et al., 2002).
An organic-rich interval in the middle of Subunit 5A is likely to repre-
sent the “mid-Cenomanian event” (Leckie et al., 2002). The organic-
rich layer at the top of lithologic Subunit 5A, of late Cenomanian—earliest
Turonian age, probably corresponds to OAE 2, the “Bonarelli” event. In
addition, several minor organic-rich layers occur within the overlying
succession.

Many of the dark gray to black layers show an enrichment in organic
carbon, commonly >2 wt% plus a few very high values (>5 wt%) based
on shipboard analysis (Shipboard Scientific Party, 2004). Postcruise
TOC determinations confirm the presence of organic matter enrich-
ment in these layers, but TOC in most of the sediments is lower (mainly
<2 wt%) (Arnaboldi and Meyers, this volume). Shipboard analysis also
revealed low hydrogen index (HI) values (HI < 100 mg HC/g TOC) and
C/N ratios averaging ~20, suggesting a strong influence of terrestrially
derived organic matter. A positive correlation between C/N ratios and TOC
contents also supports a terrigenous origin for the sedimentary organic
matter. Maximum temperature (T,,,,) values of <435° were consistently
determined postcruise using the Rock-Eval 7 method, significantly less
than shipboard measurements (Pletsch and Cramer, 2006; Pletsch et al.,
2006). The only exceptions occur within 5 m of the upper alkaline
basalt sill near the base of the hole. Much of the kerogen present in the
sediments could have been derived from reworked, previously altered
terrestrial components, as confirmed by vitrinite reflectance studies
(Pross et al., 2007).

In a related postcruise geochemical study, Arnaboldi and Meyers
(this volume) provide chemical analyses of 30 black shales from the
Turonian, Cenomanian-Turonian, Cenomanian, Albian—-Cenomanian
and Albian intervals for the major element oxides Al,Os, TiO,, Fe,0s,
MgO, and K,O and the trace elements Ba, Cd, Cr, Cu, Mo, Re, U, V, and
Zn. The trends of Al, Ti, Fe (partially), K, and Mg support a dominantly
terrigenous input. Cr, Cu, V, and Zn are slightly enriched in the black
shales, as is Ba, a possible paleoproductivity indicator. For Zr, however,
only three measured values exceed those of the adjacent background
sediments (i.e., one from the Albian—-Cenomanian interval [338 ppm]
and two from the Albian interval [480 and 548 ppm)]). Uranium values
reach a high of 9.6 ppm in the Albian, and the Albian also exhibits the
highest Cd values (7.51 ppm), with Rh values reaching 0.301 ppm and
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Mo values reaching 181 ppm. In general, these additional geochemical
data support deposition and diagenesis of the black shales in dysoxic to
anoxic settings (Arnaboldi and Meyers, this volume).

The relative inputs of terrestrial vs. marine organic matter within the
black shales can be assessed using a combination of C/N ratios, N iso-
topes, C isotopic ratios, and determinations of kerogen type. However,
even with all this evidence, unambiguous discrimination of the sources
of organic matter in the Cretaceous black shales remains difficult and
must take account of organic-matter diagenesis during burial (e.g.,
Arthur, 1979; Arthur et al., 1987; Meyers et al., 1984; Meyers, 1994; Wise
et al., 1986; Hofmann et al., 2001). Presently available evidence from
Site 1276 suggests that OAE 2 and 1b contain dominantly marine or-
ganic matter, whereas OAE 1c contains mainly terrestrial organic car-
bon. Few data exist for OAE 1d, but a mainly marine origin for the
organic carbon is possible (Shipboard Scientific Party, 2004; Arnaboldi
and Meyers, this volume).

CONCLUSIONS

The following conclusions are made concerning the origin of the
fine-grained sediments cored at Site 1276, moving forward through
time.

1. The Albian-Turonian interval shows a strong terrigenous input,
consistent with very high sedimentation rates and the results of
petrographic studies of interbedded coarser grained sediments.
Background pelagic and hemipelagic sedimentation was contin-
uously beneath the calcite compensation depth during the
Albian-Focene time interval. Localized high concentrations of
iron and carbonate reflect the formation of siderite concretions.
Redox sensitive elements (e.g., Cu, V, Ni, and Zn) are associated
with organic-rich layers (black shales) of variably mixed terrige-
nous and marine origin.

2. The Turonian-Santonian time interval records the accumulation
of reddish sediments within a strongly oxidizing deep-marine
setting, probably following the establishment of deep-water con-
nections between the South Atlantic and North Atlantic basins.
Manganese oxide and trace metals (e.g., Cu, Ni, and Pb) were co-
precipitated from seawater on a strongly oxidizing seafloor.

3. During the Campanian to late Paleocene, moderate upwelling
along the Newfoundland margin gave rise to relatively high or-
ganic productivity, as reflected in a modest enrichment in silica,
phosphate, and associated trace elements (e.g., Ce and Y). Local
Mn enrichment coupled with reddish color of sediments sug-
gests that the seafloor generally remained well oxidized during
this time interval.

4. During the late Paleocene to middle Eocene, background depo-
sition was still influenced by relatively high productivity, as sug-
gested by locally high phosphate and silica contents and
evidence of silica diagenesis. However, primary productivity was
lower than it was on the conjugate Iberia margin, as recorded at
Site 398.

5. During the middle Eocene, background marine productivity re-
mained relatively high. These sediments are more reducing, as
suggested by commonly gray-green subdued colors and low
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manganese contents. Fine-grained deposition was dominated by
input of calcareous turbidites during this time, associated with
the development of shallow-marine carbonate build-ups in the
source area.

6. Chemical composition of the dominantly terrigenous input at
Site 1276 remained relatively constant from the Aptian to
Eocene and corresponds quite closely to the average composi-
tion of terrigenous shale (NASC). This, in turn, suggests that
these sediments are well mixed, consistent with an origin as fine-
grained turbidites and hemipelagic sediments.

7. Avolcaniclastic contribution was found in the sand turbidites of
late Paleocene-middle Eocene age and appears also to be present
in the fine-grained size fraction of this time interval, mixed with
terrigenous sediment.

8. The mudrocks were sourced in the adjacent continental margin
of Newfoundland and the Grand Banks (e.g., the Avalon Uplift
area) from a number of potential source rocks of different ages,
metamorphism, and tectonic affinities.
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Figure F1. Bathymetric map showing the location of Site 1276 on the rifted margin of Newfoundland. From
Tucholke, Sibuet, Klaus, et al. (2004). Smts. = seamounts.
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Figure F2. Segments of SCREECH 2 seismic profiles across the continental rise and proximal abyssal plain of the Newfoundland rifted margin.
Cored sediments at Site 1276 date to earliest Oligocene to earliest Albian or latest Aptian. The hole did not reach the basement, which is inferred
to be >8 m.y. older and at least tens of meters below the deepest core, which terminated in a basaltic sill. From Tucholke and Sibuet (this volume).
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Figure F3. Summary of core recovery, lithology, and depositional processes at Site 1276. Lithology and
grain-size columns highlight the role of coarse turbidites but give less information about the interbedded
hemipelagic and fine-grained terrigenous sediments that were chemically analyzed during this study. From

Tucholke, Sibuet, Klaus, et al. (2004).
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Figure F4. Crossplot of Al,O; vs. K,O, Unit S.
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Figure F5. Crossplot of Al,O3 vs. MgO, Unit 5.
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Figure F6. Crossplot of Al,O; vs. Na,0O, Unit 5.
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Figure F7. Crossplot of Al,O; vs. TiO,, Unit S.
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Figure F8. Crossplot of MgO vs.TiO,, Unit 5.
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Figure F9. Crossplot of Al,O; vs. Fe,0s, Unit 5.
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Figure F10. Crossplot of Al,O3 vs. SiO,, Unit 5.
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Figure F11. Crossplot of Fe,03 vs. MnO, Unit 5.
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Figure F12. Crossplot of Al,O3; vs. TiO,, Units 3 and 4.
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Figure F13. Crossplot of Al,O; vs. K,O, Units 3 and 4.
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Figure F14. Crossplot of Al,O; vs. SiO,, Units 3 and 4.

20
[ ]
[ ]
16 | P
"
[ ]
L ® [ ]
[ ]
[ ]
12 | ° PY
9
2
s |
[ ]
[aV]
< ® .
8 [ ]
[ ]
4 |-
0 | | | |
0 20 40 60 80

SI0, (Wi%)

100



A.H.F. ROBERTSON
GEOCHEMICAL EVIDENCE FOR SEDIMENTARY AND DIAGENETIC DEVELOPMENT

Figure F15. Crossplot of K,O vs. TiO,, Unit 2.
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Figure F16. Crossplot of Al,O; vs. TiO,, Unit 2.
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Figure F17. Crossplot of SiO, vs. TiO,, Unit 2.
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Figure F18. Crossplot of Al,O; vs. TiO,, Unit 1.
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Figure F19. Plot of Al,O; vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F20. Plot of TiO, vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.

TiO, (Wt%)

02 04 06 08 10 12 14 16 18
600 T T T T T T T

800 .
1000} ° .

‘g 4

E ==G5A

c 1200 .

o

a 58
1400 F ]
1600 F  5¢ ]

1800 1 1 1 1 1 1 1




A.H.F. ROBERTSON
GEOCHEMICAL EVIDENCE FOR SEDIMENTARY AND DIAGENETIC DEVELOPMENT 42

Figure F21. Plot of K,O vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F22. Plot of Fe,0; vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F23. Plot of SiO, vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F24. Plot of CaO vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F25. Plot of P,O; vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F26. Plot of MnO vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F27. Plot of MgO vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F28. Plot of Na,O vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F29. Plot of Rb vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F30. Plot of Cr vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F31. Plot of Ni vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F32. Plot of Zn vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F33. Plot of V vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F34. Plot of Ba vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F35. Plot of Zr vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F36. Plot of Cu vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F37. Plot of Ce vs. depth. See Figure F3, p. 24, for the ages of units and the nature of interbedded
coarser grained sediments.
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Figure F38. North American shale composite (NASC)-normalized plots for selected representative analyses
from each lithologic Unit 1-5 at Site 1276. Normalizing values of the NASC are from Gromet et al. (1984).
Normalizing values (in parts per million) are Sc = 14.90, Cr = 124.50, Zr = 200, Y = 21, La=31.1, Ce = 66.7,
Nd = 27.40, Sr = 142, Rb = 125, and Ba = 636.
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Table T1. Major and trace element analyses of fine-grained sediments, Site 1276. (See table note. Contin-
ued on next three pages.)

Major element oxides (wt%)

Trace elements (ppm)

Core, section, Sample  Depth
interval (cm) number (mbsf)  Unit SiO, AlLO; Fe,0; MgO CaO Na,O K,O Ti0O, MnO  P,0O5 Nb Zr Y
210-1276A-
1W-2, 22-24 AR1 754.71 62.68 17.52 558 1.88 043 1.46 2918 0.731 0.018 0.093 144 1403 21.6
2R-1, 104-105 AR2 804.04 64.53 11.34 6.27 237 412 1.46 1.561 0.707 0.038 0.206 11.2 1275 245
3R-2,13-16 AR3 809.92 56.28 14.2 549 2.04 6.44 1.45 2174 0.57 0.039 0.084 11.2 100.3 20.1
4R-4, 5-7 AR5 823.75 1 6795 1255 574 1.86 0.89 1.42 1.847 0.51 0.013 0.062 9.6 919 15.1
5R-2, 29-31 AR6 830.59 63.55 16.79 569 218 0.54 1.5 2.731 0.669 0.03 0.087 13.8 1247 21.0
6R-3, 65-66 AR7 842.05 5741 1384 486 1.9 6.61 1.35 2139 0.568 0.032 0.068 10.7 101.1 183
7R-6, 70-72 AR8 856.20 65.06 15.69 575 2.28 0.56 1.6 2.801 0.628 0.016 0.086 13.5 1245 21.1
8R-2, 8-10 AR9 859.18 67.97 12.52 543 191 0.71 1.47 1.889 0.526 0.017 0.069 9.7 955 164
9R-1,11-13 AR10 867.31 66.77 12.21 7.62 274 0.95 1.74 1.252 0.426 0.065 0.221 13.6 923 158
10R-1, 5-7 AR12 876.85 72.69 10.76 5.45 2.04 0.56 1.32 1596 0.395 0.029 0.118 48.1 146.6 273
11R-1, 140-142  AR13 887.80 46.37 8.8 34 207 1809 141 1.042 0.272 0.129 0.111 354 1314 174
12R-4, 84-86 AR14 901.34 64.95 13.2 74 262 1.22 1.61 2342 0.646 0.045 0.343 12.0 1433 46.8
13R-1, 144-146  AR15 907.14 6293 16.2 6.52 2.52 0.59 1.58 2748 0.649 0.021 0.093 12.7 1148 22.1
14R-1, 118-121 ART11 916.48 3247 269 1.46 0.84 3339 04 0.731 0.223 0.132 0.227 5.8 100.0 17.0
14R-2, 95-97 AR112 917.75 4193 6,19 225 129 2378 0.76 1.653 0.579 0.158 0.42 49.2 171.3 19.8
14R-2,100-102  AR113 917.80 2 41.01 838 263 1.5 21.28 1.28 1.743 0.726 0.091 0.401 58.8 186.0 20.9
15R-1, 40-42 AR114 925.40 66.84 1.1 0.72 0.5 15.94 0.24 0.201 0.067 0.21 0.127 3.6 513 9.3
15R-1,134-136  AR115 926.34 49.25 7.24 577 195 16.61 1.12 1.16 0.397 0.162 0.235 226 943 213
15R-1, 145-147  AR116 926.45 2669 336 155 1.1 35.37 0.55 0.495 0.179 0.674 0.163 10.7 712 193
15R-2, 145-147  AR117 927.95 40.62 447 258 1.43 26.17 0.77 0.719 0.267 0.206 0.203 20.5 845 165
15R-3, 46-48 AR118 928.46 25.71 394 1.84 1.44 3392 0.62 0.786 0.447 0.417 0.427 52.6 108.1 20.1
15R-3,103-106  AR119 929.03 39.87 6.78 347 1.92 2296 1.04 1.03 0.436 0.437 0.294 546 1619 30.4
15R-3,120-122  AR120 929.20 48.27 11.2 491 268 13.19 1.69 1.602 0.942 0.314 0.554 1248 2949 254
15R-4,124-126  AR121 930.74 63.39 11.86 3.78 2.43 6.05 1.55 2081 0.626 0.116 0.85 38.1 201.5 90.2
15R-4, 133-135.9 AR122 930.83 51.48 896 10.53 3.51 9.6 1.65 1997 1.31 0.377 5.183 2329 468.7 94.6
15R-5, 65-66 AR16 931.65 62.38 1543 6.65 3.08 119 1.72 2235 0.625 0.233 0.431 11.9 1395 60.8
15R-5, 75-76 AR17 931.75 61.4 1524 694 3.23 1.27 1.77 2.087 0.606 0.724 0.46 12.0 140.2 70.1
16R-2, 71-73 AR18 936.71 77.78 9.29 237 1.86 0.62 1.19 129 0.455 0.013 0.126 84 99.6 203
17R-7, 29-31 AR20 952.60 3 80.93 487 215 1.06 28 1.13 0818 0.24 0.016 0.124 39 59.7 115
18R-7, 27-29 AR21 962.20 7536 828 3.27 1.65 2.08 1.38 1.306 0.391 0.026 0.168 6.7 798 16.5
19R-5, 25-27 AR22 969.42 61.16 1445 879 2.83 1.26 1.6 2.7 0.673 0.148 0.469 12.0 1342 61.0
20R-2, 99-101 AR25 975.44 6196 13.83 8.07 294 1.32 158 2345 0.639 0.8 0.246 11.7 1099 37.0
21R-1, 76-78 AR26 983.46 63.47 1579 544 257 0.59 1.52 2927 0.651 0.079 0.086 11.7 1243 19.2
23R-4, 68-70 AR27 1006.62 33.58 11.78 9.68 1.76 19.1 1 2.826 1.656 0.262 0.334 40.7 1511 26.7
24R-3,136-138  AR28 1015.96 56.6 18.75 882 222 0.63 1.1 3.703 09 0.085 0.187 17.8 150.5 325
25R-7, 32-34 AR29 1030.02 65.16 14.62 7.65 1.62 0.74 1.14 2754 0.765 0.126 0.323 13.9 2335 473
26R-1, 50-52 AR30 1031.30 67.01 1415 6.39 1.89 0.64 1.39 2932 0.826 0.083 0.193 16.4 2434 29.8
27R-2, 54-57 AR32 1042.51 4 63.75 13.27 527 215 0.66 1.32 2511 0.621 3.404 0.164 13.3 1263 328
27R-4, 19-21 AR33 1045.10 69.89 7.79 1235 1.39 0.87 094 1.734 0.541 0.155 0.131 10.2 2045 19.1
29R-3, 23-25 AR34 1062.76 60.43 16.78 8.84 2.08 0.59 1.27 2965 0.887 0.106 0.094 17.0 175.0 259
31R-2, 70-72 AR35 1081.20 53.92 1035 841 1.43 0.93 0.97 1985 0.538 0.024 0.075 9.4 1113 233
32R-3,91-93 AR36 1092.51 54.01 11.94 504 1.68 74 105 206 0537 0.05 0.108 149 111.7 237
33R-5, 14-16 AR38 1104.34  5A 65.77 13.7 471 193 1.97 1.22 2429 0.674 0.021 0.079 125 126.2 236
35R-1, 58-60 AR39 1117.98 59.01 1494 6.59 1.99 0.55 1.2 2.741 0.756 0.016 0.105 13.3 1639 246
35R-2, 89-91 AR41 1119.70 6195 1513 443 1.99 393 1.26 2664 0.864 0.034 0.112 15.6 180.3 32.0
37R-1, 7-10 AR43 1136.47 5578 11.59 435 154 11.07 096 2.142 0.663 0.08 0.077 123 168.7 27.0
39R-3, 77-79 AR47 1159.00 41.79 1169 43 146 1843 093 1935 0.524 0.14 0.076 9.0 923 252
39R-4,102-104  AR48 1160.73 64.09 16.27 6.53 1.92 0.68 1.32 2788 0.785 0.028 0.072 13.8 1445 283
40R-4, 99-101 AR49 1170.35 6191 17.34 6.55 2.07 0.92 1.35 3.081 0.77 0.026 0.091 14.0 1314 275
41R-3, 42-44 AR50 1177.86 5582 14.63 491 1.69 7.08 1.09 2685 0.798 0.042 0.065 13.2 148.8 249
42R-7, 30-33 AR51 1193.03 4298 12.76 556 1.43 1271 0.89 2.022 0.527 0.14 0.088 9.2 921 250
43R-4, 47-49 AR53 1198.42 61.13 17.53 58 218 1.07 1.29 3.149 0.769 0.026 0.081 13.4 1269 24.2
44R-5,132-134  AR55 1210.60 59.37 16.35 555 2.01 326 1.21 2917 0.743 0.033 0.074 13.2 126.2 24.4
45R-6, 64-66 AR56 1221.09 49.34 1393 6.59 1.96 9.37 0.99 2488 0.587 095 0.097 10.1 95.0 26.4
46R-3, 104-106  AR57 1226.49 43.08 11.82 6.18 1.73 1505 0.84 2156 0.514 0.927 0.07 8.5 89.7 244
47R-4,120-122  AR58 1237.77 5B 59.68 18.11 5.5 2.08 1.81 1.17 3.161 0.754 0.029 0.065 13.3 1342 24.0
48R-2, 97-99 AR59 1244.21 56.38 1492 583 1.99 6.07 1 3.06 0.626 0.089 0.078 10.7 108.8 2538
49R-6, 48-51 AR61 1259.38 63.19 1552 588 2.04 137 1.08 2.895 0.675 0.039 0.075 13.3 113.8 21.6
50R-5, 60-62 AR62 1267.60 42.08 11.13 397 137 1823 0.74 1.789 0.526 0.278 0.097 89 99.7 275
51R-2, 63-65 AR63 1272.83 58.68 14.79 423 1.73 5.65 1.07 2452 0.757 0.046 0.062 12.2 1409 235
52R-2, 61-63 AR64 1282.51 55.58 1599 511 2.09 593 1.09 2925 0.693 0.064 0.071 12.8 119.1 242
74R-3, 97-100 AR65 1291.06 6233 16.65 68 216 0.71 1.07 3.088 0.71 0.121 0.074 14.7 1255 252
54R-2, 55-57 AR66 1301.65 55.58 14.51 5.81 1.91 7.57 1.01 2665 0.611 0.105 0.097 10.6 1053 27.8
55R-3, 63-65 AR67 1312.83 57.87 1448 6.17 214 5.22 093 2986 0.617 0.097 0.052 10.4 107.3 20.0
56R-3, 85-87 AR68 1322.65 63.81 14.8 4.73 1.94 3.79 1.04 2713 062 0.073 0.078 10.3 102.2 229
58R-3, 63-65 AR69 1341.73 5935 16.09 9.16 227 0.88 0.89 3.021 0.664 0.095 0.074 121 1144 273
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Table T1 (continued).

Trace elements (ppm)

Core, section, Sample Depth
interval (cm) number  (mbsf)  Unit Sr Rb La Ce Nd Zb Cu Ni Cr \ Ba Sc
210-1276A-
1W-2, 22-24 AR1 754.71 161.0 119.9 38.8 923 32.8 1228 74.7 46.2 101.1 227.4 5919 16.8
2R-1, 104-105 AR2 804.04 267.2 569 29.5 64.1 31.8 125.2 73.9 1023 858 126.3 315.0 15.2
3R-2, 13-16 AR3 809.92 517.4 94.2 35.2 843 304 1148 67.2 478 89.9 220.2 599.7 153
4R-4, 5-7 AR5 823.75 1 1824 832 250 603 21.6 100.8 553 49.1 82.4 1482 409.7 123
5R-2, 29-31 AR6 830.59 191.5 109.8 36.9 96.2 32.2 1013 76.2 589 86.1 1473 4683 156
6R-3, 65-66 AR7 842.05 479.4  93.2 31.6 719 282 89.6 654 38.0 89.1 209.2 466.6 159
7R-6, 70-72 AR8 856.20 1989 119.8 37.8 887 329 918 37.3 455 86.6 168.1 504.4 149
8R-2, 8-10 AR9 859.18 181.5 828 259 724 234 117.6 673 42.1 71.5 157.6 4108 12.7
9R-1, 11-13 AR10 867.31 180.7 61.6 30.6 744  29.6 71.7 4.0 1120 51.1 93.1 3175 116
10R-1, 5-7 AR12 876.85 2353 448 473 123.0 49.0 1324 645 947 489 66.6 2494 153
11R-1, 140-142  AR13 887.80 470.2  29.6 47.1 87.3 30.8 99.2 343 649 355 599 468.3 6.3
12R-4, 84-86 AR14 901.34 251.2 899 554 1088 56.7 139.0 378 853 869 117.0 436.5 18.6
13R-1, 144-146  AR15 907.14 1926 119.8 38.1 78.9 33.6 76.9 333  84.6 1045 3478 496.1 169
14R-1, 118-121 ART11 916.48 383.0 264 278 545 29.0 71.9 577  49.1 79.8 70.3 174.5 7.5
14R-2, 95-97 AR112 917.75 3879 479 417 943 39.0 259.6 335 909 1003 116.2 392.0 8.5
14R-2,100-102  AR113 917.80 2 377.0  53.1 45.3 103.1 449  61.0 70.8 517.1 69.1 137.9 373.7 9.5
15R-1, 40-42 AR114 925.40 218.0 7.9 158 246 144 24.0 20.0 16.5 18.0 17.4  87.8 1.7
15R-1,134-136  AR115 926.34 4224  37.2 38.8 84.7 38.1 99.2 30,6 922 509 167.8 296.1 10.8
15R-1, 145-147  AR116 926.45 5054  21.1 36.3  64.5 30.8 545 39.6 47.1 364 693 1933 9.9
15R-2, 145-147  AR117 927.95 486.0 243 323 64.7 30.0 50.7 48.6 56.3 45.0 153.1 240.5 6.5
15R-3, 46-48 AR118 928.46 607.7 229 459 889 434 2129 184.1 63.1 86.2 238.5 264.7 8.8
15R-3,103-106  AR119 929.03 454.6 345 48.7 995 459 892 414 87.1 48.0 1189 2953 10.1
15R-3,120-122  AR120 929.20 5456  40.8 70.2 1474 589 1286 72.6 139.1 48.7 598.2 4725 6.4
15R-4,124-126  AR121 930.74 329.2 721 1455 2719 1531 1214 68.6 79.3 94.4 329.8 3741 204
15R-4, 133-135.9 AR122 930.83 669.7 71.6 2773 605.6 258.6 149.4 478 929 146.0 2429 6234 21.7
15R-5, 65-66 AR16 931.65 305.2 84.8 59.0 1259 63.4 134.0 361.5 107.2 1151 103.3 358.1 24.6
15R-5, 75-76 AR17 931.75 3354 811 71.1  160.2 73.9 140.2 408.5 89.5 73.2 1219 5495 233
16R-2, 71-73 AR18 936.71 200.6 509  25.1 61.4 245 354 921 30.3 81.7 84.1 2455 107
17R-7, 29-31 AR20 952.60 3 188.4 31.3 154 26.1 12.7  58.1 22.2 18.6  95.1 53.9 227.2 57
18R-7, 27-29 AR21 962.20 2084 519 20.2 46.8 19.1 1079 425 37.0 1545 107.3 233.0 10.2
19R-5, 25-27 AR22 969.42 308.5 89.5 65.8 1479 66.9 150.7 419 832 904 1353 3626 17.4
20R-2, 99-101 AR25 975.44 305.9 77.6 463 1255 450 137.5 815 953 89.8 128.7 3273 16.0
21R-1,76-78 AR26 983.46 2519 1124 31,7 673 295 1393 244 438 1146 2975 569.1 174
23R-4, 68-70 AR27 1006.62 511.4  48.1 46.1 100.5 47.1 105.2 44.6 70.3 505 162.2 253.2 193
24R-3,136-138  AR28 1015.96 227.5 129.1 42.7 1189 439 130.7 629 819 1154 1405 339.5 23.0
25R-7,32-34 AR29 1030.02 1926 99.5 48.2 106.6 56.6 109.9 38.8 108.8 82.6 156.5 358.8 19.6
26R-1, 50-52 AR30 1031.30 215.2 1246 339 78.4 343 103.1 29.1 628 81.1 121.7 373.7 18.0
27R-2, 54-57 AR32 1042.51 4 276.7 1105 40.0 92.6 344 90.3 104.1 61.3 534 1139 7224 16.7
27R-4,19-21 AR33 1045.10 152.2 683 220 827 226 868 26.5 699 56.5 2133 2668 12.8
29R-3, 23-25 AR34 1062.76 231.9 1319 334 723 29.8 106.6 32.0 71.6 101.6 161.3 4158 185
31R-2, 70-72 AR35 1081.20 171.6  84.0 24.1 457 229 1114 96.7 273.8 87.0 3050 3173 11.3
32R-3, 91-93 AR36 1092.51 307.2 874 30.2 543 245 207.0 150.1 119.1 180.2 309.8 921.7 11.7
33R-5, 14-16 AR38 1104.34  5A 236.8 105.1 299 60.0 26.1 194.2 117.7 1224 78.0 143.2 356.1 15.1
35R-1, 58-60 AR39 1117.98 2151 1159 2838 73.8 278 1734 1543 120.8 147.1 228.6 376.2 182
35R-2, 89-91 AR41 1119.70 2753 111.7 33.7 81.7 36.1 185.5 69.9 654 89.1 133.8 400.6 18.9
37R-1, 7-10 AR43 1136.47 3344 913 31.8  68.1 34.2 743 503 67.2 68.1 96.5 330.8 16.0
39R-3, 77-79 AR47 1159.00 501.8 925 328 652 275 1452 789 164.8 73.8 110.7 4528 17.2
39R-4,102-104  AR48 1160.73 244.8 126.0 39.3  80.0 33.7 570 463 64.2 89.0 136.3 470.0 18.0
40R-4, 99-101 AR49 1170.35 257.4 140.5 36.6 70.6 29.2 164.7 80.2 1269 1020 153.6 691.4 17.6
41R-3, 42-44 AR50 1177.86 318.8 116.7 32.7 71.3 30.5 166.7 85.6 2154 97.4 146.0 5949 18.0
42R-7, 30-33 AR51 1193.03 369.8  96.1 33.2 66.0 26.2 2193 81.8 186.7 111.6 427.0 13329 15.1
43R-4, 47-49 AR53 1198.42 2534 143.2 323 60.3 24.1 146.2 938 64.6 1122 2125 1129.7 17.9
44R-5,132-134  AR55 1210.60 2689 1358 325  64.1 27.0 111.2 883 526 94.7 143.6 867.5 18.1
45R-6, 64-66 AR56 1221.09 3544 114.8 323 654 299 829 675 79.5 837 1345 780.7 17.2
46R-3, 104-106  AR57 1226.49 375.8 994 323 59.2 255 805 54.8 69.0 769 112.7 3529 156
47R-4,120-122  AR58 1237.77 5B 236.7 1439 33.8 66.7 28.7 1209 75.4 74.6 109.4 161.4 4204 194
48R-2, 97-99 AR59 1244.21 267.2 1313 333 65.0 30.6 88.9 76.7 77.3 104.0 1553 389.7 17.1
49R-6, 48-51 AR61 1259.38 214.2 129.6 31.8  60.3 274 153.6 75.3 180.1 929 158.1 4224 169
50R-5, 60-62 AR62 1267.60 416.6  82.6 36.3 70.5 33.2 130.6 51.1 97.8 865 1719 3674 1538
51R-2, 63-65 AR63 1272.83 3120 109.3  29.5 59.1 27.0 107.6 50.0 71.2 100.5 140.6 438.3 164
52R-2, 61-63 AR64 1282.51 266.3 130.7 343 68.2 30.8 1552 64.1 100.6 99.7 171.3 4322 180
74R-3, 97-100 AR65 1291.06 203.8 138.8 336 673 29.8 1156 98.7 116.7 96.8 173.6 457.8 18.0
54R-2, 55-57 AR66 1301.65 280.5 119.2 36.5 72.7 349 1211 66.9 1223 922 1423 4245 16.0
55R-3, 63-65 AR67 1312.83 2341 1251 30,5 576 263 920 68.3 102.1 99.2 137.0 4073 163
56R-3, 85-87 AR68 1322.65 2273 119.4 33.7  65.1 29.7 121.0 66.6 96.6 93.1 148.4 449.0 16.9
58R-3, 63-65 AR69 1341.73 189.3 137.4 37.0 70.7 33.9 160.8 83.7 2064 104.2 171.4 463.5 18.1
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Table T1 (continued).

Core, section, Sample  Depth Major element oxides (wt%) Trace elements (ppm)
interval (cm) number  (mbsf)  Unit SiO, AlLO; Fe,0; MgO CaO Na,O K,O Ti0O, MnO  P,0O5 Nb Zr Y
78R-5, 83-85 AR70 1348.96 41.88 11.18 7.03 161 13.83 085 2176 0.476 0.272 0.118 7.8 91.7 3338
60R-4, 102-104  AR71A 1359.12 59 1797 86 265 0.7 098 3417 0.783 0.052 0.078 14.7 139.8 28.1
60R-4, 102-104  AR71B  1359.12 48.35 16.42 7.73 1.59 518 0.66 3.1 0.816 0.07 0.13 159 136.3 29.6
60R-4, 102-104  AR71C 1359.12 58.05 16.38 6.53 244 2.7 1.08 3.306 0.722 0.075 0.083 12.2 1252 271
61R-3,32-34 AR72 1366.52 59.65 14.17 56 192 396 095 2725 0.6 0.067 0.06 104 1042 21.4
63R-3, 54-56 AR73 1386.04 61.98 1544 557 202 1.71 1.01 283 0.825 0.158 0.06 141 156.3 269
64R-5, 105-107  AR74 1399.25 43.63 12.55 563 1.85 10.18 0.8 2.247 0.534 3.588 0.121 9.7 100.8 34.2
67R-4, 48-51 AR76 142588 5B 59.94 1717 7.21 242 0.6 1.01 3.431 0.747 0.05 0.068 13.0 130.5 27.8
69R-4, 36-38 AR77 1444.66 5739 1642 9.4 242 1.43 09 3.199 0.687 0.688 0.072 11.8 1184 26.4
70R-6, 25-27 AR78 1457.25 60.31 16.43 7.88 228 0.8 0.87 3.112 0.708 0.205 0.066 12.7 121.3 27.0
71R-3, 8-10 AR79 1462.28 59.65 17.24 8.58 226 0.49 0.85 3.348 0.781 0.043 0.076 151 1355 26.7
72R-2, 89-91 AR80 1471.29 60.77 18.25 7.64 234 0.48 1 3.514 0.792 0.043 0.062 14.4 137.7 271
73R-4,106-108  AR81 1484.06 61.57 17.4 6.77 2.32 0.54 1 3.324 0919 0.045 0.082 16.5 139.7 29.1
74R-3, 97-100 AR82 1492.07 60.4 17.73 7.04 233 047 098 3.37 0.783 0.045 0.069 16.7 149.2 28.4
75R-2,113-115  AR83 1500.33 59.28 16.39 6.79 2.16 2.74 095 299 0.9 0.095 0.102 19.6 1544 29.6
76R-5,131-133 AR84 1514.61 5553 17.16 6.97 226 3.88 0.83 3.182 0.85 0.132 0.111 16.2 140.3 28.5
77R-4, 80-82 AR85 1522.20 59.03 18.83 8.5 229 0.35 0.9 3.451 0.893 0.037 0.063 16.5 1571 25.6
78R-5, 83-85 AR86 1533.33 60.77 18.22 7.39 223 0.42 0.97 3903 0.929 0.035 0.065 16.6 147.8 25.1
79R-1,100-102  AR87 1537.20 57.04 16.28 832 198 0.4 0.82 3.497 0.742 0.025 0.077 13.0 130.0 21.3
80R-4, 35-38 AR89 1550.65 50.2 1819  6.67 1.94 6.81 0.72 3.126 084 0.113 0.114 16.8 1344 28.6
81R-4, 77-80 AR90 1560.57 57.62 19.82 6.31 1.84 0.63 0.75 3.724 0.928 0.041 0.098 17.2 164.5 30.0

82R-1,11-13 AR91 1565.11 5716 1852 569 1.6 3.01 0.66 3.206 0.817 0.068 0.078

83R-3, 73-75 AR92 1578.23 51.08 1791 18.16 2.54 0.22 0.36 2987 0.835 0.056 0.056 16.1 1545 24.2
84R-2, 102-104  AR93 1586.72 52.01 18.2 9.08 2.15 343 067 3.219 0.883 0.076 0.12 17.3 140.6 304
85R-1, 62-64 AR94 1588.32 5215 17.89 16.84 2.69 0.23 0.37 2945 0.817 0.064 0.064 155 1469 27.2
86R-2, 110-112  AR95 1597.40 5C 57.31 1827 55 1.79 291 0.74 3.335 0.947 0.071 0.106 20.0 157.7 29.7
86R-2, 110-112  AR96 1597.40 51.55 17.84 819 238 4.1 0.74 3.313 0.886 0.096 0.128 18.1 150.8 29.9
89R-1,120-122  AR97 1624.80 5798 17.09 12.06 2.11 0.42 0.75 3.785 0.802 0.043 0.07 154 1552 29.0
90R-4, 108-110  AR99 1638.85 52.1 18.85 14.42 223 0.29 0.45 3.55 0.843 0.062 0.062 16.4 164.3 26.1
91R-3,100-102  AR100 1646.80 58.17 17.81 10.61 2.26 0.32 0.73 3.615 0.817 0.043 0.055 158 158.7 257
92R-2, 98-102 AR101T  1654.98 53.22 1876 9.41 1091 2.87 0.66 3.443 0.935 0.064 0.123 18.7 150.5 30.3
93R-4, 72-75 ART102B 1667.32 61.68 16.43 6.82 1.65 093 1.02 2963 0.752 0.037 0.117 14.2 141.5 359
93R-4, 72-75 AR103 1667.32 61.25 17 6.95 1.91 0.45 1.13 3.276 0.845 0.176 0.072 15.0 168.0 26.6
94R-4, 8-12 AR104 1676.23 54.5 17.6 6.31 1.61 415 0.75 3.251 0.956 0.081 0.14 19.8 1543 326
95R-4, 42-44 AR106 1685.98 57.78 18.08 8.01 215 2.05 096 3.561 0.888 0.054 0.09 18.3 159.0 29.5
97R-1,110-113 AR108 1701.60 53.51 18.29 7.29 2.04 291 1.07 33 0.952 0.062 0.127 19.5 1549 299
98R-1, 56-59 AR109 1710.66 53.13 20.68 8.81 3.54 0.62 3.26 3.078 0.951 0.089 0.101 189 157.8 229

Note: Analyses by X-ray fluorescence at the School of GeoSciences, University of Edinburgh, United Kingdom.
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Table T1 (continued).

Trace elements (ppm)

Core, section, Sample Depth  Unit/
interval (cm) number  (mbsf) subunit Sr Rb La Ce Nd Zb Cu Ni Cr \ Ba Sc

78R-5, 83-85 AR70 1348.96 3264 948 41.2 79.8 35.4 160.4 70.1 2240 157.0 466.5 3759 158
60R-4, 102-104  AR71A 1359.12 183.6 152.3  40.1 76.4 34.8 150.1 1239 163.2 112.8 176.5 4747 19.5
60R-4, 102-104  AR71B  1359.12 163.5 157.8 37.2 803 373 1514 679 1926 1134 2149 3939 194
60R-4, 102-104  AR71C  1359.12 209.6 139.0 39.6 75.3 35.7 1729 843 160.8 1174 166.6 468.7 19.7
61R-3, 32-34 AR72 1366.52 220.7 1221 334 69.7 31.3 149.0 853 303.1 102.5 158.7 450.6 18.2
63R-3, 54-56 AR73 1386.04 194.8 1233 35.4 75.4 323 1477 57.0 894 1049 153.6 4684 17.5
64R-5,105-107  AR74 1399.25 250.0 103.4 41.3 845 37.0 3376 971 2643 112.8 201.0 436.8 16.1
67R-4, 48-51 AR76 1425.88 5B 188.4 147.8 41.6 75.2 355 1857 90.7 153.8 122.0 183.4 4923 19.6
69R-4, 36-38 AR77 1444.66 184.8 144.7 35.6 70.5 32.9 143.1 76.4 1879 113.7 1509 4394 18.8
70R-6, 25-27 AR78 1457.25 183.0 144.7 36.7 68.2 32.6 139.1 84.3 1474 1056 165.0 4975 18.1
71R-3, 8-10 AR79 1462.28 154.0 150.2 37.9 74.6 344 156.1 869 116.1 1125 162.8 469.8 20.3
72R-2, 89-91 AR80 1471.29 181.6 157.3 38.2 76.8 35.2 1378 938 1535 1157 162.2 513.5 209
73R-4,106-108  AR81 1484.06 184.9 143.2 41.1 84.0 38.7 1785 79.2 1375 101.6 182.2 5033 19.8
74R-3, 97-100 AR82 1492.07 175.3 150.9 39.3 824 36.0 1748 89.1 141.6 103.8 168.3 510.5 19.1
75R-2,113-115  AR83 1500.33 183.5 142.6 34.7 75.2 32.7 1341 49.6  80.3 96.9 150.6 489.6 19.4
76R-5,131-133  AR84 1514.61 202.4 1515 37.5 79.5 32.7 1277 49.6 72.6 106.2 168.2 4928 20.9
77R-4, 80-82 AR85 1522.20 151.4 1543 37.2 815 348 96.3 76.1 66.6 105.5 166.1 477.3 223
78R-5, 83-85 AR86 1533.33 1741 1725 37.2 78.4 344 109.6 620 909 108.8 1855 4780 21.5
79R-1,100-102  AR87 1537.20 140.7 148.7 36.0 73.9 30.8 234.0 107.3 217.0 222.7 243.2 417.7 194
80R-4, 35-38 AR89 1550.65 209.5 1543 415 884 384 1239 559 711 107.7 165.1 4823 225
81R-4, 77-80 AR90 1560.57 128.6 167.6 46.6 1024 428 271.2 119.3 1453 1357 2248 4623 24.1
82R-1,11-13 AR91 1565.11

83R-3, 73-75 AR92 1578.23 97.1 148.7 33.8 73.9 32.5 127.2  59.1 87.0 95.6 153.1 4069 21.8
84R-2, 102-104  AR93 1586.72 156.1 1643  41.5 84.1 379 1384 56.7 885 113.0 168.8 4465 222
85R-1, 62-64 AR94 1588.32 98.9 146.9 38.9 85.1 36.8 1284  81.3 81.1 100.3 167.4 401.0 21.0
86R-2, 110-112  AR95 1597.40 5C 1549 1623 415 875 37.2 131.8 608 88.0 1156 177.6 476.2 219
86R-2,110-112  AR96 1597.40 138.6 157.0 48.2 99.2 449 1347 523 783 117.0 1721 6345 213
89R-1,120-122  AR97 1624.80 120.0 184.6 42.0 925 40.1 1436 60.6 97.7 101.9 1655 428.0 18.8
90R-4, 108-110  AR99 1638.85 113.2 1726 39.5 78.1 326 116.0 81.4 689 1104 169.5 4051 22.5
91R-3,100-102  AR100 1646.80 119.6 182.6 34.3 711 304 97.0 427 89.1 1145 1658 3919 20.6
92R-2, 98-102 AR101  1654.98 143.8 173.6 415 857 38.0 1449 643 111.1 116.7 1742 4371 226
93R-4, 72-75 AR102B 1667.32 129.9 143.2 38.3 80.3 37.7 220.7 130.2 1121 1376 193.0 6171 19.6
93R-4, 72-75 AR103  1667.32 83.9 150.7 35.1 76.0 323 1253 447 1273 119.8 178.1 567.0 18.7
94R-4, 8-12 AR104 1676.23 152.1  159.8 399 88.0 39.1 121.5 59.2 826 1195 177.5 433.1 225
95R-4, 42-44 AR106 1685.98 129.4 167.4 41.1 95.9 39.0 1024 35.4 77.6 108.7 171.9 4915 233
97R-1,110-113  AR108 1701.60 138.0 171.4 36.8 77.7 340 109.0 479 853 121.2 179.1 4389 225
98R-1, 56-59 AR109 1710.66 94.6 146.9 19.5 444 18.6  47.1 6.8 99.5 1283 2129 5475 226

63
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