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2. MAJOR AND TRACE ELEMENT GEOCHEMISTRY OF SEDIMENTS
FROM EAST GREENLAND CONTINENTAL RISE: AN IMPLICATION
FOR SEDIMENT PROVENANCE AND SOURCE AREA WEATHERING!

Saneatsu Saito?

ABSTRACT

The bulk geochemistry of the nonbiogenic fraction of 70 samples from Ocean Drilling Program Site 918 in the Irminger
Basin was determined by X-ray fluorescence. These data enabled the reconstruction of several aspects of Cenozoic paleoenvi-
ronmental evolution. By means of chemical stratigraphic analysis of the bulk sediments, seven major geochemical stages were
identified and correlated with the significant lithologic units. The chemica compositions of the geochemical stages were basi-
cally controlled by differencesin source area (vol canic/plutonic) and the degree of source area weathering. Important el ements
for characterizing source rock lithology are iron and sodium, whereas those for intensity of weathering are sodium, calcium,
and potassium. The sodium-ferric iron ratio and potassium-calcium ratio provide useful indexes for the degree of the plutonic
input and source area weathering, respectively.

Major chemical shifts occur at 550 meters below seafloor, which coincides with the beginning of ice-rafted debris (IRD)
deposition in the upper Miocene. Mobile elements from weathering, such as calcium, manganese, and sodium, decrease
downsection whileimmobile potassium increases. IRD is clearly distinguished from turbidites by its high content of the mobile
elements. The chemical difference is explained by the difference between mechanical erosion by ice sheets and chemical
weathering on land. Mechanical erosion by ice sheets does not involve source area chemical weathering and sel ective transpor-
tation by rivers. Turbidite materials were derived, however, from chemically weathered plutonic, metamorphic, and basaltic
rocks on Greenland. Potassium in turbidites was recycled from basement rocks and pal eosols, while sodium was removed dur-
ing weathering and transportation.

The major Cenozoic palecenvironmental changes in the East Greenland Margin are reconstructed from sediment composi-
tions and geochemistry. Eocene sediments are derived from a weathered basaltic region. The upper Oligocene to lowermost
Miocene s characterized by aweathered continental input. Fresh volcanic input began during the early Miocene. The supply of
continental materials became dominant again during the middle Miocene, which coincides with the development of modern
North Atlantic Deep Water. Unweathered IRD has been supplied since the late Miocene, which coincides with the first occur-
rence of dropstones.

INTRODUCTION et al., 1995; Larsen, Saunders, Clift, et al., 1994). Although there are
many clay mineralogical studies of terrigenous materia to recon-

During Ocean Drilling Program (ODP) Leg 152, a 1200-m-thick struct paleoclimatology (e.g., Krissek, 1989; Froget et al., 1989;

sedimentary section ranging from the Eocene to Quaternary was
drilled at Site 918 on the East Greenland Continental Rise. Thiswas
the first deep drilling conducted on the southeast Greenland Margin.
These sediments give a detailed chronology of oceanographic and
climatological events in the North Atlantic, including the discovery
that glaciation began in southeast Greenland asearly as 7 Ma(Larsen
et a., 1994), far earlier than previously thought (no older than late
Pliocene: Shackleton et al., 1984; Funder, 1989). This glaciation was
preceded by an influx of cold North Atlantic Deep Water (NADW)
into the Irminger Basin during the middle Miocene (Larsen, Saun-
ders, Clift, et a., 1994).

The aim of this study isto reconstruct paleoenvironmental condi-
tions in the Irminger Basin during the Cenozoic by using bulk
geochemical data from the nonbiogenic fraction of sediments. These
analyses provide information about the provenance of the sediments
relating to the history of volcanism, weathering, erosion, and sedi-
ment supply. These kinds of investigations have aready been applied
to alarge number of Deep Sea Drilling Project and ODP sites. Pale-
oenvironmental studiesin the northern Atlantic have been conducted
using microfossil assemblages, isotopes, ice-rafted debris (IRD),

Holmes, this volume; Heiden and Holmes, this volume), only a few
attempts to study the bulk geochemistry of sediments have been
made. This study focuses on the bulk geochemistry of the nonbiogen-
ic fraction of sediments to reveal changes in composition and to re-
construct environments in the provenance areas since Eocene time.

ANALYTICAL METHODSAND MATERIALS

Site 918 is particularly good for this type of study because shelf
sitesaretoo proximal to Greenland and Site 918 produced the best in-
formation on the timing of IRD. More than 70 samples of sand and
sandy silt from Site 918 were analyzed with X-ray fluorescence
(XRF). The sampling interval was approximately one sample per
core. The samples were ground in an agate mortar to minimize con-
tamination. Biogenic and detrital carbonate components were re-
moved from these samples by treatment with 4 mol/L of acetic acid
for mgjor element analysis. H,O~ and loss on ignition (LOI) were de-
termined by agravimetric method. Fusion beads were prepared from
0.4 + 0.0002 g (dried at 950°C overnight) and 9.002 g Li-tetra-

borate for major element analysis. Pressed powder pellets were pre-
pared from about 4 g with a vinyl chloride ring for trace element anal-
ysis. XRF analyses were performed with a Rigaku Model 3270 in the
Ocean Research Institute, University of Tokyo. These analyses gave
10 major elements (SOTIO,, Al,O;, Fg&0O;, MnO, MgO, CaO,
Na0, K,O, and BO;) and nine trace elements (Rb, Sr, Zr, Nb, Y, Th,
Pb, Ni, and Ba). Major element data are considered accurate between
1% and 5%, whereas trace element accuracy varies from 2% to 10%.

heavy mineralogy, and clay mineralogy by ODP Legs 104, 151, 152,
and 162 (Eldholm, Thiede, Taylor, et a., 1989; Myhre, Thiede, Firth,

1Saunders, A.D., Larsen, H.C., and Wise, SW.,, Jr. (Eds.), 1998. Proc. ODP, Sci.
Results,152: College Station, TX (Ocean Drilling Program).

20cean Research Ingtitute, University of Tokyo, 1-15-1 Minamidai, Nakano-ku,
Tokyo 164, Japan. saito@ori.u-tokyo.ac.jp
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S. SAITO

GENERAL LITHOSTRATIGRAPHY AND AGE
CONTROL AT SITE 918

Site 918 is located on the upper continental rise off Southeast
Greenland (Fig. 1), and the 1200-m-thick sedimentary sequence re-
covered thereisdividedinto fivelithologic units overlying weathered
basaltic basement (Fig. 2). The lithostratigraphy of Site 918 is de-
scribed in detail by Larsen, Saunders, Clift, et al. (1994). The age as-
signments for this sequence are from Wei (this volume).

Lithologic Unit | (0-600.0 meters below seafloor [mbsf]) is an
upper Miocene to Holocene dominantly dark gray silt, with volcano-
genic and continental components. It is divided into five subunits on
the basis of the presence of turbidites, the occurrence of a high con-
centration of IRD and dropstones, a decrease in the concentration of
dropstones, and the absence of IRD and dropstones. Subunits |A, 1B,
IC, ID, and |E are composed of interbedded sand with silt and IRD,
interbedded turbidites with silt and IRD, silt enriched in IRD, silt
with IRD, and silt, respectively. Lithologic Unit Il (600.0-806.5
mbsf) is composed of lower to upper Miocene nannofossil chalk and
silt, moderately to heavily burrowed. Frequent micritic and glauco-
nitic hardgrounds occur at the base and top of the unit. The silt beds
contain a mixed suite of minerals such as quartz, feldspar, horn-
blende, and pyroxene derived from both volcanic and continental ter-
ranes. Lithologic Unit 111 (806.5-1108.2 mbsf) comprises upper Oli-
gocene to lower Miocene sand, silt and nannofossil chalk, and is di-
vided into two subunits. The upper Subunit I11A comprises interbeds
of thin, massive, or laminated sand beds with frequent silt and nanno-
fossil chalk beds. The lower Subunit [11B comprises massive, quartz-
rich turbidite sands, which areintermittently heavily bioturbated. Do-
lomite is a common constituent in Subunit 111B, and there is an in-
crease in the glauconitic component downcore. Lithologic Unit 1V
(1108.2-1157.9 mbsf) comprises middle Eocene interbeds of nanno-
fossil chalk and volcaniclastic silt with nannofossils. Lithologic Unit
V (1157.9-1189.4 mbsf) consists of lower Eocene glauconitic, vol-
caniclastic sandy silt with interbedded horizons of calcareous sand.

RESULTS

Analytical data of the major and trace elements are shown in the
Appendix. Contents of major elements are plotted asafunction of sil-
ica contents for all samples in Figure 3. Titanium, aluminum, ferric
iron, magnesium, and phosphorus (on the left side in Fig. 3) show a
clear decreasing trend as silicaincreases. Manganese, calcium, sodi-
um, and potassium (on theright sidein Fig. 3), however, show anon-
linear trend. The chemical variations imply that these four elements
are senditive to various palecenvironmental factors. Diagenesisis a
minor factor throughout the Site 918 sedimentary sequence (Larsen,
Saunders, Clift, et al., 1994).

Depth profiles of the representative elements are shown in Figure
4. Titanium and ferric iron, which show a simple decreasing trend
with increasing silica, basically show this reverse pattern through the
Eoceneto Holocene (Fig. 4). Profiles of elements such as manganese,
calcium, sodium, and potassium (which have anonlinear trend in Fig.
3) show specific trendswith depth (Fig. 4). These trends are indepen-
dent of the trend of silica content.

Seven geochemical stages are distinguished from the variation of
the composition of the elements (Table 1). Important elements for
geochemical stage classification are iron, calcium, sodium, and po-
tassium. Basically, the chemical profile of potassium shows the op-
posite trend of calcium, and the profile of ferric iron showsthe oppo-
sitetrend of sodium (Fig. 4). Geochemical Stage 1 is characterized by
ahigher value of calcium and sodium and alower value of potassium
and ferric iron, whereas geochemical Stage 3 is characterized by a
higher value of potassium, intermediate values of sodium and ferric
iron, and a lower value of calcium. Geochemical Stages 1 and 3 are
lithologically correlated to the IRD-rich marine silt and the marine
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silt without IRD, respectively. Geochemical Stage 2 isthetransition-
al stage between geochemical Stages 1 and 3. Geochemical Stage 4
ischaracterized by higher values of calcium and ferriciron, and lower
values of sodium and potassium, whereas geochemical Stage 6 is
characterized by a higher value of potassium, an intermediate value
of sodium, and lower values of calcium and ferric iron. Geochemical
Stages4 and 6 arelithologically correlated to the marinesilt with vol-
caniclastics and the marine silt with turbidites, respectively.
Geochemical Stage 5 is the transitional stage between geochemical
Stages 4 and 6. Geochemical Stage 7, characterized by lower values
of calcium and sodium and higher values of potassium and ferriciron,
is due to the vol caniclastic sediments.

The stage boundaries generally coincide with lithologic unit
boundaries, although some boundaries coincide with seismic unit
boundaries. The geochemical boundaries are at about 300 mbsf
(lithologic Subunits IC/ID), 550 mbsf (lithologic Subunits ID/IE),
650 mbsf (seismic Subunits 4A/4B), 770 mbsf (seismic Units 4/5),
1000 mbsf (seismic Subunits 5A/5B), and 1100 mbsf (lithologic
Units lHI/1V).

Seismic unit boundaries between 4A and 4B, 4 and 5, and 5A and
5B are aso correlated to significant lithologic boundaries (Larsen,
Saunders, Clift, et al., 1994). The boundary between seismic Sub-
units 5A and 5B is correlated with the last occurrence of massive si-
liciclastic turbidites in lithologic Unit Ill. The boundary between
seismic Units4 and 5is correlated with arapid decrease of nannofos-
sil chalk inthelower part of lithologic Unit 11. The boundary between
seismic Subunits 4A and 4B is correlated with a rapid decrease of
nannofossil chalk in the upper part of lithologic Unit 1. The most re-
markable characteristic is that manganese, sodium, and calcium de-
crease downsection at about 550 mbsf, while potassium increases
downsection. Trace elements such as rubidium, thorium, and lead
show the same trend as potassium. This horizon is the most remark-
able chemical shift from the Eocene through the Holocene.

PROVENANCE INTERPRETATION BASED ON
GEOCHEMISTRY

Geochemical profiles of nonbiogenic fractions at Site 918 show
severa consistent compositional changes. The reconstruction of pa-
lecenvironments on the basis of geochemical data requires a knowl-
edge of the flux of volcanic, ice-rafted, and turbiditic materials. For
this discussion, all possible origins and the significance of the sedi-
ments were considered in Larsen, Saunders, Clift, et a. (1994).

The abundance of sodium-rich feldspar is generally influenced by
the composition of plutonic input (Valier et d., this volume). Addi-
tionally, the variations of the contents of sodium and ferric iron show
opposite trends throughout Site 918. Geochemical Stages4 and 7 are
characterized by low-Naand high-Fe dueto ahigh degree of volcanic
contribution rather than plutonic input (Vallier et a., this volume).
Therefore, the depth profile of the sodium-ferric iron ratio can be
treated as one of the indices for the degree of the plutonic input.

The value of the sodium-ferric iron ratio at Site 918 changes sig-
nificantly dueto geochemical stages(Fig. 5A). Thetrend isgenerally
characterized by a higher value for Geochemical Stages 1 and 6, a
transitional value for Geochemical Stages 2 and 5, an intermediate
value for Geochemical Stage 3, and a lower value for Geochemical
Stages 4 and 7. The higher values in Geochemical Stages 1 and 6 co-
incide with the plutonic input by IRD and turbidites, respectively.
The sediments in Geochemical Stage 3, the mixture of terrigenous
and volcaniclastic components, show an intermediate value of sodi-
um-ferric iron ratio. Geochemical Stages4 and 7, which isthe volca-
niclastic series, generally show alower sodium-ferric iron ratio.

Sodium and calcium are typically mobile elementsin weathering,
whereas potassium is arelatively stable element in weathering and is
typically added to sediments during transport and deposition. There-
fore, sodium, calcium, and potassium are most useful in characteriz-
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Figure 1. A. Map showing Leg 152 drill sites. B. Interpreted seismic section showing Leg 152 drill sites.

21



S. SAITO

Figure 2. Lithologic column of Site 918, showing
lithologic units and seismic units. Lithologic Subunit
IA: interbedded, soupy, fining-upward ferromagne-
sian-foraminifer sand with firmer silt, clay; IRD.
Lithologic Subunit I1B: interbedded green and brown
turbidites with silt, + fossilsand IRD. Lithologic
Subunit I1C: silt enriched in IRD (diamicton). Litho-
logic Subunit ID: silt with IRD. Lithologic Subunit
|E: silt. Lithologic Unit I1: nannofossil chalk, silt, silt
with nannofossils, micritic hardgrounds. Lithologic
Subunit I11A: turbiditic sands interbedded with silt
and nannofossil chalk. Lithologic Subunit 11B:
coarse, massive siliciclastic turbidites. Lithologic
Unit 1V: volcanic silt, nannofossil chalk. Lithologic

Unit V: volcanic silt, clay, and glauconitic sandstone.
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Figure 3. Variations in major elements content (wt%) with increasing SiO, (wt%).

ing the provenance of the sediments (Neshitt and Y oung, 1982; Har-
nois, 1988). Potassium and calcium especially show opposite behav-
ior throughout Site 918. The potassium-calcium ratio is one of the
indices for the degree of weathering in addition to the CIA (chemical
index of ateration; Neshitt and Y oung, 1982). The potassium-calci-
um ratio at Site 918 changes significantly through the geochemical
stages (Fig. 5B). Thetrend is generally characterized by alower val-
ue for geochemical Stages 1 and 4, atransitional value for geochem-
ical Stages 2 and 5, and higher values for geochemical Stages 3, 6,
and 7 (which suggest a high degree of weathering). Sharply lower po-
tassium-calcium ratios characterize the lowermost part of geochemi-
cal Stage 2 (corresponding to the horizon of oldest dropstones; Lar-
sen et a., 1994) and sedimentsin geochemical Stages1and 2 (mainly
composed of immature glaciomarine sediments with IRD). The sed-
imentsin geochemical Stage 3 (the mixture of turbidites and vol cani-
clastic components) show a higher potassium-cal cium ratio. The be-
ginning of the development of NADW is correlated with the occur-
rence of poorly sorted sand layers in the lowermost part of
geochemical Stage 3 (Larsen, Saunders, Clift, et a., 1994). The sed-
iments in geochemica Stage 4 (a mixture of volcaniclastic compo-
nents and nannofossil chalk without turbidites) show alower potassi-
um-calcium ratio. Geochemical Stage 6 is the terrigenous turbidite
series, which shows a higher potassium-calcium ratio. Geochemical
Stage 7, the volcaniclastic series, generally shows a higher potassi-
um-cal cium ratio except for two samples.

Figure 6A shows the variation of the potassium-calciumratio asa
function of the sodium-ferric iron ratio for al samples. In this dia-
gram, the sodium-ferric iron ratio of volcaniclasticsis generally low.

Siliciclastic sediments show ahigh sodium-ferriciron ratio. The IRD
and turbidites are clearly separated in this diagram. IRD is calcium-
rich, whereas turbidites are potassium-rich.

Figure 6B showsthe variation of the sodium-potassium ratio with
increasing silicafor all samples. In this diagram, the sodium-potassi-
um ratio of volcaniclastic sedimentsis generaly low and rapidly de-
creases with increasing silica. On the other hand, quartz-rich silici-
clastic sediments show a high sodium-potassium ratio, and it increas-
es with increasing silica content. Therefore, it is possible to distin-
guish nonvolcanic from volcaniclastic sediments. IRD and turbidites
are clearly separated in this diagram. IRD is sodium-rich, whereas
turbidites are potassium-rich.

The compositional differences between the IRD and turbiditesare
a so supported by other data. Vallier et a. (this volume) discuss the
compositional variation of heavy minerals from coarse fractions. Pa-
leogene turbidites are mainly composed of plutonic minerals with
volcanic and metamorphic minerals, whereas the IRD is amixture of
volcanic and plutonic components. The composition of dropstones
suggests that the main vol canic component of the IRD is basaltsfrom
the North Atlantic Volcanic Province (Larsen, Saunders, Clift, et a.,
1994). Basdlt is the largest component (33.2%) of the dropstones
(Larsen, Saunders, Clift, et a., 1994). The large occurrence of basal-
tic fragments in the IRD above 550 mbsf is one of the factors in the
chemical differences, such as the enrichment of calcium and manga-
nese.

The chemical differences between the IRD and turbidites are ex-
plained not only by the compositional difference but also by the sed-
iment supply process. | ce-rafting does not involve source areaweath-
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Table 1. Summary of geochemical stage classification and char acteristics of sediment type.

Index elements

Geochemical Depth Dominant
stages (mbsf) Mn Ca Na K Fe  sediment type Dominant source
1 0-300 H H H L L IRD Fresh plutonic with volcanic
2 300-550 T T T T T IRD Transitional
3 550-650 M L M H M Turbidite Weathered plutonic with volcanic
4 650770 M H L L H Volcaniclastic  Fresh volcanic
5 770-1000 T T T T T Turbidite Transitional
6 1000-1100 L L M H L Turbidite Weathered plutonic and metamorphic
7 1100-1220 L L L H H Volcaniclastic ~ Weathered volcanic

Notes: H = high contents, M = medium contents, L = low contents, T = transitional, and IRD = ice-rafted debris.
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Figure 5. A. Variations in the Na,O-Fe,O; ratio with depth, showing geochemical unit boundaries. B. Variations in the K,O-CaO ratio with depth, showing

geochemical units.

ering and selective transportation by rivers. Elements mobilized by
weathering, such as calcium, manganese, and sodium, are preserved
in IRD during mechanical erosion by ice. On the contrary, the turbid-
ite material was derived from weathered plutonic, metamorphic, and
basaltic rocks with paleosols (Holmes, this volume).

The chemical compositions of the Paleogene volcaniclastic series
(geochemical Stage 7) are different from those of the Neogene
(geochemical Stage 4). Low contents of manganese, calcium, and so-
dium and high contents of aluminum and iron in the Paleogene vol-
caniclastic sediments strongly suggest subaerial weathering of ba
saltsfrom the North Atlantic Vol canic Province. The Neogene vol ca-
niclastics are unweathered and contain fresh volcanic glasses that
may have originated from extrusive Icelandic eruptions (Clift et al.,
this volume).

SUMMARY

The sedimentary record at Site 918 of the East Greenland Conti-
nental Margin is a fascinating succession that furthers our under-

standing of how geochemical and sedimentary data respond to pale-
oenvironmental change. This paper shows clearly how the bulk
geochemistry of sediments can be used to characterize the distribu-
tion of both weathered components transported by turbidity currents
and unweathered IRD. It can a so be used to compare these distribu-
tions with the general evolutionary stages of the northern Atlantic re-
gion.

The sedimentary sequence at Site 918 is divided into seven
geochemical stages using bulk geochemistry profiles, especialy
those of iron, manganese, calcium, sodium, and potassium. The stage
boundaries are correlated with the significant lithologic boundaries.
Provenances are divided into four types with respect to lithology and
geochemistry (Table 1), namely weathered volcaniclastic sediments
(Paleogene), fresh volcaniclastic sediments (Neogene), mature tur-
bidites, and immature IRD. Differences in source areas (volcanic/
plutonic) and in erosional (mechanical/chemical) and transport pro-
cesses mainly control the sediment chemistry.

IRD and turbidites are clearly separated using sodium, calcium,
and potassium ratios. The chemica difference between IRD and tur-
biditesis explained by the difference between mechanical erosion by
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Figure 6. A. Variations in the K,0-CaO ratio as afunction of the Na,O-Fe,O; ratio for all samples from Site 918, showing different fields between the IRD (ice-
rafted debris) and turbidites. B. Variations in the Na,O-K,O ratio with increasing SiO, for al samples from Site 918, showing different fields between the IRD

and turbidites.

ice sheet and chemical weathering on land. The mechanical erosion
preserves the mobile elements such as sodium and calcium. Potassi-
um in turbidites was fixed or recycled from basement rocks with pa-
leosols, whereas sodium was removed during weathering and trans-
portation. The potassium-calcium and sodium-potassium ratios can
be used to characterize the degree of weathering of the provenance
region.

Figure 7 summarizesthe sedimentary evolution of the East Green-
land Margin. Eocene sediments are derived from aweathered basaltic
region. The upper Oligoceneto lowermost Oligoceneis characterized
by continental input. Vol canic input began during the early Miocene.
Continental supply became dominant again during the middle Mi-
ocene, which coincides with the development of modern NADW.
Major chemical shifts occurred at about 7 Ma, which coincides with
the first occurrence of dropstones. Sodium, manganese, and calcium
contents decrease downsection, whereas potassium contents increase
at this point in the sequence.
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APPENDI X
Analytical Chemical Data from Site 918
Hole: OI8A 918A 9I18A 918A 918A 918A 918A 918A 918A 918A 918A 9I8A 918A 918A 918A 918A 918A 918A 9I8A 918A 9ISA 918A O9I8A
Core, section: 2H-1 2H-4 4H-2 4H-4 T7H-2 8H-1 8H-7 10H-2 11H-6 12H-5 13H-5 14H-2 16H-2 17H-3 18H-3 19H-5 24X-1 25X-3 27X-6 28X-3 31X-3 33X-2 37X-5
Interval (cm): 136-138 6-8 104-106 9-11 92-94 128-130 17-19 3-5 115-117 63-65 63-65 142-144107-109102-104122-125 83-85 2-4 37-39 13-15 7-9 45-47 17-19 62-64
Depth (mbsf): 316 636 2334 2539 5172 60.08 6797 7933 9595 10343 11293 11872 13587 14682 15652 168.63 217.62 2269 25173 25587 28295 298.97 330.52
Major elements (wt%)
SO, 66.93 5438 69.68 6945 6794 5639 6589 6424 7139 6418 4862 6547 6472 6378 6361 6350 6816 6630 7195 6296 64.63 5548 6145
TiO, 098 303 08 062 079 236 101 181 069 098 124 095 116 161 09 096 116 122 053 171 152 215 205
AlLO, 1423 2697 1400 1466 1451 1398 1513 1176 1337 1578 1686 1457 1430 1350 1589 1557 13.88 1366 1429 1462 1353 1417 1302
Fe,05 629 962 511 464 533 1140 699 1012 48 713 1256 731 722 904 735 718 701 681 370 945 790 1219 980
MnO 008 007 008 007 007 015 009 011 007 008 014 008 011 010 008 009 007 009 006 010 010 014 012
MgO 240 166 206 193 210 444 261 343 18 28 806 267 278 349 302 314 249 290 155 305 323 479 383
Ca0 484 083 488 472 484 824 559 572 428 451 1044 489 560 521 463 48 359 553 434 490 58 811 666
Na,0 263 070 297 309 295 194 293 18 276 28l 156 270 279 159 28 283 198 248 320 18 231 184 197
K,0 13 156 114 123 124 09 121 128 116 171 027 148 121 149 177 180 191 123 118 149 124 089 112
P,0s5 019 014 014 017 018 074 021 017 015 019 008 020 023 019 020 020 016 016 015 021 017 022 017
Total 99.93 9897 10086 10057 99.95 10055 101.67 10044 100.52 10024 99.86 100.32 100.13 100.01 100.30 100.12 100.42 100.39 100.94 100.29 100.49 99.97 100.20
H,O~ 0.78 2.73 0.69 0.51 0.53 141 0.68 0.99 0.44 0.94 161 0.96 0.33 121 0.86 0.69 1.13 0.59 0.24 2.39 0.75 1.25 111
LOI 134 963 137 099 09 18 138 183 079 176 28 172 054 230 213 137 291 09 060 38 140 221 176
Trace elements (ppm)
Rb 36.00 23.06 2763 2933 3520 3379 3155 3558 3200 5836 1081 3833 4682 4158 6027 5520 5784 2322 4141 50.00 3331 2542 3214
Sr 387.01 417.93 42803 460.40 44343 33475 40823 22868 420.02 38649 24457 358.69 427.76 320.99 386.14 37899 314.66 269.54 251.47 24571 297.36 211.28 232.52
zr 260.08 455.88 294.05 16592 276.95 251.13 270.29 23035 258.04 219.07 14375 164.01 24099 26044 20838 230.01 15359 202.25 209.70 197.20 22231 18398 231.14
Nb 847 731 68 536 727 1033 848 1175 619 861 1243 801 7431 176 836 874 1083 1680 1206 1521 1205 1622 1503
Y 1849 1667 1597 1425 1771 1872 2011 21.06 1484 1768 2994 17.03 1830 2215 1765 1831 1867 2850 21.77 2584 2099 29.67 22.78
Th 399 366 351 295 421 342 338 298 38 619 163 314 532 491 613 647 554 261 345 525 305 294 273
Pb 925 866 912 942 1029 698 977 496 887 994 054 852 997 904 952 951 1118 329 7.0l 867 708 477 563
Ni 3399 2415 2756 2864 2853 3625 3378 4518 2369 4756 4648 3842 3568 3156 4641 47.72 56.06 46.19 4206 3655 3854 49.20 4391
Ba 48167 406.87 48258 55521 44099 38544 44836 287.10 43555 56560 111.32 437.72 52642 412.75 566.44 63056 474.87 20613 312.24 304.61 32852 177.96 27554

Note: LOI = loss on ignition.
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APPENDI X (continued).

Hole:

918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D
Core, section: 18R-1 22R-3 25R-4 28R-2 31R-1 32R-1 33R1 34R-1 35R-2 36R-1 37R-1 38R4 39R-1 40R-4 41R-4 42R-3 44R-1 47R-2 51R-5 52R-5 53R-3 55R-3 57R-3
Interval (cm): 24-26 4-6 11-13 25-27 97-100 133-136 48-51 15-16 20-22 21-24 46-49 31-34 0-3 133-135148-150 32-35 114-117138-140147-150 1-4 57-59 69-71 114-116
Depth (mbsf): 44844 486.84 51741 54355 571.67 581.63 59048 599.75 6109 619.11 629.06 643.01 647.96 63.33 673.18 680.12 697.24 72748 770.67 77891 786.07 80549 825.14
Major elements (wt%)
SO, 6440 60.75 5346 6533 5763 6738 6525 6854 7297 6533 5872 6399 5539 6464 6082 6300 6379 6156 598 6229 61.05 6091 7097
TiO, 1.19 1.86 2.84 1.42 231 1.70 1.69 1.80 1.48 1.84 1.90 1.84 251 191 2.26 2.04 1.75 219 214 1.93 1.98 2.03 1.24
Al,O3 1464 1457 1399 1493 1605 1363 1443 1196 1121 1358 1745 1453 1412 1478 1607 1370 1471 1467 1429 1510 15.06 1452 1226
Fe,03 7.98 10.04 19.16 877 1212 841 9.01 8,51 7.16 994 1097 1017 1270 958 1123 1137 1014 1115 1241 1142 1076 10.70 6.30
MnO 0.08 010 0.10 0.07 0.09 0.07 0.06 0.08 0.05 0.06 0.07 0.06 014 007 0.07 0.07 0.05 0.07 0.04 0.05 0.05 0.05 0.05
MgO 3.01 4.03 3.40 345 4.32 3.00 321 2.98 1.92 2.86 3.59 2.85 4.40 291 2.96 3.09 2.67 3.59 3.40 321 3.05 3.40 2.86
CaO 4.14 4.70 2.58 235 3.53 250 221 272 2.10 240 3.3 313 7.62 3.54 3.73 4.18 3.83 452 3.07 331 4.16 4.29 2.98
Na,O 241 1.82 0.24 1.68 1.75 1.37 1.33 1.31 1.31 1.28 1.50 1.10 1.86 1.08 11 1.15 0.95 1.03 1.05 1.01 1.04 1.06 204
K,0 152 177 254 240 191 220 2.36 201 1.85 219 225 213 1.14 1.77 1.59 158 1.68 1.34 1.76 1.89 2.02 2.04 159
P,05 0.20 0.17 0.35 0.16 0.20 0.12 0.15 0.13 0.11 0.15 0.17 0.16 0.28 0.13 0.13 0.13 0.19 0.22 0.16 0.22 0.91 0.35 0.09
Total 99.55 99.80 98.64 10055 99.92 10039 99.70 100.03 100.16 99.63 99.96 99.94 100.15 10040 99.99 100.30 99.77 100.34 98.16 100.40 100.08 99.34 100.37
H,O~ 1.26 1.44 541 1.19 2.35 141 191 1.39 1.30 1.50 2.28 1.90 1.58 215 1.70 1.81 3.36 257 343 4.48 3.84 3.48 1.43
LOI 2.16 2.68 5.44 2.96 3.89 353 347 2.28 2.64 347 4.59 445 244 4.24 5.05 4.70 6.23 4.73 6.75 5.28 5.44 6.00 2.05
Trace elements (ppm)
Rb 4219 5944 101.92 9122 6179 7106 79.18 6661 5951 6869 6748 6967 5760 65.02 59.31 5518 4948 4020 5224 37.83 4458 2959 3518
Sr 32342 23530 216.86 210.36 220.09 182.30 191.09 184.32 187.35 236.03 379.29 41455 42590 294.66 261.43 265.81 538.76 468.62 241.36 644.45 553.30 790.21 393.45
Zr 184.89 23251 219.98 27389 24487 30041 291.03 339.23 39246 299.31 211.18 227.30 207.08 237.16 24197 23543 158.64 176.72 202.31 12461 147.40 110.36 189.94
Nb 892 1551 1454 1510 2257 1657 1735 1680 1486 17.72 21.03 1776 1634 1807 20.79 1843 1431 1733 2146 1396 1627 1226 11.03
Y 17.07 2358 2257 2500 2460 2152 2341 2145 1838 2150 2373 2263 2148 1905 20.6 518.65 11898 2227 2256 18.03 2859 1856 9.15
Th 3.75 575 10.02 8.26 5.59 7.96 8.00 7.19 7.63 6.32 7.68 7.40 6.41 6.60 6.85 6.23 5.46 477 6.13 4.53 5.54 3.49 311
Pb 8.15 957 1497 1465 1009 1160 1268 1214 1147 1192 1085 1208 1119 1134 1228 1244 1165 11.07 1380 1024 1021 579 7.98
Ni 4847 5439 3950 4870 7586 4488 4783 4437 3741 5552 6899 4193 3997 4567 66.80 7348 3852 4986 6334 4279 4268 2794 5561
Ba 44759 32347 43231 41915 297.98 361.72 347.67 37435 41413 34119 347.28 387.88 410.38 387.04 322.71 33453 497.71 352.61 524.32 468.78 52871 317.91 488.43
APPENDIX (continued).
Hole: 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D 918D
Core, section: 58R-1 60R-1 62R-2 63R-2 68R-1 72R-1 74R-1 75R-4 76R-1 77/R-1 78R-1 79R-1 80R-1 83R-1 84R-1 86R-1 89R-1 90R-3 91R-1 92R-1 95R-2 96R-3 99R-3 100R-2
Interval (cm): 64-66 6-9 49-52 22-26 62-65 16-19 71-74 13-16 31-34 45-47 27-30 6-8 21-23 21-23 112-114 8-10 123-125 97-99 44-46 33-36 94-97 117-120 58-61 34-38
Depth (mbsf): 831.34 850.06 871.29 880.62 925.62 963.86 99241 996.93 1002.3 1012 1021.5 1031 1040.8 1069.8 1080.4 1098.6 1128.6 1141.1 11469 11565 11828 1189.3 1210.1 12158
Major elements (wt%)
SO, 7359 5945 56,50 6263 7286 5766 5973 7232 7050 7892 6368 5328 7731 7516 7501 7624 6367 5273 60.70 6217 6862 6208 48,61 53.42
TiO, 0.90 215 2.62 244 0.97 273 207 113 1.33 0.68 161 258 0.68 0.73 0.97 0.71 1.36 181 2.09 1.70 0.63 1.04 1.46 1.40
Al,O3 11.87 1239 1145 1328 1094 1192 1296 1112 11.86 959 1238 1899 1009 1082 1031 11.33 1557 18.02 1718 15.12 6.07 1110 18.04 1751
Fe,04 500 1341 1527 1043 6.53 1449 1259 6.86 7.88 4.42 875 15.16 515 5.64 6.75 4.96 837 1235 1234 1328 1689 1717 1631 19.88
MnO 0.05 0.05 0.05 0.05 0.03 0.06 0.04 0.04 0.05 0.03 0.05 0.07 0.03 0.03 0.04 0.04 0.07 0.04 0.02 0.04 0.04 0.04 0.17 0.09
MgO 218 6.03 9.05 4,90 3.28 5.96 7.21 311 2.77 1.80 5.38 2.38 210 2.35 1.87 1.32 3.16 2.96 343 411 2.87 2.69 6.39 3.07
Ca0 3.09 281 2.70 258 1.83 1.75 1.96 2.08 2.25 1.82 291 159 1.67 1.66 172 2.06 271 6.00 1.76 1.43 0.60 0.80 5.06 1.19
Na,0 221 1.45 0.66 1.46 1.65 0.57 0.63 147 1.33 171 1.44 155 171 1.69 1.63 2.07 1.50 0.32 0.29 0.35 0.14 0.54 154 0.15
K0 154 1.96 1.64 217 1.92 3.58 255 2.02 221 1.60 249 271 1.97 201 197 2.00 281 1.69 1.73 1.65 3.98 2.83 0.34 1.62
P,05 0.06 0.30 0.21 0.16 0.08 0.25 0.26 0.12 0.19 0.05 0.96 0.11 0.07 0.08 0.06 0.07 0.17 297 0.20 0.12 0.06 0.06 0.05 0.03
Total 100.50 100.00 100.15 100.08 100.08 98.96 99.99 100.26 100.37 100.62 99.65 9842 100.77 100.17 100.31 100.79 99.38 98.88 99.74 99.97 99.88 9836 97.97 98.35
H,O~ 0.72 3.48 551 1.98 111 393 3.97 161 357 0.93 2.30 227 0.54 1.49 0.96 0.67 1.77 4.22 473 2.88 1.95 413 2.96 7.09
LOI 115 3.72 4.65 319 1.96 4.68 5.01 249 2.99 1.30 3.05 234 1.63 1.90 1.85 1.45 311 9.18 8.04 6.18 417 4.67 353 6.29
Trace elements (ppm)
Rb 3710 3558 2531 3603 3826 5488 3098 3235 3132 3371 3716 4177 37.94 39.05 4507 4652 3905 30.14 4255 5116 12817 9923 403 26.65
Sr 35849 386.64 424.99 32147 24819 116.21 43441 327.81 421.89 24859 212.60 220.19 22155 230.63 237.27 286.82 410.37 370.54 252.68 12799 64.80 86.22 89.89 57.83
Zr 23337 181.74 149.13 266.46 144.14 211.10 17446 15111 167.74 168.49 19546 273.17 121.60 136.55 24158 151.73 15322 154.87 17119 143.72 7158 14883 6251 52.16
Nb 927 1698 1591 1968 1030 21.78 2329 1003 13.93 719 1538 19.77 7.77 956 11.22 794 1364 1212 1406 10.66 222 4.02 1.24 0.97
Y 1097 20.27 2044 1753 875 20.04 2498 1253 1481 6.65 3547 19.25 7.69 8.91 9.26 931 1995 90.10 2267 15.45 8.27 1313 9.68 9.94
Th 3.65 313 2.98 4.66 274 5.01 4.68 2.92 3.09 1.99 348 4.60 1.82 252 4,09 334 341 4.99 442 3.80 0.97 131 0.24 0.37
Pb 8.08 6.14 5.81 6.87 561 1531 8.04 7.36 6.23 6.11 7.61 8.78 7.12 587 1114 1279 9.86 5.28 483 5.20 1.38 2.74 0.18 0.42
Ni 3552 6267 5505 5331 3819 7993 4651 4315 4310 3024 7874 5258 3475 3952 4268 3168 6924 9725 8405 241.74 5873 148.08 90.83 52.62
Ba 54723 246.14 188.20 364.93 478.34 21580 27453 387.89 289.87 462.33 332.06 477.96 42534 477.31 47531 600.19 196.50 1404.80 1673.50 757.92 100.61 174.67 24.05 37.40
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