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established between biogenic opal and GRAPE values for sediments from Sites 847 and 849-851

(Section 5.2.3) suggests a maximum biogenic opal content of 20%.

The massive increases in biogenic silica flux recorded by the LDM sediments suggests a major
change in regional silica availability. This could be achieved through either (1) an increase
in upwelling, or (2) an increase in dissolved silica input to the ocean system. The LDM
sediments are composed almost solely of diatoms from the T. longissima Group. This group is
typically found in low nutrient, stratified regions such as open ocean gyres (Beers et al., 1975)
and is not usually found in upwelling assemblages. It follows that the increase in silica flux is
more likely to be related to an increase in dissolved silica availability, although the

mechanism for this increase is still unclear.

Changes in the relative contributions of riverine, atmospheric and hydrothermal sources of
both dissolved and particulate silica to the world ocean have been suggested by a number of
authors (Shemesh et al., 1989; Murnane and Stallard, 1990; Froelich ef al., 1992). The main
control on variations in silica supply is thought to be changes in weathering processes of
terrestrial material altering the dissolved silica content of rivers (Shemesh et al., 1989). The
above evidence for increased deposition of biogenic silica during the ‘4.4Ma’ LDM event at
sites not affected by frontal deposition patterns and equatorial upwelling suggests a regional
increase in the availability of silica in the eastern equatorial Pacific at this time. At Site
851, this increase in biogenic silica accumulation appears to have been enhanced by the
advection of diatomaceous material from the frontal region. It is also interesting to note that
a 6m thick section of LDM deposited at the same time as the ‘5.1-5-8Ma’ depositional event
has been located below the North Pacific polar front at ODP Sites 885/886 (Dickens and
Barron, 1997). This provides evidence for massive increases in silica accumulation outside the
equatorial region. The existence of a second region of elevated biogenic silica flux during this
period of LDM accumulation ('5.5-5.8Ma’) would result in much larger export of biogenic silica
from the global ocean system than estimated above. The occurrence of this second area of
elevated silica flux is consistent with the hypothesis of regional increases in silica

availability during the deposition of the equatorial LDM deposits.

7.3 ESTIMATION OF ORGANIC CARBON FLUXES

The mass sinking diatoms from the surface to deep ocean also resulted in a massive organic
carbon flux to the deep ocean. Remineralization of organic carbon occurs over geologically
instantaneous timescales, so that deep sea sediments typically contain less than 0.5% organic

carbon (Emerson and Hedges, 1988 and references therein). Since the residence time of the
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deep ocean is in the order of 700-1000 years (Southam and Peterson, 1985), the CO, associated

with the organic material is effectively removed from the atmosphere for that period.

7.3.1 DIRECT MEASUREMENT OF ORGANIC CARBON IN LDM DEPOSITS

The growth of moulds on core surfaces during storage makes accurate, high resolution
measurement of relict organic carbon impossible for the LDM sediments. Mould colonies up to
6cm across were measured on the core surface, colonies near the edge of the core penetrated at
least 2cm into the sediment (visible through the transparent core liner). While mould does
not fix CO; from the air, it does redistribute organic carbon within the sediment, releasing a
proportion of it during respiration. Consequently, the remaining organic carbon measured in
these sediments may be regarded as a minimum value. Measurements of organic carbon in the

lower 10cm of the ‘4.4Ma’ LDM basal unit give a mean value of 0.86wt% (Appendix A10).

7.3.2 METHODS OF ORGANIC CARBON FLUX ESTIMATION

Two methods are used to estimate the flux of organic carbon associated with diatom mats. The
first method uses the Si/C ratio of diatoms combined with biogenic silica fluxes (calculated in
Section 7.2). The second method uses the diatom rich Mediterranean sapropel (5-5) as an
analogue for LDM deposition. Since this material accumulated in an anoxic environment
where remineralization was either halted or much reduced, measured organic carbon contents
should be closer to the original values of the freshly deposited material. These methods are

examined in detail in the following sections.

7.3.3 ORGANIC CARBON FLUX ESTIMATION USING DIATOM SILICA/CARBON RATIOS

Diatom Si/C ratios have been used to estimate silica production in both global (Harriss, 1966;
Lisitzin, 1972; Calvert, 1974; Wollast, 1974) and local silicon budgets (Nelson et al., 1984).
Given the volume of silica associated with LDM deposition it is possible to estimate the
associated volume of organic carbon using the 5i/C ratio of living diatoms in a similar way
(Brzezinski, 1985). There are two major problems connected to this estimation method; a) the
Si/C ratios measured for living diatoms are highly variable both between and within
species. There are no published measurements for Thalassiothrix spp.; b) the Si/C of an
individual diatom varies through it life-cycle and during sinking. These problems are

examined in more detail in the following sections.

7.3.3.1 Si/C - species variation

The variation of diatom Si/C within species is affected by environmental factors such as
temperature (Durbin, 1977; Paasche, 1980), light intensity (Davis, 1976; Paasche, 1980),
photoperiod (Eppley et al., 1967) and nutrient limitation (Davis, 1976; Harrison et al., 1976;
Harrison et al., 1977). The available data for Si/C ratios has been reviewed by Spencer

(1983). An extensive study using cultures of 27 diatom species by Brzezinski (1985) showed
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that despite the large differences in size and shape of the tested species, the majority of Si/C
ratios fall within a factor of two of the mean in both continuous light and light-dark
experiments (the results of the two light experiments not being statistically different). The
relationship was further strengthened by dividing the tested species into two sets, greater
and less then 20um. The mean ratio for the 18 species greater than 20um (the size range of
Thalassiothrix was 0.15 + 0.04 (mol/mol). Brzezinski (1985) suggests that the use of these
ratios to convert field estimates of silicon to carbon units should yield results accurate to

within a factor of three.

7.3.3.2 Si/C - life-cycle variation

Silicon and carbon uptake in diatoms occur on similar timescales but are driven but different
physiological mechanisms, and uptake of the two elements varies throughout the life-cycle.
During early growth Si and C uptake occur at approximately constant rates and
remineralization rates are very low. Consequently, the Si/C of the resulting biomass is very
close to the initial Si/C production ratio. As the population ages, carbon degradation
increases (through grazing and microbial activity) whereas Si dissolution stays low, resulting
in an increasing Si/C biomass ratio. After death, carbon production ceases and silica
dissolution increases slightly (due to the removal of the organic coating from frustules) but is
still slower than carbon degradation. Thus, the Si/C of biogenic material sinking out of the
euphotic zone is much higher (around an order of magnitude) than that of the original

biogenic material.

SEM studies of laminated diatom oozes indicate that the diatoms were growing actively
immediately prior to deposition (See Section 4.3.1), with no evidence for a decrease in
silicification or gradually increasing nutrient stress. This suggests that prior to deposition the
5i/C of the mats would have been similar to that during initial production. Rapid removal
from the euphotic zone to the sea-floor (16-20 days, calculated using sinking rates from
Alldredge and Gotschalk, 1989 and a water depth of 3330-3850m, see Section 2.5.2) would
minimize changes to the Si/C ratio during sinking. This relationship supports the use of Si/C
ratios measured for living diatoms in the estimation of ’Carbon fluxes associated with the

deposition of LDM sediments.

7.3.3.3 Organic carbon flux of LDM deposits based on Si/C ratios

Given a biogenic silica flux of 8.1x10-5 and 3.8x10-4 molSi/cm?2/yr (which takes dissolution
into account, Section 7.2.2) and using a 5i/C (mol/mol) ratio of 0.15, the organic carbon flux
associated with LDM accumulation is 5.4x104 and 2.5x10-3 molC/cm?2/yr. From the regional
biogenic silica fluxes calculated in Section 7.2.5 (0.214-4.151TmolSi/yr), regional organic

carbon flux can be estimated as 1.4-27.81TmolC/yr (Table 7.5). For comparison, modern
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estimates of organic carbon primary production range from 3.7x103 to 4.2x103TmolC/yr

(Longhurst et al., 1995).

7.3.4 COMPARISON WITH ORGANIC CARBON CONTENTS OF MEDITERRANEAN SAPROPELS
Sections of the Mediterranean sapropel S-5 are dominated by layers of the mat-forming
diatom Rhizosolenia. and show strong similarities to the T. longissima dominated LDM
sediments (e.g. dominance of giant diatoms, high levels of frustule preservation and lamina
structure). Since the sapropels were deposited in an anoxic environment, organic carbon
measurements should record the levels in material reaching the seafloor, following
remineralization in the water column above the oxygen minimum zone. Eleven samples from
diatom rich sections of the sapropel 5-5 (ODP Hole 971C-2H-3, 128.29-121.9cm). The mean
organic carbon content measured for these sediments is 4.35 wt%. Given a sedimentation rate of
about 5.5cm/k.y. (estimated from lamina thickness, Kemp et al. in press) and DBD of
0.9g/cm3, this represents a flux to the deep ocean of 1.8x10-6molC/cm2/yr (Table 7.6). Using
this flux with the estimates of minimum (region with constant sedimentation rate only) and
maximum areas of LDM deposition given in Section 7.2.3, suggests that LDM deposition results

in a regional flux of 0.0063-0.025 TmolC/yr to the deep ocean.

Measurements of biogenic silica for these sapropel samples gives a mean content of
12.75wt%$Si. Using the Si/C ratio published for Rhizosolenia alata (0.14, Brzezinski, 1985)
suggests organic carbon export fluxes of 1.6x10->molSi/cm?2/yr. This value is an order of
magnitude greater than fluxes preserved in the sediment, sugge'sting ~90% of the initial

organic carbon content was remineralized in the water column.

Flux per unit area : Regional flux

molC/cm2/yr gC/cm2/yr TmolC/yr  gC/yr
Minimum orgam'c carbon flux 0.4-7.6x10-6 4.5-9.1x10-5 0.005-0.16  0.6-1.9x1012
associated with LDM samples
Initial organic carbon flux 0.54-2.5x10-3 6.5-30.0x10-3 1.40-27.81 0.17-3.3x1014
(estimated using Si/C ratios)
Organic carbon flux at sediment  3.8-7.7x10-5 4.6-9.2x10-4 0.48-1.60 5.7-19.2x1012

surface (from comparison with
Mediterranean sapropel 5-5)

Table 7.6. Minimum organic carbon flux associated with ‘4.4Ma’ LDM deposits calculated from residual
organic carbon compared with (1) initial estimates of initial organic carbon flux, calculated using the
diatom Si/C ratio, and (2) estimates of organic carbon flux reaching the sea-fioor calculated from
measurements of organic carbon in the Mediterranean sapropel S-5.

7.3.5 REMINERALIZATION OF ORGANIC CARBON

To test the estimates of organic carbon flux calculated in Sections 7.3.3 and 7.3.4
remineralization rates need to be quantified. First-order degradation rates measured in

laboratory and field experiments are highly variable (Emerson and Hedges, 1988 and

references therein). The assumption that decomposing organic material has a constant
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reactivity and thus decay rate is not consistent with field observations and laboratory
studies. Microbial communities tend to sequentially utilize organic substrates in order of
reactivity, most volatile first (e.g.Emerson et al., 1985). As a result of this preferential
uptake, the reactivity of the remaining organic carbon decreases over time (Berner et al.,
1980). On the basis of actual rate measurements Jorgensen (1979) divided organic matter into
various groups of compounds of different reactivity, each undergoing first order first-order

decomposition. This Multi-G model can be expressed as;

G; = Gop ekt + Ggp ekt + Grgr Equation 7.1

where G is the concentration of organic carbon at time t (in years), Go1, Go2 and GnRr are there
initial concentrations of type 1, 2 and non-reactive compound groups respectively. k; is the
first-order decay constant for the highly reactive type 1 compounds, and kj the first-order

decay constant for the less reactive type 2 compounds (Westrich and Berner, 1984). The

constants used in this study are given in Table 7.7.

Constant Definition of constant and rationale for choice of value Valueused Reference
in this
study
Go1 Concentration of type 1 (most reactive) compounds in 80% Hammond ef al.
initial organic carbon content, calculated from surface (1996)

sediments from the eastern Equatorial Pacific

Go2 Concentration of type 2 compounds in initial organic 19.8% Hammond ef al.
carbon content (reactive compounds not included in type (1996)
1), calculated from surface sediments from the eastern
Equatorial Pacific

GNR Concentration of non-reactive compounds in initial 0.2% Hammond ef al.
organic carbon content, calculated from surface sediments (1996)
from the eastern Equatorial Pacific

ki Decay constant of type 1 compounds, calculated using 24yr-1 Westrich and
experimental decomposition of oxic plankton assemblages Berner (1984)
ko Decay constant of type 2 compounds, calculated using 3.2yr-1 Westrich and
experimental decomposition of oxic plankton assemblages Berner (1984)

Table 7.7. Definitions and values of constants used in the multi-G model of organic carbon

remineralization, with explanation of constant definitions and rationale for the choice of values used in
this study.

7.3.5.1 Estimating carbon flux to the deep ocean using diatom Si/C ratio
Given an average sediment composition for LDM material of 57.6wt% biogenic opal

(24wt%BSi) and Si/C of 0.15 (Brzezinski, 1985) the organic carbon initially associated with



CHAPTER7 177

1g of sediment (dry weight) can be estimated as 0.68g. Since organic carbon typically accounts
for around 50% of organic material (the remaining 50% being composed of nitrogen, oxygen etc.
Parsons et al., 1961), this translates to an initial organic carbon content for exported material
of around 29%. Using the same method for sapropels containing 12.75%BSi with Si/C equal to
0.14 (value measured forRhizoslenia alata, Brzezinski, 1985), the initial organic carbon

content can be estimated as ~22wt%, see Appendix A10 for detailed working.

Both the sapropels and eastern Equatorial Pacific LDM deposits accumulated under around
3000m of water. Assuming a sinking rate of 150m/day for the diatom mats making up the LDM
sediments (Section 2.5.2) gives a period of 20 days for remineralization in the water column.
SEM examination of the diatomaceous layers in the S-5 sapropel shows that these layers
consist of both intact and fragmented Rhizosolenia chains (Pearce et al., in press). Laboratory
studies have measured the sinking rates of dead Rhizosolenia chains as 69-84m/day
(Villereal, 1988). Sinking at this rate through a water depth 3000m would take 35-44days.
The proportion of initial organic carbon expected to reach the seafloor during both LDM and

sapropel deposition is calculated using Equation 7.1 (Table 7.8).

Remineral- Initial organic  Organic Proportion  Rationale for length of
ization period carbon carbon of initial remineralization period
(days) content content of organic
(estimated deposited carbon
using 5i/C) material remaining
‘4.4Ma’ LDM basal unit
0 29% 29wt% 100% No remineralization
20 29% 12wt% 41% Estimated sinkin é)eriod for LDM
deposits at 147m§ ay (through
3000m)
100 29% 2.5wt% 8.6% - Comparison to flux measured

following JGOFS observations
diatom concentration and sinking

Mediterranean sapropel S-5
0 22% 22wt% 100% No remineralization

35 22% 5.1wt% 23% Estimated sinking period for
. Rhizosolenia chains at 84m/day
(through 3000m)

44 22% 3.0wt% 14% Estimated sinking period for
Rhizosolenia chains at 69m/day
(through 3000m)

Table 7.8. Organic carbon remineralization over time for LDM and sapropel material estimated using the
method given in Westrich and Berner (1984) showing proportion of initial organic carbon remaining after
each remineralization period. Initial organic carbon content is estimated using the mean diatom Si/C ratio
for LDM samples and the Si/C ratio published for Rhizosolenia alata for sapropel samples. The rationale
for lengths of remineralization periods used in calculations is given in the last column. See Appendix A10
for detailed workings.

The mean of organic carbon measurements of sapropel samples (4.86wt%) falls between the
organic carbon contents predicted by the Si/C initial organic carbon content and Multi-G

remineralization model for the sinking rate range given above (3.0-5.1wt%). This supports
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the use of these methods in the estimation of organic carbon fluxes associated with LDM
deposition. The results of these models suggest that 41% the initial organic carbon reaches

the deep ocean during LDM deposition.

7.3.5.2 Testing the organic carbon remineralization calculations

Modern flux measurements can be used as a further constraint to verify both Si/C method of
organic carbon estimation and the Multi-G model (and constants) given above. Measurements
of organic carbon content are available for a modern diatom flux event in the Equatorial
Pacific between 5° N and 5° S at 140° W (Smith ef al., 1996). This sedimentation event
followed the observations of massive concentration of Rhizosolenia along the Equatorial front
during the JGOFS Fall ‘92 survey. These deposits had organic carbon contents of between 1 and
2.84% and 324Th measurements indicate that the mats had been on the sea-floor for less than
100 days prior to sampling (Smith et al., 1996). The organic carbon content expected in at the
sediment surface 100days after the observed surface concentrations was estimated using the
Si/C method of organic carbon estimation and the Multi-G model. Assuming an inital organic
carbon content of 29% (estimated from comparision with LDM since no direct measurement are
available), these models predict an organic carbon content of 2.5% (Table 7.5). This value is
within the range of Smith et al.s’ measurements, thus supporting the above use of Si/C ratios

and modelled remineralization to estimate the organic carbon fluxes in LDM deposits.

7.3.6 DISCUSSION OF LDM ORGANIC CARBON FLUX ESTIMATES

Estimates of organic carbon flux to the sea-floor associated with LDM deposition exceed
modern flux measurements from sediment trap studies by at least two orders of magnitude
(Table 7.9). Although organic carbon fluxes during normal deposition periods in the
equatorial Pacific are generally higher than those measured in other regions, fluxes

associated with LDM deposition are one to two orders of magnitude greater.

Assuming an annual biogenic silica flux rate of 0.76-2.78TmolSi/yr (Table 7.4) and Si/C of 0.15
suggests that annually LDM deposition in the eastern Equatorial Pacific was associated with
the production of 5.1-18.5TmolC/yr of organic carbon. Modelled remineralization suggests
that about 41% of this production (2.1-7.6TmolC/yr) reached the deep ocean. As a
comparison, modern estimates of organic carbon primary production range from 3.7x103 to
4.2x103TmolC/yr (Longhurst et al., 1995). If as much as 1% of this amount reaches the
sea-floor (Lisitzin, 1972), the organic carbon flux associated with LDM deposition in the
eastern Equatorial Pacific is equivalent to 5-21% of the modern annual organic carbon flux to

the deep ocean.



Location Trag1 Depth Organic carbon flux Reference
d above
(rre\y seafloor | (mol/cm2/yr) | g/cm2/yr
(m)
Eastern Ecluatorial Pacific, 0.4-7.6 x10-6 4.5-9.1x10-5 This study
| measured in LDM
Eastern Equatorial Pacific, 0.5-2.5 x10-3 0.7-3.0x10-2 This study
initial flux estimated
from LDM using Si/C
Eastern Equatorial Pacific, 0.2-1.0 x10-3 | 0.3-1.2x10-2 This study
LDM deposits, flux
reaching sea-floor
Mediterranean sapropel 3.8-7.7x10-5 4.6-9.2 x10-4 | This study ]l
S-5
South Pacific, Station P 3800 520 1.1 x10-6 1.2 x10-4 Honjo (1984)
50°N 145°W
Lofoten Basin, Arctic Ocean | 2761 400 1.8 x10-6 1.1 x10-4 Honjo et al, in
69.5°N10°E Wefer (1989)
Bear Island, Arctic Ocean 1700 418 2.4 x10-5 29 x10-4 Honjo et al. (1987)
75.9°N 11.5°E
Norway Abyssal Plain 2630 428 4.9 x10-6 5.9 x10-5 Honjo et al. (1987)
65.5°N 1°E
W. Norwegian Sea 2749 520 4.4 x10-6 5.3 x10-5 Honjo et al. (1987)
70°N 2.9°
Fram Strait 2442 381 3.4x10-6 4.1x10-5 Honjo et al. (1987)
70.9°N 1.4°E
Greenland Basin 2823 622 3.3 x10-6 4.0 x10-5 Honijo et al. (1987)
74.6° 6.7°W
Bransfield Strait, Antarctica | 1588 364 3.6 x10-5 4.3 x10-4 Wefer et al. (1988)
62.2°S 34.7°W
Weddell Sea 863 3017 2.1 x10-7 2.5 x10-6 Fischer et al.
62.5°S 34.7°W (1988)
Tropical Pacific, Site C 3495 nd. 1.3 x10-5 1.6 x10-4 Dymond and
1°N 139°W 1895 nd 1.7 x10-5 2.1 x10-4 Collier (1988)
1095 nd. 1.3 x10-5 1.6 x10-4
Tropical Pacific, Site S 3400 nd. 5.0 x10-6 6.0 x10-5 Dymond and
11°N 140°W Collier (1988)
Eastern Equatorial Pacific, 3618 nd. 1.0 x10-5 1.2 x10-4 Honjo et al. (1996)
0° 140°W
California Current, 42°N nd. nd. 1.9x10-5 2.3x-4 Lyle et al. (1992)
126°W
California Current, 42°N nd. nd. 9.0x10-6 1.1x-4 Lyle et al. (1992) Ll
132°W
Bering Sea, 58°N 179°E 3137 nd. 1.5x10-5 1.8x10-4 Honjo et al. (in
’ preparation)
Sea of Okhotsk, 53°N 149°E | 1061 nd. 1.4x10-5 1.7x10-4 Honjo et al. (in
preparation)
North Atlantic, 34°N 21°W | 3700 nd. 8.3 x10-6 1.0 x10-4 Honjo and
Manganini (1992)
North Atlantic, 48°N 21°W | 4500 nd. 7.5x10-6 0.9 x10-4 Honjo and
Manganini (1992)

Table 7.9 Organic carbon fluxes measured using sediment traps compared to estimated flux associated with

LDM deposition in the eastern Equatorial Pactfic and the Mediterranean sapropel S-5.
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7.4 CARBONATE ACCUMULATION RATES DURING LDM DEPOSITION

Sedimentary carbonate contents can be estimated from measurements of wt% OPAL assuming
negligible clay content using Equation 7.2;

wt% carbonate =100-wt%OPAL Equation 7.2Estimates
calculated using this equation agree closely with direct measurements of carbonate content
made using the Carlo Erba method detailed in Section 3.6, see Figure 7.7. Carbonate
accumulation rates of both laminated and non-laminated sediments (below and through the
‘4.4Ma’ basal unit respectively) were calculated using mean carbonate contents and dry bulk
densities for each sediment type and the sedimentation rates estimated in Chapter 5 (Table
7.10).

Estimated carbonate accumulation rate (g/cm2/yr)

Site Non-laminated sediments Laminated sediments

Datum-based GRAPE-based GRAPE-based Lamina-based 3He-based
847B 5.3x10-3 12.2x10-3 6.4x10-3 5.8x10-3 7.2x10-3
8508 2.1x10-3 10.9x10-3 2.6x10-3 4.9x10-3 nd.

Table 7.10. Estimated carbonate accumulation rates for laminated and non-laminated sediments below and
through the ‘4.4Ma’ basal unit at Sites 847 and 850. Calculations assume a dry bulk densu'é of 0.39 and
0.74g/cm3 for laminated and non-laminated sediments respectively (Mayer ef al 199; CD ROM) and use
sedimentation rate estimates given in Table 5.8.

Assuming that datum and GRAPE-based sedimentation rates represent lower and upper
limiting for sedimentation of laminated and non-laminated sediments respectively (see
Section 5.6), the carbonate accumulation rate for non-laminated sediments immediately below
the “4.4Ma’ LDM deposits is between 5.3x10-3 and 12.2x10-3 g/cm2/yr at Site 847 and 2.1x10-3
and 10.9x10-3 g/cm?2/yr at Site 850. These rates are higher than carbonate accumulation rates
calculated for these sites over other time periods (at Site 847 between 3Ma and 4Ma and from
5Ma to 6Ma carbonate accumulation rates were 1.15x10-3 and 1.71x10-3 g/cm2/yr, and at Site
850 over the same time periods carbonate accumulation rates were 1.11x10-3 and 3.79x10-3

g/cm2/yr respectively Farrell et al., 1995).

Similarly, assuming the GRAPE and He3-based sedimentation rates form the upper and lower
limits respectively of sedimentation in laminated sections, carbonate accumulation rates for
these sediments lie the ranges 6.4-7.2x10-3 g/cm2/yr at Site 847 and 2.6-4.9-3 g/cm?2/yr at Site
850. The ranges of carbonate accumulation rate for laminated sediments are within the bands
of error of those estimated for non-laminated sections with depositional event, but tend to be
slightly lower. This suggests that carbonate accumulation rates did not alter significantly

across the lower boundary of the ‘4.4Ma’ LDM event but may have dropped slightly.
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7.5 MODELLING CONTROLS ON SILICA FLUXES

The previous discussion suggests that LDM deposition in the eastern equatorial Pacific was
due to a sudden increase in silica availability (Section 7.2.7). Carbonate production does not
appear to change significantly during the deposition of LDM material (Section 7.4)
suggestingthat the availability biolimiting nutrients (other than silica) did not change
significantly during the deposition of LDM sediments. To investigate the influence of (1)
upwelling rates and (2) the input dissolved silica on silica accumulation patterns, the global
silica cycle was simplified in a two box model in which these two factors could be varied
independently (Fig. 7.8a after Broecker, 1971; Broecker and Peng, 1987; Decker, 1991). When
considering only the surface ocean, separated from the deep ocean by the thermocline, silica
input from riverine and upwelling sources is balanced by the rain of opaline skeletons to the
deep ocean plus a small amount lost through downwelling. The concentration of dissolved
silica in the surface ocean is kept low by the extensive biological silica uptake. In contrast the
deep ocean is relatively enriched by the dissolution of siliceous frustules in the water column.
The silica balance of the surface ocean can be altered by changes in both the river input and
upwelling rates. The model was used to investigate both the effect of stepwise changes in
upwelling and river input (Experiment A) and changes in frustule dissolution on time taken for
the model to return to a steady state (Experiment B). Full detail of the model calculations and

assumptions are given in Appendix All.

7.5.1 RESULTS OF THE TWO BOX MODEL

7.5.1.1 Experiment A: Changing upwelling and riverine input

Increasing the modelled upwelling rate results in an immediate increase in silica

availability at the surface. This increases surface productivity and biogenic silica flux to the
deep ocean in proportion to the increase in silica availability. Assuming a constant rate of
preservation in the frustules reaching the sea-floor, the total amount of silica reaching the
sediment increases. If the silica input (i.e. riverine input) remains constant, as more silica is
removed from the oceans into the sediment, silica levels in the deep ocean fall and thus the
rate of silica input to the surface ocean through upwellin’g is reduced. In turn biological
production and biogenic silica export is reduced and the cycle gradually returns to a new
equilibrium with the silica sedimentation rate again equal to the riverine input rate (and the
initial silica sedimentation rate), see Figure 7.8c. A similar feedback loop develops if
upwelling is suddenly reduced. In this case less silica is supplied to the surface ocean resulting
in decrease surface productivity and opal deposition. Productivity is now feed by the rivers
and reduced upwelling. Since the transfer of dissolved silica from the deep to surface ocean
through upwelling is reduced, the concentration of the deep ocean gradually increases. This
results in an increase in silica concentrations of the upwelled waters until the initial rate of

deposition is re-established. This return to initial conditions requires a time-span of 104 years
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Figure 7.8. a) Simple box model used in estimation of timescales associated with variations in
the global silica cycle (after Brocker and Peng, 1982 and Decker, 1991); b) assumed step-like
changes in global upwelling/riverine input rates used to test the response of the model to
changes in BSi inputs to the surface box; c) modelled effect of varying upwelling showing the
influence of dissolution in the deep-ocean; and, d) the effect of varying river input again
showing the influence of dissolution in the deep-ocean. These results demonstrate the
importance of dissolution levels in the global silica cycle. The low levels of dissolution
observed in the LDM deposits suggest a rapid return to stead state conditions.
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(Decker, 1991). In contrast to changing upwelling rates, higher riverine silica input to the
model results in a slow asymptotic increase in opal deposition with the gradual
establishment of higher opal sedimentation rate balancing the elevated silica input (Fig.
7.8d). Modelling a decrease in riverine silica input results in the asymptotic decrease in opal

sedimentation.

7.5.1.2 Experiment B: varying frustule preservation levels

LDM deposits differ from other deep sea biosiliceous sediments in their level of frustule
preservation (Section 4.4). The frustules making up these sediments are remarkably well
preserved and represent around 60-80% of the surface silica uptake (see Section 4.4). In more
typical sediments the opal fraction represents around 20% of surface silica production
(Tréguer et al., 1995 and references therein). Assuming that the LDM sediments represented
about half of the annual global silica export (see Section 7.3), mean global preservation levels
should be approximately 35-45%. The model was run with three different levels of frustule
preservation (10%, 30% and 50%) while varying upwelling and riverine input as in

Experiment A (Fig. 7.8c,d).

The principal effect of decreasing levels of dissolution in the deep box is to increase the
response rate of the model to changes in input rates. Decreased dissolution rates result in a
more rapid return to a steady state. Decreasing dissolution rates from 90% to 50% reduces the
response time (time taken to return to a steady state) by 70-75%. In these cases the low levels
of dissolution reduce the input of dissolved silica into the deep waters, resulting in a rapid
reduction of silica concentration in the deep box. Interestingly, decreasing dissolution levels in
model runs with varying upwelling rates, results in lower peak BSi sedimentation rates; peak
silica sedimentation associated with 50% dissolution in the deep box represents around 79% of

peak sedimentation associated with 90% dissolution.

7.5.3 CONCLUSIONS DRAWN FROM SILICA BOX MODEL

The increases in silica sedimentation predicted by this model are proportional to the increase
in input rates to the surface box. Doubling input rates V’ia either upwelling or river input will
approximately double the silica sedimentation rate. It is also important to remember that
this type of silica spike only forms when upwelling rates change rapidly. In the case of
slower changes (over several thousand years), feed-back mechanisms are able to keep the
system in balance and the silica sedimentation rate stays approximately constant (Decker,
1991). Rapid changes in upwelling and riverine input of this order of magnitude are most
commonly associated with the change from glacial to interglacial conditions. Sarnthein et al.
(1987, 1988) concluded that strengthening of trade wind activity during glacial periods would
increase upwelling rates significantly; riverine input of dissolved silica is estimated to

approximately double during strong glaciations (Froelich et al., 1992). The silica
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sedimentation rates associated with the ‘4.4Ma’ LDM deposits (which account for 0.76-
2.78TmolSi/yr) are consistent with the peak sedimentation rates estimated by doubling the
input to the box model (increases of up to about 3-5 TmolBSi/yr depending on the level of

dissolution assumed).

The box model results indicate that variations in upwelling are more effective in producing
short-term (104 year) spikes (both positive and negative) in silica deposition than changes in
riverine silica input. The duration of such elevated silica deposition periods is strongly
dependant on the level of dissolution occurring in the deep ocean. The low levels of dissolution
observed in the LDM sediments suggest silica deposition returned its original levels after
around 7ka (decreasing to 50% of peak values after only 500 years). Sedimentation rates give
a deposition period of around 1.4ka for the ‘4.4Ma’ LDM event basal unit (see Section 5.6.2).
This deposition period is comparable with the timescales associated with upwelling-induced
peaks in silica sedimentation. However it is still unclear why the LDM deposits, like the
observations of diatom accumulations along the equatorial front during the JGOFS Fall ‘92
survey (Barber, 1992), are dominated by a diatom that adapted to stratified conditions and

not commonly found in the upwelling regions.

7.6 CHANGES ON OCEAN/ATMOSPHERE DYNAMICS COINCIDING WITH LDM
DEPOSITION

LDM sediments located below the polar front in the North Pacific were deposited at the same
time as the ’5.1-5.8Ma’ LDM at the EEP. This time coincident occurrence below two frontal
regions suggests that the unusual surface water conditions which result in LDM deposition are
causally linked to large-scale oceanographic change. The occurrence of massive biogenic silica
and organic carbon fluxes to the deep ocean during LDM depositions suggests that these
changes involved either (1) addition of nutrients to the ocean, or (2) the redistribution of
nutrients within the ocean system. One mechanism capable of altering ocean/atmosphere

dynamics in this way over the timescales of LDM deposition is the glacial/interglacial cycle.

Measurements of both 3180 and 813C for benthic foraminifera from Hole 849B (0-5Ma) have
been made by Mix (1995 and pers. comm.). Comparison of 8180 measurements to the composite
GRAPE record for Site 849 shows that the ‘4.4Ma’ LDM depositional period was preceded by
strong glacial/interglacial oscillations, with both glacial and interglacials becoming
increasingly colder (Fig. 7.9). Similar oscillations have been observed in records for this
interval at Site 846 (Shackelton et al., 1995) and in the western equatorial Pacific (although

in less detail Jansen et al., 1993).
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The carbonate high identified immediately below the ‘4.4Ma’ LDM correlates closely with
the NS5 cold period (Fig. 7.9). The onset of LDM deposition appears to coincide with the
transition from glacial to interglacial conditions (the NS55-NS4 transition using the labelling
system of Shackleton et al. 1995). There are no §180 measurements over this interval, due to a
core gap and low foram abundances in the LDM deposits. Additional sampling from Hole
849Bwould enable comparison above this gap. The relationship between 8180 values and the

GRAPE record within the ‘4.4Ma’ LDM deposits is complex.

Within the ‘4.4Ma’ LDM deposits, peaks in opal content tend to coincide with lows in the
benthic foraminifera 813C record. It is also interesting to note that the deposition of the ‘6.1-
6.1Ma’ LDM (containing the datum B. Amaurolithus amplificus dated at 6.6Ma) coincides
with the Miocene 813C shift dated at 6.57-6.69Ma (Hagq et al., 1980). This shift in 813C values
(an decrease of around 0.8%o) is interpreted as reflecting a global change in ocean chemistry
(Keigwin, 1987). The lack of 813C data from sites containing the ‘6.1-6.3Ma’ LDM event makes

the exact relationship between the LDM deposits and the carbon-isotopic shift indistinct.

The occurrence of LDM deposits and the use of a global increase in the availability of
dissolved silica are consistent with the hypothesis proposed by Pollock (1997) to explain
global cooling prior to the onset of Pliestocene glacial periods. In this model, silica enriched
subglacial waters released by melting of the West Antartic Ice Sheet during interglacical
periods are entrained in deep and intermendiate waters. Upwelling of these waters in both
coastal and open-ocean regions then result in the proliferation <-)f large diatom species with a
high affinity for dissolved silica. These blooms enhance the rate of CO, drawdown and
eventually result in global cooling. In the Neogene, the LDM deposits generally occur in the
deglaciation following a strong glacial period. This suggets that, in constrast to the
Pliestocene, the Neogene global climate system was less sensitive to oceanic CO, drawdown in

triggering global cooling.

7.7 CHAPTER SUMMARY

The massive scale of biogenic silica flux associated with the “4.4Ma’ LDM event is
represented by (1) elevated flux per unit area, (2) the large area of LDM deposition and (3)
the timescales of sustained LDM deposition. Regional export of biogenic silica associated
with the ‘4.4Ma’ LDM event falls in the range 0.76-2.78TmolSi/yr. This flux rate was
sustained over about 1.46k.y. during the accumulation of the ‘4.4Ma’ basal unit, and then
occurred episodically (over 20-200year periods) for the next 57k.y. As a comparison, annual

export of biogenic silica associated with LDM deposits represents 10-40% of modern annual



CHAPTER 7 188

biogenic silica export. The lower limit of this regional flux range is comparable that of

present day Antarctic shelf, the largest silica sink of the modern ocean system.

Measurements of biogenic opal at sites not containing the ‘4.4Ma’” LDM deposits show a
contemporaneous increase in biogenic silica sedimentation suggesting both (1) an increase in
silica availability and (2) advection of diatom material from the frontal region. Simple box
models of the global silica cycle and the sharp boundary at the base of the “4.4Ma’” LDM unit
suggest that this increase in silica availability is more likely be associated with an increase
in upwelling than an increase in riverine input. However, the LDM deposits consist of up to
95% Thalassiothrix, a diatom typical of stratified regions and which is not thought to
dominate in upwelling conditions. Although the diatom Rhizosolenia, observed in massive
concentrations along the equatorial front during the JGOFS Fall ‘92 survey is also typical of
stratified conditions. More detailed information on the life-styles of these two diatoms is

needed to explain this apparent anachronism.

Organic carbon flux related to LDM deposition is estimated using (1) diatom Si/C ratios and
modelled remineralization rates, and (2) comparison with the diatom rich layers of the
Mediterranean sapropel S-5. The 5i/C method is supported by comparison to modern
measurements of modern flux events and the measurements of sapropel samples. These
methods suggest that LDM deposition resulted in organic carbon fluxes of 5.1-18.5TmolC/yr,
of which around 2.1-7.6TmolC/yr reached the deep ocean. This value represents 5-21% of
modern organic carbon flux. Carbonate accumulation rates do n(—)t appear to alter significantly

during the deposition of LDM material.

The co-occurrence of LDM deposits in the North Pacific during the ‘5.1-5.8Ma’ LDM

deposition event suggests LDM deposition is initiated by ocean-wide processes that result in
either (1) addition of nutrients to the ocean, or (2) the redistribution of nutrients within the
ocean system. Both the “4.4Ma’ and ‘5.1-5.8Ma LDM deposits appear to coincide with major
glaciations, but more detailed oxygen isotope stratigraphy is needed to determine the exact

temporal relationship between LDM deposition and these glaciation events.
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CHAPTER 8: CONCLUSIONS

This chapter presents a summary of the results and conclusions of this high-resolution study of
the ‘4.4Ma’ LDM depositional event in the eastern equatorial Pacific Ocean and suggests a
number of possible avenues for future research. The results and conclusions of this study can be
divided into two sections; those relating to the factors influencing the deposition of LDM
material, and; those related to the effects of LDM deposition on both local and global levels.
These two sections will be discussed separately following a summary of the methods

developed for use in this study.

This study developed three methods used in investigating the factors influencing the
deposition of LDM material: (1) Modifications to the published methods of opal measurement
allowed the use of millimetre scale sampling and the exploitation of the pure biogenic
composition of siliceous material in LDM sediments. By using two stages of sediment
dissolution, the relative content of diatom and radiolarian related opal of these sediments
can be estimated using a simple linear relationship. (2) Development and testing of a new
method for the quantification of diatom frustule dissolution in deep sea sediments using SEM
observations. Although the method is currently limited to using Thalassiothrix spp., it would
be possible to extend its to use other diatom species. Use of this'method detected and
quantified a the trend of increasing diatom frustule preservation levels with increasing
sedimentary opal content. (3) Use of the Lomb method of spectral analysis instead of
conventional Fourier methods to isolate periodicities within data-sets of both lamina couplet
thickness and high resolution opal measurements. This method uses unevenly spaced data sets
thus avoiding the use of intermediate interpolation stages. The use of unevenly spaced data
also allows both the identification of significant frequencies below the mean sample
frequency and the estimation of significance levels. Use of these three methods enabled this

study of LDM material to be carried out at millimetre-scale resolution.

The millimetre-scale sampling possible through LDM intervals enables the construction of
decadal (or shorter) scale records of silica fluxes to the deep ocean. Correlation of the records
from the basal unit of the ‘4.4Ma’ LDM depositional event at sites 847 and 850 show a
remarkable similarity between the two sites. Closer examination of the sediments using BSEI
techniques enabled detailed correlation of sedimentary features between these two sites.
These sedimentary tie-points were used to map the opal records from site 850 onto the those of

site 847 giving an increase of around 25% in the statistical correlation. This correlation
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(r2=0.691) suggests the same depositional mechanism functioned along the Equatorial Front

for lateral distances of over 2000km.

High resolution examination of LDM sediments using BSEI techniques identified the existence
of lamina couplets within the ‘4.4Ma’ basal unit at site 847 and 850. These couplets suggest a
depositional regime of episodic depositional events (similar to that observed in the eastern
equatorial Pacific by the JGOFS Fall ‘92 survey) separated by more normal deep sea
sedimentation patterns. Measurement and subsequent spectral analysis lamina couplet
thickness identified two significant frequencies within the lamina couplet record with
periodicities of 6-7 and 21 couplets. Assuming the couplets represent annual events (consistent
with sedimentation rate estimates), the 6-7 couplet periodicity is consistent with an El Nifio-
type regime. The 21 couplet periodicity could either be related to variation in the relative
strength of these El Nifio-type events, or other changes in the climate system over the North
Pacific . Spectral analysis of the high-resolution biogenic opal records at sites 847 and 850
also demonstrated the existence of periodicities affecting this depositional mechanism with
century-scale periods. Although no firm correlation with individual external forcing
frequencies is possible (due to the uncertainties in sedimentation rates) the periodicities
within the biogenic opal records have timescales that suggest the influence of

extraterrestrial forcing mechanisms such as sun-spot variability.

Measurements of biogenic opal at sites not containing the ‘4.4Ma’ LDM deposits show a
contemporaneous increase in biogenic silica sedimentation indi-cating a global increase in
silica availability. Simple box models of the global silica cycle and the sharp boundary at
the base of the ‘4.4Ma’ LDM unit suggest that this increase in silica availability is likely to
be associated with an increase in upwelling rather than an increase in riverine input.
However, the LDM deposits consist of up to 95% Thalassiothrix, a diatom typical of
stratified regions and which is not thought to dominate in upwelling conditions. Moreover,
the diatom Rhizosolenia, observed in massive concentrations along the equatorial front
during the JGOFS Fall ‘92 survey is also typical of stratified conditions. More detailed

information on the life-styles of these two diatoms is needed to explain this apparent

contradiction.

On a local scale, LDM deposition resulted in a significant increase in sedimentation rates and
a marked change in sediment composition and dissolution processes occurring within the
sediment. In turn, this period of elevated local fluxes in the eastern equatorial Pacific

appears to have affected global biogeochemical cycles.

This study uses four different methods to calculate sedimentation rates. The two methods

based solely on material from laminated sections (annual lamina couplet-based and 3He-
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based) give comparable rates (390m/Ma and 410m/Ma respectively) that are significantly
greater than those obtained using the datum-based method and the GRAPE-based method
(20-60m/Ma and 204m/Ma respectively). This demonstrates the magnitude of the difference
between the sedimentation rates of the two sediment types, LDM and F-NO. The similarity
between lamina couplet-based sedimentation rates calculated using annual depositional
events and the 3He-based sedimentation rates, indicate the laminated intervals are related
to annual or quasi-annual depositional events. Regardless of absolute rates, the 3He-based
method indicates a 2.4 fold increase in sedimentation rate related to the onset of LDM
deposition. Estimates of carbonate sedimentation rates for sediments below and through the
‘4.4Ma’ basal unit indicate that there was very little change in carbonate accumulation

patterns.

Quantification of diatom frustule dissolution showed a trend of increasing frustule
preservation with increasing sedimentary opal content. This trend represents a positive feed-
back mechanism enhancing the preservation of biogenic silica on the sea-floor. Increased flux
of biogenic opal from the surface ocean results in increased frustule preservation on the sea-

floor, resulting in enhanced levels of opal content and a net increase in sedimentation rates.

Regional export of biogenic silica associated with the ‘4.4Ma’ LDM event falls in the range
0.38-2.78TmolSi/yr. The actual value is likely to fall in the upper end of this range since the
depositional period used in the calculation of the lower sedimentation rate represents a
significant under-estimate. The lower limit of this range is com-parable to the annual export
of biogenic silica over the modern Antarctic shelf. For comparison, estimated annual export of
biogenic silica during LDM deposition represents 10-40% of modern annual biogenic silica
export. Estimates of organic carbon fluxes associated with the ‘4.4Ma’ LDM suggest an annual
transport of 2.1-7.6Tmol organic carbon to the deep ocean. Compared to modern fluxes, this
represents 5-21% of the estimated organic carbon transported to the sea-floor in the modern
ocean, and is comparable with both; (1) measurements from sediment traps and on core-tops
following the diatom mat concentration observed during the JGOFS Fall ‘92 survey; and (2)
measurements of organic carbon in similar monospecific’ diatom-mat deposits in the

Mediterranean sapropel S-5.

This study demonstrates the significance of frontal controlled LDM depositional events for
both local and global biogeochemical cycles in the eastern equatorial Pacific. These results
illustrate how restricted local events can have major implications for global biogeochemical
processes. Similar LDM and mono-specific diatom concentrations located below other major
ocean front systems (Gardener and Burkle, 1975; Jordan et al., 1991; Bodén and Backman, 1995;
Dickens and Barron, 1997; D.DeMaster pers.comm.) should be considered in the light of these
findings.
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8.1 DIRECTIONS FOR FUTURE RESEARCH

The controlling mechanisms of LDM deposition could be further investigated using the
methods developed in this study to examine older LDM sections from both the eastern
Equatorial and North Pacific. Comparision of lamina couplet thickness data from this study
(Section 4.3) with similar data-sets from older LDM events could provide useful information

on influence of the Panama Seaway on El Nifio-like events.

Opal measurements made during this study (Section 6.4.3) indicate a strong difference in the
radiolarian population between the Sites 847 and 850. This suggests a difference in growth
conditions between these the sites which could be explored using species analysis of both
radiolarian and diatom populations. Extending these studies over LDM events could also

provide useful information on oceanographic changes associated with LDM deposition.

Stable isotope records across LDM deposits and correlation with such records at sites without
LDM deposits suggest that the onset of deposition of the “4.4Ma’ LDM coincided with a
transition from glacial to interglacial conditions (Section 7.6). Detailed 8180 measurements
across this and other LDM deposits should clarify this suspected relationship between LDM
deposition and the glacial-interglacial cycle. Correlation using biostratigraphic datums
suggests that accumulation of the ‘6.1-6.3Ma’ LDM deposits coincided with the global late
Miocene carbon isotope shift (Section 7.6). LDM deposits associated with this event are found
in both the eastern Equatorial Pacific and Equatorial Atlantic Oceans implying a massive
export of both BSi and diatom related organic carbon. Measurement of 313C both across the
‘6.1-6.3Ma’ LDM deposits and in other sediments accumulated across the time-interval could
provide an interesting insight into the global influence of LDM accumulation on the global

carbon cycle.

The box model used in Section 7.5 provided an insight into influence of upwelling and riverine
input on silica availability in the world ocean. These results could be extended investigate
the combined effect of varying upwelling and riverine input simultaneously. These
modifications should allow the model to predict the opal sedimentation patterns associated

with changes from glacial to interglacial more accurately.
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APPENDIX 1: OPAL ANALYSIS METHOD

This method is based on those of Mortlock and Frolich (1989), Strickland and Parsons (1972),
DeMaster (1981) and Fanning and Pilson (1973). See Section 3.4.1 for the rationale and
background to the choice of method.

A.1.1 OVERVIEW OF CHEMISTRY

This method is based on the dissolution of biogenic opal and subsequent measurement of
dissolved silica in solution. The solubility of biogenic silica has been shown to increase
significantly with increasing temperature and in alkaline solutions (Hurd, 1983 and
references therein). This method uses a strong alkaline extraction solution (2M NayCOj3 or 2M
NaOH) held at 85°C to dissolve the biogenic opal. Lithogenic clays are also attacked by
alkaline solutions and can release silica into solution. The use of relatively strong alkaline
extraction solutions, high temperatures and long dissolution periods compared to other
laboratories (Conley, 1996) was possible during this study since there is neglible lithogenic

material associated with the LDM sediments.

Once in solution, silica concentration is measured by reacting the sample solution with
molybdate to form silicomolybdate. This yellow solution is then reduced using a metol and
oxalic acid solution to give a more strongly colured blue compound. This reducing solution also
decomposes phosphomolybdate or arsenomolybdate thus eliminating inference from any
phosphate and aresenate content. Since only relatively short, straight-chain polymers of

silicic acid react quickly with molybdate (less than three silicic acid units) this method only

measures ‘reactive’ silicate.

A1l.2 REAGENTS

Extraction Reagents
1) 2M NayCOj3 solution. Dissolve 2128g of anhydrous NayCOj3 in 1000ml of MilliQ. This

produces a solution close to saturation. Full dissolution can be achieved by heating in a water

bath at 50°C. Redissolve any crystals that may have formed immediately before use to by

ultrasonification.

2) 2M NaOH solution. Dissolve 80.00g of NaOH in 1000ml of MilliQ.

3) IN HClI solution. Add acid very slowly to MilliQ in large beaker and allow to cool.
4) 10% H,0; . Dilute 30% HO; in the ratio 1 part HyO; to 2 parts MilliQ), allow to cool.

Stock reagents
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4) Molybdate reagent. Dissolve 16.0g of analytical reagent quality ammonium
paramolybdate (NH4)¢Mo070,4.H,O in a 1000ml of silica free MilliQ water. Store this
solution in a tightly capped polyethylene bottle out of direct sunlight. The solution is stable
indefinitely, but if a white precipitate forms or the solution turns faintly blue it should be
discarded.

5) Metol-sulphite reduction reagent. Dissolve 12g (3g) of anhydrous sodium sulphite
(NazSO3) in 1000ml (250ml) of MilliQ, then add 20g (5g) of metol (paramethylaminophenol
sulphate) and ultrasound until dissolved (usually 10minutes). Store in an amber ground glass
stoppered bottle in a refrigerator. This solution is stable for 1-2 weeks provided the bottle is
tightly capped. But should be made fresh for each analysis run if possible since crystals tend
to form at the bottom of the bottle. Discard if the solution becomes a faint brown colour.

6) Oxalic acid reagant. Dissolve 60g of analytical quality oxalic acid dihydrate
(COOH),.2H,0 in 1000ml of MilliQ and store in polyethylene. Stable indefinitely.

7) Sulphuric acid reagent. Slowly add 300ml of concentrated (sp. gr. 1.82) analytical reagent
quality sulphuric acid into 770ml of MilliQ. Cool to room temperature and store in
polyethylene.

8) Hydrochloric acid reagent. Add 48ml of concentrated (12N) HCI to 925ml of MilliQ and

store in polyethylene.

Working Reagents

9) Molybdate working solution. Mix molybdate stock reagent, HCI stock reagent and MilliQ
in volume proportions of 1:1:5. Prepare this mixture for immediate use. It is stable for at least
6-12 hours. Store in polyethylene out of direct sunlight.

10) Reducing working solution. Mix equal volumes of metol-sulphite stock reagent, oxalic acid
stock reagent and sulphuric acid stock reagent, adding the sulphuric acid last. It is stable for

4-6 hour, but should be prepared immediately before use.

Standard Solutions

11)Working standards (NayCOj3 solutions) Add primary standard (35.6mM; see Table A1.1 for
volumes) to an acid cleaned 25ml polyethylene volumetric flask and fill to the line with
MilliQ. Mix throughly and transfer to a wide necked polyethylene bottle. Add 5.3g Nay,CO3
to each solution. This makes the solutions 2M in sodium carbonate so that they are matrix
matched with the sample solutions. Before using, the solutions should be placed in an
ultrasonic bath for 10 minutes to ensure all Na;CQOj is in solution. These standard solutions are
stable for at least 3 months. Discard when the bottle is less than one-fourth of the initial
volume to minimize evaporative concentration effects over time.

12)Working standards (Na;COj solutions) Make up as for Na;CO3 working standards, but
addg 2g of NaOH to matrix match the solutions.
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Prepared standard Volume of 1000ppm  Volume of MilliQ

concentration silica standard water added
1.43mM 1ml 24 ml
2.85mM 2ml 23 ml
4.27mM 3ml 2 ml
5.70mM 4ml 21 ml
7.12mM Sml 20 ml

Table A1.1. Volumes of silica standard solution used in preparation of experimental standards

A1.3 CLEANING

All equipment was cleaned by soaking overnight in a 10% Micro solution. Following this
detergent residues were removed by rinsing in MilliQ and the equipment was air-dried
overnight. To minimize risk of contamination equipment used in standard preparation and

storage was also soaked in 10% HCl over night, rinsed in MilliQ and air-dried.

A1.4 DOUBLE ALKALINE EXTRATION PROCEDURE

Day 1.

1) Freeze dry over night to remove excess water.

2) Samples were crushed in a plastic cup using a polypropelene test tube. Agate pestle and
mortal traditionally used for sample crushing have high silica contents, and may contibute to
the final Si concentration. Previously, forams have been crushed between two glass plates, but
again there is the possibility of Si contamination.

3) Weigh out 5mg of the sample into 13ml polythene tubes. MF uses 25mg;, in this study the
high content of silica of LDM sediments allowed the scaling down of the whole procedure to
use the more convient 13ml size tubes. Meaning that large batches came be processed in the
centrifuge and water baths.

4) Add 1ml of 10% H,O; solution, flick to mix. The samples were then placed in the
ultrasounic bath (Decon F5100b) for 1 minute and allowed to stand for 30 minutes. This
procedure removes organic matter. )

5) Add 1ml of 1N HCI to remove the CaCQOg, flick to mix. The samples were then placed in
the ultrasounic bath for 1 minute and allowed to stand for 30 minutes.

6) Add 8ml of MilliQ, flick to mix and then centrifuge at 3500 rpm for 15 minutes (MF uses a
higher rpm for less time, but comparable results have been found using 3600rpm for 11 minutes
at UEA).

7) The samples were placed in an oven (60°C) to dry overnight. The tubes should be uncapped
to allow the moisture to escape but should be covered with foil to prevent material from the
oven falling in. (n.b. samples containing a high proportion of clay should not be dried to

hardness, but should remain moist to allow for dissaggregation during opal extration).
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Day 2.

Samples are handed in sets of four to allow accurate timing of each step.

9) Add exactly 8ml of 2M Na,COj solution to the first four tubes. Cap and flick to mix.

11) Place in a heated ultrasonic bath for 1 minute

12) Transfer tubes to a constant temperature water bath at 85°C.

13) Repeat steps 9-12 for sets of four samples until all samples have been processed. Accurate

timing of each step can be ensured by using set time intervals and recording actions in a chart

of the form:
Tube Time 2hrs 4hrs 6hrs Time Comments
number NayCO3 ultrasound |ultrasound |ultrasound | centrifuged
added
#1-4 8.05 10.10 12.10 14.10 15.10
#5-8 8.21 10.26 12.26 14.26 15.26 e.g. #5 - cap loose

14) After 2 hours remove each sample set (of four tubes). Flick each tube to resupend the solids
and place in a heated ultrasonic for 1 minute.

15) After 4 hours repeat stage 14.

16) After 6 hours repeat stage 14.

17) After 7 hours remove each sample set and immediately centrifuge at 3500rpm for 11
minutes. Pipette about 4ml of the clear supernatant into a polyethelene tube and store for

subsequent analysis.

18) Decanted off the remaining supernant and dry the residue in an oven (at 60°C) over night.

This residue is used in the second extraction stage.

Day 3

19) Using the dried residue samples from step 18, repeat steps 9-16 using 2M NaOH for
alkaline dissolution (instead of 2M Na,COs3).

20) After 8 hours remove each sample set and immediately centrifuge at 3500rpm for 11

minutes. Pipette about 4ml of the clear supernatant into a polyethelene tube and store for

subsequent analysis.

21) Decant and discard the remaining supernant

22) Slowly add 10%HCI solution until there is no further effervense (about 5mil), then top up
tubes to 12ml using MilliQ

23) Centrifuge at 3500rpm for 11 minutes, decant and discard supernant.

24) Add 12ml MilliQ and flick to mix, then repeat step 22.
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25) The rinsed residue can be checked using a smear slide to ensure complete dissolution of

frustules

A1.5 ANALYSIS

SAFETY SPECTACLES AND GLOVES SHOULD BE WORN FOR THE WHOLE OF THIS
PROCEDURE.

1) Place sample solutions in ultrasonic bath for 10 minutes to redissolve any precipitates.

2) Prepare tray of 15ml medicine cups. Allow three cups per sample or calibration standard.
Calibrating each sets of analyses independently should minimize systematic errors
associated with standard solutions and experimental conditions. Comparision of
measurements from standard solutions from different analyses adds another test of long term
statistical reproducibility

3) Add 7ml of molybdate solution each medicine cup.

4) Working at 30 second intervals, add 100l of the sample or calibation standard solution to
each cup, followed by two aliquots of 100ul of MilliQ to rinse the pipette tip, flick to mix.

5) Leave each cup for exactly 20 minutes to react. The time for formation of silicomolybdate is
critical and must be the same (within 30s, Fanning and Pilson 1973) for each analysis carried
out. By filling the tubes at 30s intervals these time can be accurately controlled.

6) Working at 30s intervals, pipette 3.0ml of the reducing working solution to each tube, flick
to mix.

7) Leave the solutions to stand to complete the reaction of the silicomolybdate complex. The
blue colour takes about three hours to develop. Solutions are stable for up to 12 hours.

8) Read the absorbances in using 5cm sipper cell against MilliQ in a spectrophotometer
(Hitachi U-2000) set at 812nm. Measure the standard solutions first, using the

spectrophotometer software to calculate the calibration curve, then measure the sample

solutions.

A1.6 BLANKS AND INTERNAL STANDARDS

MilliQQ blank. The MilliQ blank is composed of MilliQ plus the colour forming reagents and is
analysed with every batch of silica determinations to e;lsure there is no contamination.
Provided high quality analytical grade chemicals are used, reagent blanks should have
absorbances near zero (<0.001).

Operational blank. This is the alkaline extract that has been through the extraction and
analytical processes without the added sediment sample. Two or three blanks are analysed
together to provide replicate values. The absorbances should be less than 0.003 units higher
than the zero standard calibration, and is used to correct the sample absorbances.

Zero standard. This acts as both a zero calibration and as a check on the operational blanks.
It should display absorbances less than 0.002 higher than the reagent blank. This absorbance
results from the silica in Na;CO3 and NaOH.



APPENDIX 1 198

Internal standards With each extraction and analysis set two samples of each internal
standard are run along side the actual samples. There are two internal standards a) a diatom
rich mud from the Peruvian coast which contains 17.5:2%OPAL. The sample has been freeze-
dried and thoughly homogenized and so should give consistent results. b) LDM remaining from
the Hole 844B samples. Sediment left over after opal and other analysis processes were

completed was collected and throughly homogenized to give a standard of 57.9+3%OPAL.

A1.7 CALCULATIONS

Cstp  Silica concentration of the working standard (mM)

Cs Silica concentration of the sample (mM)

Astp  Absorbance of the standard (average of duplicates: absorbance units)

A Absorbance of the sample (average of duplicates; absorbance units)

Ao Absorbance of the operational blank (average of two pairs of duplicate; absorbance
units)

F F-factor (mM/ Abs). F=1/S, where S is the slope of a linear regressio through the
standard curve: a plot of Agrp vs Cgrp for all the standards. The linear regression

should yeild a correlation coefficient (r2) greater than 0.99.

M Sample mass (mg)

The concentration of dissolved silica in each sample is determined by the equation
Cs=Fx(Ag- Ap)

MF give typical values of F as 9.20 £ 0.2 mM/ Abs (thus an 8mM standard should give an

aborbance of 0.87 Abs units) and values of 5, expected from the standard curve, as 0.109 + 0.002

Abs/mM. This calculation is carried out by the spectrophotometer software.

The weight percent of silicon is calculated as %SippaL = 100 x (Cs/M) x (28.09g mol-1) x (0.008
1) x (1000 mg g-1) x (mol 1000 mmol-1) i.e.

%Siopal = 22.472 x (Cs/M)
For values expressed as weight percent of opal (under 30Ma old most diatomaceous sediments

appear to display a relatively constant water content of about 10%), therefore;

%OPAL = 2.4 x %SippaL

A1.8 STATISTICAL REPRODUCIBILITY

Long term statisitical reproducibility was determined using two internal standards measured
with every sample set, see Section 3.4.2.3. Pooled precision for 35 duplicated samples of a

range of opal contents (13-60% OPAL) gives a coefficient of variation of 1.45.

A1.9 SOURCES OF ERROR
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The main source of error is in the pipetting - from three sources;

1) Errors in pipette volumes were estimated using MilliQ at 20°C pipetted into a small glass
jar with ground glass cap on balance. The pipettes were recalibrated as necessary and
typically, measurements had accuracies of around +0.1%. Errors associated with grease and
dirt on the glass was minimized by using gloves.

2) Fluid clinging to the outside of the pipette tip can be transferred into test tubes during
analysis, this effect being most marked when pipetting very small volumes (e.g. 25ul). To
minimize this error, only the point of the pipette tip was allowed into the source liquid, it
was not allowed to touch either the side of the liquid in the receiving test tube.

3) The 2M Na,CO3 solution is close to saturation and precipitates over any available surface,
including the inside of the pippette tips. In order to reduce this problem the tips are rinsed
with aliqouts of MilliQ (added to analysis solutions) immediately after each addition. This
process was used for both samples and standards so the increased dilution by these aliquots
does not need to be taken into consideration.

4) Spectrophotometer readings tend to drift, especially just after the machine is switched on.
These errors were avoided by allowing the machine to warm up (about 15 minutes) before use.
5) Incomplete disolution of biogenic material reduces the %Sippa1. measured. Smear slides of
the centrifuge residue showed the level of dissolution reached. This error was minimized for
LDM samples by using the double dissolution method (see Section 3.4.3).

6) Volume errors in working solutions are systematic through the experiment so long as the
standards are calculated using the same set of solutions. )

7) Balance errors were minimized by testing the balance regularly using a standard one gram

weight and recalibrating as necessary (typically errors were less than 0.02mg).
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A1.10 VALIDATION OF DOUBLE DISSOLUTION ESTIMATES FOR T. LONGISSIMA GROUP DIATOM
CONTENT

Point-counted samples giving species composition used to establish relationship between
proportion of biogenic opal released in the second extraction stage and sample Thalassiothrix

Spp- content.

SAMPLE | POINT COUNTS (% of species composition) % SECOND
THALASSIOTHRIX | RADIOLARIANS | OTHER DIATOMS S}:f;&éﬁfﬁ of total
Al 59.0 10.3 30.8 16.89
A2 68.2 13.2 18.6 14.14
A3 70.2 7.5 22.4 14.40
A4 55.0 157 29.3 20.06
A5 65.9 17.0 17.0 18.58
“ A6 63.1 145 21.2 17.87
A7 65.9 143 19.8 18.94
A8 61.5 22,9 20.8 20.04
A9 68.5 5.6 25.8 21.89
A10 60.2 7.9 32.0 31.88
All 56.3 10.7 23.3 28.27
A12 62.4 11.8 258 3191
B1 67.9 15.0 17.1 8.87
B2 78.9 7.0 14.0 7.96
B3 75.3 5.9 18.9 6.07
B4 74.0 8.3 117.8 11.7
IIBS 70.3 12.2 17.5 8.31
B6 75.0 10.7 14.9 9.61
||B7 70.5 9.8 19.7 4.75
E1 51.3 17.6 31.1 2241
E2 62.8 117 25.5 16.21
E3 56.8 10.8 34.6 31.97




APPENDIX 2 201

APPENDIX 2: ORGANIC AND INORGANIC CARBON DETERMINATION METHOD

A2.1 INTRODUCTION

This method is based on that of Cutter and Radford-Knoery (1991). The rationale for this

choice of this method is dicussed in Section 3.5.

A2.2 PROCEDURES

1) Clean tin cups in furnace at 450-550°C overnight.

2) Freeze dry bulk samples over night, keep samples in dessicator after this to prevent re
hydration and associated errors.

3) Powder and thoroughly homogenize samples using agate pestle and mortar, for small
samples, crush between two plates of glass.

4) For each sample weigh approximately 5-10mg of the sample into each of two tin cups.
Holding the rim of the cup with the curved forceps tap it on the glass plate to shake down the
contents. Unconsolidated sediments can be pushed into the cup using the wrong end of the
microspatula. Reserve one cup for organic carbon analysis and close the second for total carbon.
Place the closed and open cups in corresponding hole in two microtest plates. To close the cup:
a) holding the cup with the blunt forceps pinch the top shut using the curved forceps, b) fold
the top over and pinch to seal, ¢) shape the cup into an approximate ball shape (this is to
prevent the sample from catching on the sides of the auto—analysér or combustion column, or
scratching the surfaces of the sample slide which could result in gas leaks). If any of the
sample escapes onto the glass plate discard and replace the sample.

5) For the organic carbon samples, damp sediment with MilliQ), part fill each of the open cups
with 10%HCI, to remove organic carbon. Evaporate off the acid on hot plate in a fume
cupboard. Repeat this process until there is no effervesense to ensure complete removal of
inorganic carbon. If any of the sample is lost due to explosive effervesense discard and
replace.

6) Close these cups over the glass plate and form into balls as above, being careful to ensure
that material is not lost. Material caught on the sides from scum floating on the surface of the
acid, making material more likely to be lost at this stage. If any of the sample is lost discard
and replace.

7) Place prepared samples in the autosampler of CN analyser and analysed.

A2.3 CALIBRATION AND STANDARDS
1) Weight out at least three samples of Actinalide with a spread of masses (e.g. 4, 6 and 8mg),
close cups and form into balls as above.

2) Run CN analyser for standards, entering weights of standard samples on to computer.
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3) Recalculate standards as unknowns, they should scatter around calibration curve. If there is
a cluster of higher points at one end of the curve and lower points at the other the standards
could either be repeated or the curve could be tweeked. The values of blanks should be
checked to evaluate carbon contamination from the cups or acid, which could result in this
effect.

4) Try to balance the counts for standards and samples for carbon and nitrogen to within at
least an order of magnitude.

5) Run internal standards with each run, preferably at both the begining and the end. This

should be constant within and between runs.

A2.4 BLANKS

With each run include;

1) Two-three empty cups moulded into balls, these should identify problems with carbon
inclusions in the cups and insufficent cleaning.

2) Two-three acid blanks, cups which have been through the acid evaporation stage of the
process without the sediment. These are to identify any carbon contained in the acids.

If the blanks show a carbon content the run should be repeated, if this is not possible the

average blank values should be subtrated from the carbon values.

A2.5 CALCULATIONS

Inorganic and total carbon values can be taken directly from the computer read-out provided
by the software linked to the CN-analyser, giving %Cog and %Ctotal. Values for inorganic
(carbonate) carbon are calculated from the difference between %Ciqa and %Corg:

%CaCO3 = 8.33 X (Ctotal - Corg)
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APPENDIX 3 : SPECTRAL ANALYSIS METHODS

A3.1 INTRODUCTION

Conventional spectral analysis methods using fast fourier transforms (FFT) demand regular
spaced data sets. The variable thickness of lamina couplets and colour bands within
laminated sections (on which sampling was based) result in an uneven sample spacing.
Interpolating the data sets on to an even spacing is one way of getting aroung this problem, but
the interpolated data does not always give a convincing match with the original data, see
Figure A3.1. When the interpolated data sets are analysed using FFT spectral analysis
methods, large gaps between the original data points often result in a spurious bulge of power
at low frequencies with wavelengths comparable to the data set gaps, see Figure A3.2. Linear
interpolation produces better fits to the origonal data, but is prone to producing a low
frequency power bulge. Cubic or higher order splines do not have as larger a tendency to

produce the low frequency bulge, but may generate spurious peaks in the interpolated data set.

A3.2 THE LOMB METHOD

A completely different method of spectral analysis was developed by Lomb (1976) and
elaborated by Scargle (1982). The Lomb method uses unevely spaced data, calculating values
only at the measured sample points. The method also weights the data on a ‘per point’ basis,
rather than a ‘per time interval’ basis when interpolation could lead to serious errors. This
method has the adavantage over FFT methods in that the use of unevenly spaced data allows
the estimation of frequencies above the Nyquist frequency!, although care must be taken. The

uneven spacing results in some points having a much closer spacing, reducing the aliasing
effectl.

1 The Nyquist frequency, f, is the inverse of twice the sample spacing fc=1/2A, where A is the sample spacing,.

Di.SCrete sampling results in all of the spectral density ouside the range -fc<f<fc being spuriously moved into this range, the
aliasing effect.
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For a data set {h;} sampled at times {t;}, where i=1....N, and given the definition of T as;
2 ;sin(ot;)

tan(2wt) =
X cos(wt;)

Equation A3.1

and the mean and population deviation respectively as;

N

2 1 _
h c “N_1 2(,-h )2 Equations A3.2 and A3.3
! o

h=1
N

.-‘Mz

the normalized Lomb periodgram (with power density, P, as a function of angular frequency,

) is calculated as;

P (o) = 12 zj[(hj_F)COS(D(tj_T)]Z . Zj[(hj—ﬁ)sinu)(tj_,c)]z

26 3 cos” o(t;—7) ¥ sin®o(t,— 1)

Equation A3.4

The power is calculated at a set of discrete frequencies {® ;}, this gives an approximation to
the continous power spectrum, see Figure A3.3. The input frequency ranges from the inverse of

the minimum spacing to the inverse [max(t))-min(t;)] i.e. the frequency if the data set is one

wavelength long.

A3.3 SIGNIFICANCE LEVELS

Assuming the measured data points are the sum of a periodic signal and independant (white)
Gausian noise, the significance levels of peaks in power density need to be evaluated. White
noise is noise which has equal power at all frequencies (Schwartz, 1970), i.e. the noise at any
frequency is a) statistically independant of all other frequency components and, b) has the
same probability density function as all the other components, meaning that the probability
distribution of Gausian white noise has unit mean. Scargle (1982) showed that if the data
points are independent Gausian variables (i.e. white noise), Pn(w) has an exponential
probablity distribution with unit mean (the Lomb periodogram is normalized by 62 in the
denominator of Equation A3.4), i.e. the probablity that Pn(w) is between some positive value
z and dz is exp(-z)dz. Scanning a given number of independant frequencies (M), the probablity

that none of the given values are larger than z is (1-e2)M,
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Prob(z >z,)=1-(1- e HM Equation A3.5

Rearranging this equation in terms of zg

z,=—In(1- r‘,f/l —Prob(z>z, ) Equation A3.6

and taking Prob(z >zp) at standard significance levels (0.5, 0.1, 0.05 and 0.01) allows the

calculation of the values of zg for each significance level, see Figure A3.3.

The number of independant frequencies, M, used is estimated from the power spectrum. In
general M should be approximately equal to N (Press et al., 1992) provided that 1) the
frequency space of the poer spectra is oversampled by a factor of at least four (to make sure
that as much information as possible is extracted) and, 2) the data is not clumped, for

example, into groups of three data points.
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APPENDIX 4: STATISTICAL METHODS

The statistical methods used in this study are taken from Owen and Jones (1982). The two most
commonly used methods, used for comparision of population means and testing the signifcane
of correlation coefficient are summarized below. Long-term precision of chemical

measurements was estimated using pooled standard deviation.

A4.1 COMPARISION OF MEANS
This method is used to test whether two sample groups e.g. LDM and non-LDM samples are

similar using sample population means and standard deviations (see p.318, Owen and Jones,
1982).

Assuming the samples are draw from the same overall population the means of the two group

should be the same, i.e. the null hypothesis is;

Ho :ma=mp
Calculating the sample variance as;
2 2
X X
s? = 2 - (;—) Equation A4.1
n n
The standard deviation of the two sample populations can be calculated as;
2 ns’
G = .
n—1 Equation A4.2

If the null hypothesis holds the two sample sets were drawn from the same inital population
which should have a variance of;

2 n,;s;+n,s,

c = ntn,—2 Equation A4.3
The standard error of the two independent means is;
Equation A4.4
Using this value the test statistic, t can be calculated as;
R = X 2|_ 0 .
t= — s Equation A4.5

r

The sample groups are significantly different if the calculate value of t is greater than the
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critical value of t for (ny+ny-2) degrees of freedom found in standard statistical tables

A4.2 SIGNIFICANCE OF CORRELATION COEFFICIENTS
This method is used to test the significance of correlation coefficents calculated for best-fit
lines through scatter plots (for futher details refer to p363 of Owen and Jones, 1982). This
method allows an estimation of the significance of a regression line, taking into account the
number of data-points used in the calculations. Assuming the sample data set is drawn from a
population with a zero correlation coefficient gives a null hypothesis of;

Hg:r=0
If Hq is true r should be distributed about zero with standard error and (n-2) degrees of

freedom, i.e,;

S = ) Equation A4.6

The correlation is significant if the test statistic, t;

r—0 .
t= S Equation A4.7
13

is greater than the critical value for t with (n-2) degrees of freedom found in standard
statisitical tables. All correlation coefficients given in this study are significant at the 95%

level.

A4.3 ESTIMATION OF PRECISION IN CHEMICAL EXPERIMENTS

Long-term precision of chemical methods is estimated using pooled standard deviations of

internal standards calculated as;

sample standard deviation Equation A4.8
S =
pooled no. measurements — no. samples
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APPENDIX 5: LAMINA COUPLET DATA

Measurements of lamina couplet thickness for lower 10.4cm of the “4.4Ma’ LDM basal unit

from Site 847B (ODP-138-847B-15H-7, 78-88cm). Measurements were made from x20 BSEI

photomosiacs and scaled to account for sinkage during sample impregnation. Couplets are

numbered upwards from lower boundary of basal unit.

Couplet | Cummulative Mat layer Mixed assemblage | Total couplet
D thickness (mm, to | thickness (mm) layer thickness thickness (mm)
number | centre of couplet) (mm)

1 0.175 0.25 0.1 0.35
2 0.575 0.3 0.15 0.45
3 0.95 0.2 0.1 0.30
4 1.2 0.1 0.1 0.20
5 1.365 0.08 0.05 0.13
6 1.495 0.09 0.04 0.13
7 1.675 0.12 0.11 0.23
8 1.95 0.17 0.15 0.32
9 2.26 0.25 0.05 0.30
10 2.735 0.25 0.4 0.65
11 3.205 0.12 0.17 0.29
12 3.455 0.1 0.11 0.21
13 3.695 0.15 0.12 0.27
14 3.99 0.25 0.07 0.32
15 4.25 0.12 0.08 0.20
16 4.625 0.25 0.3 0.55
17 5.11 0.35 0.07 0.42
18 5.605 0.4 0.17 0.57
19 6.045 0.23 0.08 0.31
20 7.225 0 2.05 2.05
21 8.39 0.2 0.08 0.28
22 8.715 0.25 0.12 0.37
23 9.06 0.17 0.15 0.32
24 9.52 0.45 0.15 0.60
25 10.045 0.25 0.2 0.45
26 10.87 0 1.2 1.20
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Couplet | Cummulative Mat layer Mixed assemblage | Total couplet
ID thickness (mm, to | thickness (mm) layer thickness thickness (mm)
number | centre of couplet) (mm)

27 11.83 0.37 0.35 0.72
28 12.325 0.17 0.1 0.27
29 12.58 0.17 0.07 0.24
30 12.955 0.26 0.25 0.51
31 13.39 0.22 0.14 0.36
32 13.76 0.27 0.11 0.38
33 14.2 0.45 0.05 0.50
34 14.575 0.2 0.05 0.25
35 14.95 0 0.5 0.50
36 15.425 0.25 0.2 0.45
37 15.825 0.15 0.2 0.35
38 16.12 0.12 0.12 0.24
39 16.35 0.1 0.12 0.22
40 16.59 0.12 0.14 0.26
41 16.95 0.32 0.14 0.46
42 17.5 0.54 0.1 0.64
43 17.93 0.07 0.15 0.22
44 18.32 0.4 0.16 0.56
45 18.775 0.17 0.18 0.35
46 19.15 0.25 0.15 0.40
47 19.545 0.31 0.08 0.39
48 19.975 0.3 0.17 0.47
49 20.37 0.22 0.1 0.32
50 20.705 0.25 0.1 0.35
51 21.13 0.2 0.3 0.50
52 21.55 0.24 0.1 0.34
53 21.905 0.28 0.09 0.37
54 22.34 0.35 0.15 0.50
55 22.775 0 0.37 0.37
56 23.16 0.15 0.25 0.40
57 23.595 0.35 0.12 0.47
58 23.955 0.05 0.2 0.25
59 24.21 0.1 0.16 0.26
60 24.465 0.15 0.1 0.25
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Couplet | Cummulative Mat layer Mixed assemblage | Total couplet
ID thickness (mm, to | thickness (mm) layer thickness thickness (mm)
number | centre of couplet) (mm)

61 24.74 0.15 0.15 0.30
62 25.54 0 1.3 1.30
63 26.41 0.24 0.2 0.44
64 26.73 0.09 0.11 0.20
65 27.015 0.15 0.22 0.37
66 27.26 0.05 0.07 0.12
67 27.44 0.09 0.15 0.24
68 27.66 0.1 0.1 0.20
69 27.855 0.12 0.07 0.19
70 28.185 0.2 0.27 047
71 28.59 0.26 0.08 0.34
72 28.91 0.15 0.15 0.30
73 29.22 0.22 0.1 0.32
74 29.78 0.06 0.74 0.80
75 30.54 0.45 0.27 0.72
76 31.025 0.15 0.1 0.25
77 31.3 0.08 0.22 0.30
78 31.52 0.1 0.04 0.14
79 31.74 0.1 0.2 0.30
80 32.69 0 1.6 1.60
81 33.59 0.15 0.05 0.20
82 33.775 0.12 0.05 0.17
83 33.96 0.1 0.1 0.20
84 34.135 0.1 0.05 0.15
85 34.325 0.15 0.08 0.23
86 34.55 0.12 0.1 0.22
87 34.81 0.15 0.15 0.30
88 35.06 0.12 0.08 0.20
89 35.235 0.08 0.07 0.15
90 35.41 0.05 0.15 0.20
91 35.76 0.4 0.1 0.50
92 36.26 0.15 0.35 0.50
93 37.81 0 2.6 2.60
94 39.435 0.15 0.5 0.65
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Couplet | Cummulative Mat layer Mixed assemblage | Total couplet
ID thickness (mm, to | thickness (mm) layer thickness thickness (mm)
number | centre of couplet) (mm)

95 39.845 0.1 0.07 0.17
96 40.115 0.2 0.17 0.37
97 40.65 0 0.7 0.70
98 41.11 0.1 0.12 0.22
99 41.455 0.35 0.12 0.47
100 41.915 0.25 0.2 0.45
101 42.265 0.1 0.15 0.25
102 42.725 0.5 0.17 0.67
103 43.385 0.35 0.3 0.65
104 43.86 0.25 0.05 0.30
105 44.22 0.25 0.17 0.42
106 44.715 0.45 0.12 0.57
107 45.725 0 1.45 1.45
108 46.65 0.15 0.25 0.40
109 46.955 0.17 0.04 0.21
110 47.145 0.1 0.07 0.17
111 47.34 0.15 0.07 0.22
112 47.72 0.3 0.24 0.54
113 48.16 0.27 0.07 0.34
114 48.43 0.18 0.02 0.20
115 48.73 0.13 | 0.27 0.40
116 49.205 0.45 0.1 0.55
117 49.53 0.05 0.05 0.10
118 49.755 0.1 0.25 0.35
119 50.045 0.08 0.15 0.23
120 50.27 0.12 0.1 0.22
121 50.53 0.25 0.05 0.30
122 50.815 0.15 0.12 0.27
123 51.15 0.3 0.1 0.40
124 51.51 0.2 0.12 0.32
125 51.895 0.25 0.2 0.45
126 52.77 0 1.3 1.30
127 53.595 0.15 0.2 0.35
128 53.895 0.12 0.13 0.25
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Couplet | Cummulative Mat layer Mixed assemblage | Total couplet
ID thickness (mm, to | thickness (mm) layer thickness thickness (mm)
number | centre of couplet) (mm)

129 54.17 0.12 0.18 0.30
130 54.425 0.1 0.11 0.21
131 54.68 0.15 0.15 0.30
132 54.945 0.15 0.08 0.23
133 55.2 0.15 0.13 0.28
134 55.45 0.12 0.1 0.22
135 55.705 0.2 0.09 0.29
136 55.92 0.08 0.06 0.14
137 56.125 0.07 0.2 0.27
138 56.31 0.05 0.05 0.10
139 56.55 0.2 0.18 0.38
140 56.89 0.2 0.1 0.30
141 57.205 0.12 0.21 0.33
142 57.53 0.2 0.12 0.32
143 57.875 0.27 0.1 0.37
144 58.31 0.45 0.05 0.50
145 58.785 0.37 0.08 0.45
146 59.14 0.15 0.11 0.26
147 59.485 0.25 0.18 0.43
148 59.975 0 0.55 0.55
149 60.525 0.3 0.25 0.55
150 60.875 0.05 0.1 0.15
151 61.075 0.1 0.15 0.25
152 61.375 0.27 0.08 0.35
153 62.025 0 0.95 0.95
154 63.025 0 1.05 1.05
155 63.67 0.1 0.14 0.24
156 63.9 0.13 0.09 0.22
157 64.16 0.22 0.08 0.30
158 64.41 0.1 0.1 0.20
159 64.735 0.25 0.2 0.45
160 65.16 0.26 0.14 0.40
161 65.61 0 0.5 0.50
162 66.115 0.25 0.26 0.51
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Couplet | Cummulative Mat layer Mixed assemblage | Total couplet
1D thickness (mm, to | thickness (mm) layer thickness thickness (mm)
number | centre of couplet) (mm)

163 66.57 0.31 0.09 0.40
164 66.92 0.25 0.05 0.30
165 67.145 0.06 0.09 0.15
166 67.4 0.29 0.07 0.36
167 67.955 0 0.75 0.75
168 68.46 0.22 0.04 0.26
169 68.655 0.07 0.06 0.13
170 68.855 0 0.27 0.27
171 69.13 0.08 0.2 0.28
172 69.5 0.24 0.22 0.46
173 69.855 0.15 0.1 0.25
174 70.08 0.07 0.13 0.20
175 70.33 0.09 0.21 0.30
176 70.495 0.01 0.02 0.03
177 70.525 0.01 0.02 0.03
178 70.555 0.01 0.02 0.03
179 70.67 0.01 0.19 0.20
180 70.9 0.06 0.2 0.26
181 71.505 0 0.95 0.95
182 72.095 0.15 0.08 0.23
183 72.295 0.12 | 0.05 0.17
184 72.505 0.12 0.13 0.25
185 72.795 0.18 0.15 0.33
186 73.12 0.2 0.12 0.32
187 73.505 0 0.45 0.45
188 73.855 0 0.25 0.25
189 74.175 0.25 0.14 0.39
190 74.495 0.15 0.1 0.25
191 74.83 0.22 0.2 0.42
192 75.34 0.45 0.15 0.60
193 75.865 0.2 0.25 0.45
194 76.34 0.42 0.08 0.50
195 76.795 0.26 0.15 0.41
196 77.15 0.15 0.15 0.30
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Couplet | Cummulative Mat layer Mixed assemblage | Total couplet
1D thickness (mm, to | thickness (mm) layer thickness thickness (mm)
number centre of couplet) (mm)

197 77.515 0.25 0.18 0.43
198 77.855 0.2 0.05 0.25
199 78.205 0.35 0.1 0.45
200 78.805 0 0.75 0.75
201 79.305 0.18 0.07 0.25
202 79.53 0 0.2 0.20
203 79.83 0.15 0.25 0.40
204 80.255 0.2 0.25 0.45
205 80.59 0 0.22 0.22
206 80.85 0 0.3 0.30
207 81.11 0.13 0.09 0.22
208 81.355 0.16 0.11 0.27
209 81.65 0 0.32 0.32
210 82.01 0 0.4 0.40
211 82.345 0 0.27 0.27
212 82.58 0.15 0.05 0.20
213 82.755 0.05 0.1 0.15
214 83.03 0 0.4 0.40
215 83.36 0.16 0.1 0.26
216 83.615 0.12 0.13 0.25
217 83.96 0.22 0.22 0.44
218 84.305 0.16 0.09 0.25
219 84.56 0.15 0.11 0.26
220 84.845 0.17 0.14 0.31
221 85.1 0.1 0.1 0.20
222 85.355 0.25 0.06 0.31
223 85.66 0.2 0.1 0.30
224 85.885 0.1 0.05 0.15
225 86.07 0.14 0.08 0.22
226 86.515 0.3 0.37 0.67
227 87.05 0.18 0.22 0.40
228 87.4 0.1 0.2 0.30
229 87.68 0.16 0.1 0.26
230 87.91 0.15 0.05 0.20
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Couplet | Cummulative Mat layer Mixed assemblage | Total couplet
D thickness (mm, to | thickness (mm) layer thickness thickness (mm)
number | centre of couplet) (mm)

231 88.16 0.15 0.15 0.30
232 89.26 0 1.9 1.90
233 90.585 0 0.75 0.75
234 91.035 0.05 0.1 0.15
235 91.19 0.1 0.06 0.16
236 91.57 0.25 0.35 0.60
237 92.105 0.2 0.27 047
238 92.425 0.12 0.05 0.17
239 92.76 0.07 0.43 0.50
240 93.135 0.12 0.13 0.25
241 93.42 0.25 0.07 0.32
242 93.68 0.09 0.11 0.20
243 93.855 0.09 0.06 0.15
244 94.04 0.07 0.15 0.22
245 94.375 0.35 0.1 0.45
246 94.75 0.2 0.1 0.30
247 95.4 0 1 1.00
248 96.075 0.2 0.15 0.35
249 96.615 0 0.73 0.73
250 97.205 0.25 0.2 0.45
251 97.605 0.25 0.1 0.35
252 97.89 0.14 0.08 0.22
253 98.14 0.18 0.1 0.28
254 98.69 0 0.82 0.82
255 99.17 0.06 0.08 0.14
256 99.325 0.1 0.07 0.17
257 99.635 0.11 0.34 0.45
258 99.985 0.15 0.1 0.25
259 100.235 0.1 0.15 0.25
260 100.575 0.18 0.25 0.43
261 100.96 0.16 0.18 0.34
262 101.33 0.25 0.15 0.40
263 101.59 0.07 0.05 0.12
264 101.825 0.25 0.1 0.35
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Couplet | Cummulative Mat layer Mixed assemblage | Total couplet
D thickness (mm, to | thickness (mm) layer thickness thickness (mm)
number | centre of couplet) (mm)

265 102.215 0.15 0.28 0.43

266 102.52 0.1 0.08 0.18

267 102.75 0.17 0.11 0.28

268 102.965 0.08 0.07 0.15

269 103.24 0.15 0.25 0.40

270 103.59 0.24 0.06 0.30

271 103.875 0.1 0.17 0.27

272 104.18 0 0.34 0.34

273 104.415 0.07 0.06 0.13

274 104.535 0.06 0.05 0.11

275 104.66 0.05 0.09 0.14
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APPENDIX 6: DISSOLUTION INDEX CALCULATION AND RESULTS

The dissolution index was used to quantify the level of frustule dissolution observed in T.
longissima Group diatoms. The index is calculated using SEM observations of morphological
changes in the frustules, such as the loss of the delicate porate cribrum and the progessive
enlargement of the aerolae. Biogenic silica loss was related to these morphological changes

through dissolution experiments (see Section 4.4.2 in main text).
A6.1 SAMPLE PREPARATION

Changes in dissolution were quantified using the mean dissolution index assigned to 500
frustules along a line across an SEM strew mount. Sediment used in the strew mounts was
cleaned to remove carbonate and organic carbon prior to inspection. A 5-10mg subsample was
taken from samples spaced at approximately 10cm intervals through the basal units of the
‘4.4Ma’ LDM event for Sites 847 and 850. Each sample was cleaned using 2ml of 10%H;0, and
2ml 10% HCl to remove organic material and carbonate respectively. The samples were
placed in an ultra-sonic bath for 1 minute and left for an hour after each addition to ensure
effective cleaning. Microscope examination before and after sonication indicated that this
process did not damage the frustules. Then 8ml of MilliQ) water was added to each sample
and the samples were centrifuged at 3600rpm for 12 minutes, the supernatant was removed and
the water addition-centrifugation-decantation step was repeated to removed any residual
salts. The samples were then oven-dried at 40°C overnight. If any salts were visible in the
dried samples the water addition-centrifugation-decantation step was repeated. The sample
were then resuspended in 1ml of MilliQ), shaken vigorously and placed in an ultrasonic bath
for 2 minutes to ensure complete disaggregation of the sediment. Using a Finnpipette, 50uL of
each suspension was transfered to an SEM stub (with carbon disk), the stubs were dried and
gold-coated. The sample was taken from the middle of the suspension to minimize inclusion of

any aggregated sediment and to ensure inclusion of smaller particles.

A6.2 INDEX CALCULATION AND COUNTING CRITERIA

Sample dissolution index was calculated as the mean of dissolution indicies assigned to 500
individual frustules from a transect across the sample strew mount. Individual frustules were
assigned an index (between 1 and 5) referring to the degree of dissolution observed, the

highest index representing the greatest level of dissolution. Index values were assigned on the
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following basis:

Index 5 - No sides bars; edges of frustule smooth with the stumps of bars originally separating
areolae rounded; ridges associated with these bars still present but with a smoothed profile;
frustule surface pitted.

Index 4 - Side bars coming away or recently lost; stumps of areolae bars jagged; ridges
associated with these bars well defined with a sharp profile; some spine bases still present
but no evidence of the porate cribrum.

Index 3 - Areolae holes enlarged - as a rule of thumb, hole diameter>bar width; bars narrow
in both horizonal and vertical directions creating a dip in the frustule profile; commonly
evidence for initial fracture across narrowest section; ridges associated with the bars are well
defined with the scallop pattern on the inner section visible; spine basses are present with
relict spines - possible to determine spine orientation in about 50% of cases.

Index 2 - Little or no areolae hole enlargement - as a rule of thumb, hole diameter < bar
width; relict cribrum - centre cross bar continous with relict cross bars to either side; direction
of spines clearly discernable; little or no surface etching.

Index 1 - Pristine frustules; complete porate cribrum (compared to SEM images in Round et al.

1990, p426-427)

The following criteria were used to minimize the chance of counting fragments of the same

frustule as individuals:
a) No side sections counted

b) Only sections >10um long included

A6.3 RELATING SAMPLE DISSOLUTION INDEX TO AMOUNT OF BSI LOST

Sample dissolution indicies were related to the amount of biogenic silica lost by dissolving
replicates of a single sample in 2M NayCO3. These sample replicates were prepared and
placed in a constant temperature water bath as detailed in Appendix Al (Section Al.4, steps
1-13). Two of the replicates removed from the heated water ba‘th at 1 hour intervals. These
samples were immediately centrifuged at 3500rpm for 11 minutes, and about 4ml of the clear
supernatant into a polyethelene tube and store for subsequent silica analysis. The remaining
supernant was discrded and the sample residues were acidified using gradual addition of
10%HCI until there was no visible effervesense. Another 0.5Ml of 10% HCl was added and
the solution was left to stand for an hour. MilliQ was then added to a volume of 12ml. The
samples were centrifuged at 3500rpm for 11 minutes and the supernant was discarded, 12ml of
MilliQ was added and mixed thoroughly. The samples were then centrifuged again at
3500rpm for 11 minutes and the supernant dicarded. This rinsing step was repeated twice to

ensure complete removal of salts. The residues were resuspended and used to prepare strew

mounts for dissolution index measurement as detailed above.
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A6.4 RESULTS
SAMPLE | SAMPLE TYPE | DISSOLUTION | Wt% FIRST | Wt% Wt% TOTAL
1D INDEX EXTACTION | SECOND OPAL
OPAL EXTACTION
OPAL
Al laminated 3.97 28.90 5.89 34.87
A2 laminated 3.27 67.70 11.15 78.88
A3 laminated 3.54 66.70 11.24 77.89
A4 laminated 3.84 59.24 14.87 74.11
A5 laminated 3.46 62.47 14.26 76.73
A6 laminated 4.01 26.82 5.67 32.61
A7 laminated 4.10 26.80 6.26 33.06
A8 laminated 4.04 28.10 7,04 35.14
A9 laminated 4.08 28.80 8.07 36.87
Al10 laminated 4.28 19.27 9.02 28.29
All laminated 4.45 21.60 8.51 30.10
Al2 laminated 4.34 24.47 11.47 35.94
Al3 laminated 3.57 54.52 9.61 64.13
Al4 laminated 3.58 48.96 14.49 63.45
Al5 laminated 3.77 45.04 12.83 57.87
Ale laminated 3.26 51.87 11.06 62.93
Al17 laminated 3.56 52.79 10.58 63.37
A18 laminated 3.54 36.94 10.08 47.02
AlS laminated 3.69 46.64 11.25 57.89
A20 laminated 3.32 46.15 9.79 55.94
A21 laminated 3.38 51.66 14.70 66.36
A22 laminated 3.54 32.67° 13.51 46.18
A23 laminated 3.60 43.10 13.87 56.97
A26 laminated 3.39 34.96 12.24 47.20
Bl laminated 3.21 75.27 7.18 80.99
B2 laminated 3.86 72.61 6.15 77.3
B3 laminated 3.66 7291 4.62 76.07
B4 laminated 3.63 72.00 9.59 81.59
B5 laminated 3.45 71.25 6.46 77.71
Bé laminated 3.19 71.09 7.23 75.22
B7 laminated 3.71 70.64 3.66 77.10
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SAMPLE | SAMPLE TYPE | DISSOLUTION | Wt% FIRST | Wt% Wt% TOTAL
ID INDEX EXTACTION | SECOND OPAL
OPAL EXTACTION
OPAL
B8 laminated 3.49 44.71 3.79 48.50
B9 laminated 3.47 62.17 9.79 71.96
B10 laminated 3.45 46.28 4.58 50.86
B11 laminated 3.32 69.95 5.17 75.12
B12 laminated 3.50 50.03 3.65 53.68
B13 laminated 3.68 34.72 7.38 42.10
B14 laminated 3.54 44.82 6.94 51.76
B15 laminated 3.36 65.18 5.77 77.76
B16 laminated 3.45 57.49 6.63 64.12
B17 laminated 3.79 39.19 6.45 45.64
| laminated 3.98 25.70 6.76 32.73
D1 normal marine | 3.57 7.31 3.17 10.52
D2 normal marine | 3.82 7.47 3.04 10.49
D3 normal marine | 3.91 6.47 3.02 9.10
D4 normal marine | 3.70 7.07 2.62 9.46
D5 normal marine | 3.77 4.86 2.39 7.59
D6 normal marine | 3.68 5.30 2.54 7.85
D7 normal marine | 3.91 n.d. n.d. 11.14
D8 normal marine | 3.84 n.d. nd. 18.66
D9 normal marine | 3.97 n.d. n.d. 17.27
D19 normal marine | 4.02 nd. n.d. 12.11
Di1 normal marine | 3.84 n.d. n.d. 8.55
D12 normal marine | 3.90 n.d. n.d. 15.33
D13 normal marine | 3.86 n.d. n.d. 12.67
D14 normal marine | 3.70 10.09” 3.23 13.32
D15 normal marine | 3.77 8.22 2.71 10.93
D16 normal marine | 3.89 9.33 3.15 12.48
E1 non-laminated | 3.80 7.37 0.75 8.12
E2 non-laminated | 3.87 17.53 5.05 22.58
E3 non-laminated | 3.86 16.63 6.59 23.22
E4 non-laminated | 3.79 20.85 4.19 25.04
E5 non-laminated | 3.92 30.18 7.21 37.39
E6 non-laminated | 3.70 29.93 7.75 36.68
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SAMPLE | SAMPLE TYPE | DISSOLUTION | Wt% FIRST | Wt% Wt% TOTAL
1D INDEX EXTACTION | SECOND OPAL

OPAL EXTACTION
OPAL
E7 non-laminated | 3.71 11.40 0.2 11.59
E8 non-laminated | 3.62 11.04 0.10 11.15
E9 non-laminated | 3.90 17.48 3.23 20.71
E10 non-laminated | 4.02 14.86 3.19 17.75
El1 non-laminated | 3.81 5.03 0.83 5.86

Sample ID prefix codes

A - samples from Site 847 ‘4.4’'Ma LDM basal unit
B - samples from Site 850 ‘4.4'Ma LDM basal unit
C- samples from Site 849 ‘4.4'Ma LDM basal unit

D - samples from normal marine foram-nannofossil ooze above and below LDM units and from

sites with not LDM deposits

E- samples from non-laminated sections within the ‘4.4'Ma LDM deposits

Samples from Site 848 were not analysed using the double dissolution method as the levels of

silica and silica preservation are too low for significant levels to be detected in the second

extraction stage.
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APPENDIX 7: TRACE ELEMENT ANALYSES

ICP measurement were carried out by John Thompson at Southampton Oceanography Centre

for four samples below, through and above the ‘4.4Ma’ LDM deposits from ODP Site 850.

Above basal unit
(72¢m above lower
boundary)

Within basal unit
(immediately above
lower boundary )

Below basal unit
(immediately below
lower boundary)

Below basal unit
(85cm below lower
boundary)

850B-10H-7, 1-3cm

850B-10H-7, 75cm

850B-10H-7, 76¢cm

850B-11X-1, 74-76cm

0.2074 0.2153 0.1621 0.1814
|| Fe 0.1883 0.4193 0.5721 0.2140 t
Ca% | 19.4881 15.4228 30.6972 31.3194
Mg% | 0.2305 0.2320 0.1681 0.2212
[Mn% | o0.0543 0.0318 0.0820 0.0756
[Na% [1.3430 1.5832 0.9704 1.1277
|isiz 17.1662 23.4590 5.3011 4.2691
Ti% 0.0080 0.0076 0.0063 0.0066
Bappm | 1074.2 840.7 1242.3 1370.9
Crppm | 3.606 0.961 1.923 0.829
f|srppm | 1016.1 857.0 1552.8 1561.9
Vppm | 2035 27.42 17.26 21.36
|erpm 9.563 8.04 8.04 7 654
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APPENDIX 8: HIGH RESOLUTION MEASUREMENTS OF BIOGENIC OPAL

A8.1 HOLE 847B-15H-7, 49CcM TO 15H-6, 130CM (“4.4MA’ LDM BASAL UNIT)
Cummulative thickness is measured upward from ODP-138-847B-15H-7, 49cm

Cummulative %1st extraction %2nd extraction %opal (total)
thickness {mm) opal opal

2.12 17.84 3.23 21.07
4.24s 14.68 3.79 18.47
6.36 14.45 3.38 17.83
8.48 13.39 3.69 17.08
10.6 15.16 3.95 19.11
12.72 15.26 4.3 19.56
15.37 15.85 3.8 19.65
16.96 15.8 3.39 19.19
18.02 15.31 5.04 20.35
19.61 14.56 3.19 17.75
21.2 14.13 32 17.33
22.26 15.82 4.57 20.39
23.32 18.24 4.08 22.32
24.38 28.97 6.31 35.28
24.91 28.98 5.89 34.87
25.44 46.52 9.5 56.02
25.97 48.3 10.62 58.92
26.5 52.41 9.56 61.97
27.56 44 .42 8.41 ) 52.83
28.62 54.52 9.61 64.13
29.68 50 10.75 60.75
30.74 42.58 10.2 52.78
31.8 49.95 9.65 59.6
33.39 41.27 9.67 ‘1 50.94
34.24 41.89 9.42 51.31
34.98 35.57 9.31 44.88
35.78 34.19 8.81 43
36.57 39.96 8.66 48.62
37.63 48.16 10.95 59.11
38.43 46.4 9.78 56.18
39.22 51.54 9.97 61.51
42.4 48.95 10.43 59.38 |
43.46 49.1 15.02 64.12
45.16 447 21.01 65.71




APPENDIX 8

27

Cummulative %]1st extraction %?2nd extraction %opal (total)
thickness (mm) opal opal

46.22 45.99 12.29 58.28
47.59 47.04 9.85 56.89
48.39 50.14 8.71 58.85
48.97 48.16 10.47 58.63
49.5 48.35 10.59 58.94
51.09 44.14 8.71 52.85
51.62 43.1 11.03 54.13
52.47 34.84 6.77 41.61
53 37.95 6.66 44.61
53.74 41.54 8.32 49.86
54.48 46.9 7.51 54.41
57.24 34.99 7.93 42.92
58.83 46.19 7.76 53.95
59.36 50.18 6.95 57.13
60.1 49.36 6.73 56.09
61.69 46.15 9.79 55.94
63.28 46.97 7.99 54.96
65.72 42.99 8.36 51.35
67.31 46.67 8.25 54.92
68.9 33.66 6.67 40.33
71.02 39.69 9.05 48.74
73.14 44.32 9.84 54.16 .
75.26 38.63 8.55 47.18
77.91 47.5 9.13 56.63
80.03 59.32 7.44 66.76
82.15 57.5 9.58 67.08
84.27 10.6

85.86 47.48 9.32 56.8
87.45 45.87 8.79 54.66
89.04 43.99 8.28 52.27
90.63 37.48 9.09 46.57
91.69 42.83 9.86 52.69
93.28 36.54 10.44 46.98
94.34 43.3 11.19 54.49
95.4 43.43 7.19 50.62
97.52 41.9 8.45 50.35
99.64 48.78 8.78 57.56
100.5 43.41 11.57 54.98
101.3 40.4 12.15 52.55
103 46.96 8.46 55.42
104.2 4423 12.31 56.54
105.9 52.37 9.59 61.96
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Cummulative %1st extraction %?2nd extraction %opal (total)
thickness (mm) opal opal

106.7 4591 12.49 58.4
108.4 46.82 12.3% 59.21
110 50.31 12.81 63.12
110.4 51.96 9.28 61.24
112.1 48.69 14.49 63.18
113.7 47.3 12.25 59.55
115.8 45.84 10.75 56.59
116.7 58.83 8.88 67.71
118.7 56.3 8.99 65.29
120.8 54.92 11.49 66.41
121.2 41.45 9.8 51.25
122.9 45.28 9.2 54.48
124.1 47.19 7.27 54.46
125.8 50.96 9.3 60.26
127.4 47.11 9.22 56.33
129.1 62.18 9.59 71.77
130.8 49.69 9.14 58.83
132 57.56 10.28 67.84
133.7 58.09 10.57 68.66
134.5 59.69 10.57 70.26
135.3 65.82 10.23 76.05
137 60.95 9.33 70.28 .
138.2 59.07 11.07 70.14
139.5 63.02 11.86 74.88
141.1 67.32 11.67 78.99
142.8 50.61 11.73 62.34
145.3 47.59 10.92 58.51
146.1 46.72 7.39 54.11
146.9 50.51 8.37 58.88
147.8 45.76 10.32 56.08
148.6 48.58 10.83 59.41
149 57.52 11.46 68.98
149.4 52.77 14.32 67.09
151.1 50.57 12.21 62.78
152.4 51.66 14.7 66.36
153.2 53.71 6.79 60.5
[154.4 48.8 5.54 54.34
156.5 45.46 9.36 54.82
157.7 51.22 4.69 55.91
159 47.65 7.53 55.18
159.8 59.42 6.86 66.28
1161.5 62.74 5.9 68.64
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Cummulative %]1st extraction %2nd extraction %opal (total)
thickness (mm) opal opal

162.7 62.52 6.91 69.43
164.4 56.33 9.95 66.28
165.2 62.1 7.57 69.67
166 50.72 7.52 58.24
167.7 35.98 11 46.98
169.4 32.63 10.02 42.65
170.6 41.09 6.89 47.98
171.9 37.04 6.1 43.14
1731 35.06 5.24 40.3
174.3 41.65 7.44 49.09
175.2 45.17 4.25 49.42
176.8 36.86 6.34 43.2
178.5 46.14 4.36 50.5
180.1 45.06 9.6 54.66
181.8 49.18 11.78 60.96
183.5 47.35 9.69 57.04
184.7 40.56 11.29 51.85
186.4 4091 8.94 49.85
188.9 39.6 9.06 48.66
190.1 40.37 7.19 47.56
190.5 47.65 7.78 55.43
191.4 45.8 7.23 53.03.
191.8 45.7 8.7 54.4
192.6 39.59 7.54 47.13
194.3 41.66 9.19 50.85
195.9 44.14 7.81 51.95
196.7 43.74 8.52 52.26
198 36.1 8.7 44.8
199.7 45.11 8.08 53.19
200.9 34.38 14.32 48.7
202.7 41.95 6.73 48.68
204.7 49.9 6.81 56.71
206.5 45.77 13 58.77
208.9 43.28 14.1 57.38
211.3 51.71 12.71 64.42
212.4 49.79 13.93 63.72
213.6 46.88 12.47 59.35
215.4 48.4 7.64 56.04
217.8 43.04 12.83 55.87
219.5 40.86 10.26 51.12
220.7 42.91 6.69 49.6
222.5 38.5 18.97 57.47
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Cummulative %1st extraction %2nd extraction %opal (total)
thickness (mm) opal opal

223.7 44.51 14.82 59.33
224.3 50.91 8.12 59.03
225.5 40.38 11.56 51.94
226 41.67 8.99 50.66
227.2 35.76 13.14 48.9
228.4 38.41 12.04 50.45
229 51.61 9.92 61.53
231.4 43.15 11.63 54.78
233.7 45.01 12.59 57.6
236.7 55.82 10.52 66.34
238.5 51.19 12.62 63.81
239.8 44.57 9.63 54.2
240.8 46.56 6.35 52.91
241.9 48.57 7.14 55.71
242.8 55.34 8.1 63.44
243.8 52.92 8.36 61.28
245.3 51.48 6.37 57.85
246.3 50.15 14.82 64.97
247.6 50.19 7.21 57.4
248.4 53.68 9.97 63.65
249.5 48.14 9.77 57.91
250.5 56.77 8.41 65.18 .
251.4 56.71 6.93 63.64
252.4 57.75 9.74 67.49
253.1 43.91 11.56 55.47
254.7 46.87 104 57.27
256.2 47.24 11.22 58.46
258 32.63 11.25 43.88
260 36.81 15.36 52.17
261.8 41.59 12.87 54.46
261.8 40.15 9.29 49.44
262.4 41.28 13.89 55.17
263.4 36.9 12.74 49.64
264.3 40.26 13.28 53.54
265.1 39.08 15.39 54.47
266 38 13.95 51.95
267 52.67 13.51 66.18
268 39.68 13.13 52.81
268.5 38.74 12.66 51.4
269.5 43.64 16.18 59.82
270.5 47.31 11.48 58.79
271.3 35.52 14.88 50.4
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Cummulative %1st extraction %2nd extraction %opal (total)
thickness (mm) opal opal

272.1 52.85 14.4 67.25
273 54.85 11.28 66.13
273.6 49.07 11.77 60.84
274 37.51 11.26 48.77
275 55.77 11.07 66.84
276 37.34 11.35 48.69
277 35.75 13.16 4891
278 43.08 11.14 54.22
279 59.72 11.89 71.61
279.6 53.48 12.57 66.05
280.4 59.96 12.54 72.5
281.1 51.3 11.75 63.05
281.6 60.71 13 73.71
282.1 40.45 13.01 53.46
282.6 67.73 11.15 78.88
283.5 50.08 9.8 59.88
284.3 60.81 10.45 71.26
285.1 50.93 12.85 63.78
285.9 58 13.02 71.02
286.8 41.37 11.6 52.97
287.5 52.14 16.52 68.66
288.4 47.77 17.12 64.89.
289.1 51.73 14.01 65.74
290.5 50.81 13.21 64.02
291.1 49.12 13.68 62.8
292.3 44.52 13.74 58.26
293 48.5 15.98 64.48
293.8 45.74 12.83 58.57
294.5 42.36 16.79 59.15
295.2 54.96 12.04 67
296 36.04 8.87 4491
297 39.26 12.91 52.17
298.5 47.72 12.91 60.63
300.7 57.68 10.46 68.14
302 45.77 12.08 57.85
302.9 45.61 9.53 55.14
303.8 49.95 7.33 57.28
305.1 46.21 9.7 55.91
306.2 55.29 11.3 66.59
307.1 57.77 12.03 69.8
308.6 54.14 9.55 63.69
309.5 54.51 9.79 64.3
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Cummulative %1st extraction %?2nd extraction %opal (total)
thickness (mm) opal opal

310.1 51.87 11.06 62.93
310.7 55.23 12.93 68.16
312.4 47.88 13.38 61.26
313.7 49.65 8.48 58.13
314.6 60.16 13.49 73.65
315.5 56.68 12.07 68.75
316.4 55.72 10.88 66.6
317.9 51.38 8.47 59.85
319.2 56.97 12.71 69.68
320.9 66.74 11.24 77.98
322.6 55.65 8.07 63.72
3243 55.17 10.23 65.4
324.3 53.4 8.22 61.62
325.1 40.84 11.56 52.4
326.9 43.92 12.44 56.36
327.8 49.26 8.18 57.44
329.1 35.57 10.32 45.89
330.4 38.92 7.36 46.28
332.2 39.43 8.34 47.77
334 37.1 9.45 46.55
335.7 36.38 11.38 47.76
337 45.65 12.5 58.15 -
337.9 42.2 12.37 54.57
338.8 40.29 11.17 51.46
340.1 43.66 10.1 53.76
341.5 46.72 10.65 57.37
342.3 42.77 11.62 54.39
343.7 43.82 11.36 55.18
344.8 42.21 12.04 54.25
346.1 41.81 9.47 51.28
347.2 40.41 16.24 56.65
349 52.26 9.41 61.67
349.9 56.9 11.21 68.11
351.4 35.96 11.93 47.89
353.1 56.31 13.73 70.04
355.8 45.03 10.37 55.4
356.6 46.28 8.18 54.46
358.9 60.48 9.41 69.89
359.7 58.77 11.37 70.14
360.6 59.24 14.87 74.11
361.5 48.88 10.55 59.43
362.2 43.41 13.87 57.28
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Cummulative %1st extraction %?2nd extraction %opal (total)
thickness {mm) opal opal

363.1 63.72 10.78 74.5
363.9 51.14 10.8 61.94
365.2 62.47 14.26 76.73
367 59.24 8.45 67.69
369.6 50.84 12.76 63.6
372.3 52.83 11.48 64.31
375.8 49.98 13.06 63.04
377.7 54.1 10.76 64.86
378.5 68.67 8.18 76.85
379.4 60.91 10.52 71.43
380.2 49.86 12.51 62.37
381.6 61.3 12.81 74.11
383.3 44.03 13.36 57.39
384.2 49.67 14.38 64.05
386.9 45.4 11.89 57.29
388.6 49.23 10.59 59.82
390.2 55.35 13.8 69.15
391.1 43.21 14.39 57.6
393.3 49.54 15.65 65.19
396 47.77 10.61 58.38
398.5 47.76 7.6 55.36
400.1 50.45 15.2 65.65 .
401.7 36.79 14.88 51.67
402.8 45.9 11.35 57.25
405.5 45.47 13.49 58.96
407.7 40.16 15.82 55.98
409.3 33.75 11.34 45.09
412 33.83 14.76 48.59
413.6 48.69 11.04 59.73
415.2 52.79 10.58 63.37
416.8 44.75 13.12 57.87
418.4 43.93 12.24 56.17
420 48.66 10.87 59.53
421.6 52.08 10.69 62.77
423.2 52.87 11.46 64.33
425.3 50.32 10.48 60.8
427.4 54.03 8.47 62.5
429.4 48.34 10.96 59.3
431.4 50.3 8.37 58.67
433.4 53.85 11.52 65.37
435.9 51.04 11.48 62.52
436.4 56.35 7.98 64.33
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Cummulative %1st extraction %2nd extraction Y%opal (total)
thickness (mum) opal opal

437.9 44.81 8.18 52.99
439.4 48.49 11.24 59.73
440.9 49.39 8.85 58.24
4429 44.07 7.88 51.95
444.4 38.02 11.79 49.81
446.4 41.16 9.02 50.18
448.4 38.41 12.64 51.05
450.4 36.62 10.28 46.9
451.4 44.1 14.4 58.5
452.6 39.67 14.27 53.94
455 425 12 54.5
456.8 45.64 8.53 54.17
458.6 38.73 8.63 47.36
459.8 45.35 10.43 55.78
462.6 44.09 9.99 54.08
464 4293 10.76 53.69
466.3 35.67 12.31 47.98
468 34.96 12.24 47.2
469.7 30.81 8.7 39.51
471.4 35.33 10.44 45.77
472.2 36.86 10.34 47.2
473 34.7 12.04 46.74
475 32.16 13.02 45.18
477.2 32.21 11.01 43.22
479.4 37.91 9.84 47.75
483

485.2 26.72 10.79 37.51
486.9 28.85 12.02 40.87
488.6 32.47 11.67 44.14
490.8 30.14 10.8 40.94
493.6 29.22 11.43 40.65
495.8 31.19 11.42 42.61
498 32.68 8.6 41.28
499.4 36.94 10.08 47.02
500.3 32.41 12.98 45.39
501.2 50.63 8.2 58.83
503.1 46.15 6.42 52.57
505.2 43.46 9.06 52.52
507.3 51.61 7.62 59.23
508.9 39.48 5.31 44.79
510.4 30.41 8.72 39.13
512 38.22 7.37 45.59




APPENDIX 8

Cummulative %1st extraction %2nd extraction %opal (total)
thickness (mm) opal opal

513 41.3 6.06 47.36
514 36.88 9.28 46.16
516 35.78 9.92 45.7
519 46.58 5.93 52.51
521 39.95 9.89 49.84
523 46.61 7.4 54.01
525 53.44 5.55 58.99
527 55.45 6.77 62.22
528.5 61.6 5.78 67.38
530 63.34 5.39 68.73
532 52.47 10.24 62.71
533 31.61 8.86 40.47
536.3 47.8 10.03 57.83
539.1 38.7 14.77 53.47
541.3 30.05 14.16 44.21
543 32.37 10.8 43.17
544.5 40.23 12.72 52.95
546.5 33.37 10.71 44.08
548.5 37.41 11.45 48.86
550.5 38.58 11.8 50.38
552.5 39.95 11.78 51.73
554.5 46.62 11.25 57.87 -
556.5 4191 11.37 53.28
559 38.65 10.08 48.73
561 39.66 12.83 52.49
562.5 39.06 11.86 50.92
564 37.06 12.63 49.69
565.1 38.19 13.29 51.48
566.2 41.04 11.34 52.38
567.7 34.83 11.01 45.84
569.2 37.76 10.25 48.01
572.2 30.39 8.15 38.54
574.7 31.25 7.69 38.94
576.2 38.18 5.48 43.66
578.2 26.82 5.79 32.61
580.3 28.1 7.04 35.14
582.4 26.8 6.26 33.06
585.6 31.3 7.81 39.11
588.8 35.35 9.24 44.59
590.9 28.8 8.07 36.87
593 33.83 6.8 40.63
595 35.83 6.21 42.04
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Cummulative %1st extraction %?2nd extraction %opal (total)
thickness (mm) opal opal

598 38.02 10.68 48.7
601 45.4 12.47 57.87
604 40.42 7.9 48.32
606 36.45 12.39 48.84
608.6 33.89 10.94 44.83
611.2 26.02 10.37 36.39
613.4 19.27 9.02 28.29
615.3 21.6 8.51 30.11
616.6 24.47 11.47 35.94
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A8.1 HOLE 850B-10H-7, 82-21 cM (“4.4MA’ LDM BASAL UNIT)

Cummulative thickness is measured upward from ODP-138-850B-10H-7, 81cm

Cummulative

%1st extraction | %2nd extraction | Total %opal

thickness (mm) opal opal

1.8 11.38 5.71 11.59
3.6 7.17 2.51 7.18
4.95 8.33 2.85 9.43
6.75 8.24 2.57 8.35
8.55 8.97 2.58 9.09
9.9 14.18 2.65 14.39
10.8 9.97 2.51 9.99
12.6 11.13 3.25 12.23
14.4 11.04 2.57 11.15
16.2 11.77 2.58 11.89
17.55 12.09 2.56 12.17
18.9 13.23 2.65 13.45
20.7 32.24 4.85 35.67
20.7 42.51 5.08 46.27
21.6 29.26 3.25 30.36
23.85 30.09 3.27 31.21
25.65 30.03 3.15 30.98
26.55 42.24 4.57 45.26
28.35 40.46 4.73 43.71
30.15 44.71 5.1 48.5
31.95 43.9 4.84 47.31
33.75 48.64 5.35 52.79
35.55 44.88 5.48 49.22
36.45 41.36 5.5 45.74
37.35 54.4 4.54 57.37
38.25 52.97 511 56.78
39.15 58.38 4.04 62.42
40.95 55.92 5.18 61.1
42.3 58.9 4.08 62.98
43.65 56.35 4.42 60.77
44.55 58.83 4.44 63.27
45.9 55.78 6.67 62.45
48.15 62.17 9.79 71.96
50.85 53.6 5.87 59.47
52.2 60.95 7.95 68.9
53.1 62.65 5.53 68.19
54 65.92 5.53 71.45
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Cummulative %1st extraction | %2nd extraction | Total %opal
thickness (mm) opal opal

54.9 56.91 6.81 63.72
55.8 51.23 5.05 56.28
57.15 54.56 6.59 61.15
58.05 57.02 5.06 62.08
58.95 60.04 4.34 64.38
61.65 55.38 7.34 62.73
63.45 54.93 5.34 60.27
65.25 51.85 6.35 58.19
66.6 56.83 4.58 61.41
67.95 53.74 4.13 57.87
69.51 46.28 4.58 50.86
71.07 47.27 4.V26 51.53
71.85 59.96 4.92 63.43
72.24 60.96 5.09 64.58
73.02 61.67 4.89 65.09
74.19 60.33 5.73 64.6
75.75 66.52 6.57 71.63
76.53 59.77 4.83 63.14
78.09 53.54 4.71 56.8
79.65 55.93 4.15 58.62
80.82 59.55 3.72 61.8
81.99 55.04 4.21 57.79 A
83.55 61.7 4.87 65.1
84.33 61.15 4.6 64.29
85.89 60.78 4.68 64.01
87.45 61.65 4.45 64.65
89.01 62.66 4.58 65.78
90.18 65.2 4.53 68.27
91.35 68.55 5.89 72.99
92.52 64.48 5.64 68.66
93.69 63.94 5.56 68.04
94.86 58.58 5.38 62.5
96.03 69.95 6.63 75.12
97.2 65.62 5.29 69.45
98.37 75.27 7.18 80.99
99.15 72.61 6.15 77.3
100.32 58.98 6.15 63.67
101.1 69.03 5.64 73.21
101.88 67.38 6.51 72.43
103.44 63.5 7.22 69.26
105 60.19 6.63 65.37
105.78 65.49 7.29 71.31
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Cummulative %1st extraction | %2nd extraction | Total %opal
thickness (mm) opal opal

106.56 63.39 6.14 68.07
107.73 66.85 5.68 71.08
108.51 63.65 5.98 68.17
109.68 72.91 4.62 76.07
110.85 66.81 5.29 70.64
112.41 55.43 5.33 59.3
113.19 51.85 4 54.4
113.58 52.76 4.72 56.02
114.36 48.32 4.73 51.59
115.14 64.59 6.7 69.83
115.92 54.72 6.08 58.82
117.09 58.37 7.08 63.55
117.87 59.51 6.23 63.77
118.65 54.74 7.3 60.15
120.21 58.65 6.36 63.05
120.99 47.16 6.36 51.57
122.55 48.03 6.32 52.39
123.33 63.44 6.11 67.58
124.89 58.22 6.22 62.48
126.45 57.25 6.49 61.79
128.01 54.47 5.94 58.41
129.57 59.17 6.92 64.18
131.13 58.1 6.84 63.01
132.69 51.29 7 56.39
134.25 55.48 6.31 59.83
135.81 55.74 6.88 60.7
136.98 57.5 5.81 61.3
138.15 52.5 6.84 57.42
138.93 54.49 5.57 58.03
140.1 59.8 5.64 63.41
140.49 54.29 5.54 57.8
140.88 51.74 4.55 54.16
141.66 53.62 5.35 56.92
142.83 53.72 5.86 57.58
145.17 50.03 5.67 53.68
146.73 50.18 5.57 53.72
148.29 53.96 5.43 57.36
149.85 44.85 5.34 48.14
151.41 50.13 5.79 53.91
152.97 49.66 6.93 54.68
154.53 55.4 5.09 58.42
156.09 55.65 5.74 59.38
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Cummulative %1st extraction | %2nd extraction | Total %opal
thickness (mm) opal opal

157.65 52.92 7.12 58.14
159.21 52.61 5.63 56.21
160.8 45.29 5.73 55.62
162.4 38.3 5.22 47.7
164 39.24 5.96 49.98
166 42.72 5.65 52.9
168 38.02 4.82 46.7
170 39.13 6.15 50.24
172 42.94 5.69 53.19
173 57.51 4.25 65.14
175 53.54 5.38 63.24
176 42.13 4.18 49.63
177.5 42.24 4.92 51.1
179.5 41.55 6.04 52.45
181 40.94 4.96 49.86
183.5 35.82 4.76 44.39
185 53.32 7.39 66.68
186.8 48.49 7.86 58
188.6 50.67 7.34 59.54
190.4 37.11 6.47 44.92
192.7 56.04 8.18 65.93
195 48.01 6.54 55.91 -
197.6 40.05 6.82 48.29
199.7 35.97 7.18 44.64
201.8 34.72 6.12 42.1
203.9 36.93 48 42.7
205 35.8 6.32 43.43
207.4 39.8 5.69 46.66
207.3 40.27 5.68 47.12
209.3 40.76 5.77 47.73
210.3 ,
212.2 50.89 4.7 56.54
214.1 53.62 5.95 60.79
216 52.9 6.3 60.5
217 55.29 5.27 61.64
218.5 51.59 4.53 57.03
220 59.08 5.09 65.21
2214 50.89 2.78 56.54
222.8 53.62 3.47 60.79
224.2 52.9 3.67 60.5
225.6 55.29 31 61.64
226.5 51.59 2.69 57.03
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Cummulative %1st extraction | %2nd extraction | Total %opal
thickness (mm) opal opal

227.4 59.08 3 65.21
228.8 40.82 4.69 50.67
231.8 44.29 4.28 53.25
234.8 41.53 4.07 50.03
237.1 51.72 4.32 60.76
240.9 57.13 5.22 68.18
242 59.74 3.87 67.8
243.7 42.03 5.45 53.57
246.5 42.95 5.46 54.51
248.2 45.64 5.12 56.44
249.9 47.14 5.57 58.94
251 45.32 5.14 56.17
252.2 50.65 4.33 59.72
253 40.56 4.84 45.41
253.8 44.61 5.17 55.53
254 46.72 5.64 58.67
255.6 48.14 4.96 58.59
256.8 51.77 5.27 62.92
2584 51.04 4.66 60.84
259.8 36.61 5.48 48.22
261.6 47.68 5.17 58.6
263 44.59 4.32 53.63 .
264.4 43.59 4.5 53.04
266.3 44.29 3.98 52.58
268.2 37.92 3.96 46.19
270.1 41.66 5.34 47.06
272.5 45.38 4.8 55.49
274.1 47.07 5.7 59.15
275.7 50.2 4.93 60.58
277.3 49.02 10.81 60.43
279.4 48.35 9.03 57.81
281 46.47 10.13 57.13
282.6 45.32 9.18 54.94
284.1 64.93 9.97 75.42
284.6 55.6 9.76 65.85
286.6 55.31 7.06 62.61
289.1 57.29 3.58 60.76
290 44.82 6.74 51.76
290.5 52.31 3.48 55.67
290.93 47.81 5.26 53.068
292.31 53.84 5.24 59.088
293.24 55.57 5.4 60.974
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Cummulative %l1st extraction | %2nd extraction | Total %opal
thickness (mm) opal opal

294.16 53.73 5.57 59.298
295.09 58.69 4.99 63.678
295.78 58.78 5.12 63.904
296.71 53.17 5.54 58.716
297.4 51.67 5.35 57.02
298.33 51.15 4.9 56.048
299.25 40.98 4.82 45.796
299.95 42.79 6.15 48.936
300.87 46.05 4.48 50.534
301.8 45.05 4.7 49.751
302.73 36.58 4.62 41.201
303.65 40.99 4.4 45.39
304.58 39.02 3.96 42.977
305.5 46.38 5.8 52.174
306.43 45.84 5.83 51.678
307.82 49.93 3.76 53.69
308.56 42.69 5.48 48.174
309.94 39.01 5.79 44.803
311.33 44.53 4.24 48.773
312.72 39.22 4.79 44.006
314.11 44.59 7.61 52.198
315.5 51.64 8.98 60.623 N
316.42 47.13 5.72 52.853
316.89 53.87 5.35 59.222
317.81 52.12 6.42 58.541
318.74 52.7 6.84 59.54
319.66 49.85 6.43 56.275
320.59 60.88 6.26 67.138
321.51 58.17 5.59 63.761
322.44 70.91 5.33 76.236
323.36 68.13 6.43 74.563
324.29 50.25 8.62 58.871
325.22 48.69 9.8 58.481
326.14 41.67 9.79 51.456
327.07 48.74 9.46 58.203
327.99 53.24 10.96 64.198
329.38 51.85 8.52 60.366
331.23 51.44 10.52 61.954
332.16 51.82 7.91 59.73
333.08 45.27 10.53 55.797
334.01 58.72 8.74 67.463
334.93 57.01 10.47 67.486
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Cummulative %1st extraction | %2nd extraction | Total %opal
thickness (mum) opal opal

335.86 50.68 7.42 58.102
336.78 48.05 9.26 57.309
337.71 47.18 8.02 55.197
338.63 53.01 8 61.003
339.56 62.15 8.07 70.216
340.49 51.83 8.81 60.634
341.41 57.01 6.62 63.628
342.34 60.68 6.58 67.263
343.26

344.19 53.34 5.55 58.886
345.11 59.93 6.26 66.189
346.04 53.28 6.13 59.406
346.96 51.99 6.31 58.301
347.89 55.43 8.03 63.459
348.82 55.44 8.12 63.563
349.51 51.06 5.89 56.945
350.2 52.76 7.86 60.624
351.59 58.11 7.66 65.777
352.98 50.3 6.25 56.55
353.67 54.8 6.19 60.991
354.6 53.92 4.22 58.142
356.45 62.12 4.99 67.115
357.38 58.89 8.58 67.471
358.3 70.03 5.44 75.477
359.23 66.42 5.58 72.001
359.92 65.53 6.03 71.562
360.85 72 9.59 81.594
361.77 71.25 6.46 77.71
362.7 62.81 6.93 69.743
364.09 63.75 5.24 68.997
365.01 67.47 6.22 73.69
365.71 60.97 6.8 67.767
366.63 63.81 5.6 69.408
367.56 71 7.23 78.222
369.41 68.45 6.89 75.343
370.1 68.25 8.96 77.215
371.03 67.3 7.72 75.017
372.42 63.97 6.56 70.522
373.8 47.49 6.77 54.256
375.19 56.22 5.8 62.015
376.58 58.43 5.63 64.055
378.43 46.41 7.17 53.583
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Cummulative %]1st extraction | %2nd extraction | Total %opal
thickness (mm) opal opal

379.82 45.55 6.43 51.974
381.21 48.25 6.19 54.441
382.13 51.5 6.8 58.293
383.52 46.68 7.78 54.463
384.45 46.44 5.91 52.348
385.37 45.42 6.53 51.946
386.3 67.64 7.37 75.012
387.22 62.58 6.16 68.738
388.15 56.73 6.35 63.08
389.07 58.16 7.36 65.52
390 56.33 6.52 62.849
390.9 65.18 5.67 71.76
391.8 64.23 5.66 69.99
392.7 75.04 6.43 81.63
393.6 57.25 7.66 65.21
394.5 56.1 8.88 65.39
396.3 64.32 8.43 73.11
398.1 53.85 7.31 61.42
399.9 64.27 7.95 72.55
400.9 62.02 6.37 68.55
401.4 65.52 5.87 71.51
403.2 56.81 6.96 63.99
404.7 55.9 6.73 62.83
406.2 59.92 6.54 66.64
407.7 55.12 5.94 61.18
409.8 55.5 6.52 62.2
411.4 51.74 5.61 57.45
411.9 57 5.82 62.93
412.4 54.96 6.91 62.1
413.5 56.82 9.47 66.76
415.6 50.2 9.29 59.95
416.6 52.4 8.22 60.97
417.6 62.56 4.76 67.33
418.6 55.23 7.37 62.86
420.6 43.18 7.07 50.48
422.6 55.35 6.89 62.46
424.1 51.85 4.7 60.14
425.6 45.12 6.21 56.1
426.6 47.86 5.82 58.13
427.6 43.53 5.92 54
429.9 47.45 5.78 57.65
432.6 54.83 5.83 65.12
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Cummulative %1st extraction | %2nd extraction | Total %opal
thickness (mm) opal opal

433.9 55.04 4.8 63.5
436.1 57.36 4.68 65.61
437.1 62.62 5.2 71.78
437.9 62.5 6.83 74.58
438.7 60.39 6.83 72.45
439.3 52.16 7.68 65.74
440.1 54.64 6.41 65.97
442.1 60.77 7.71 75.6
4442 56.49 6.16 67.37
446.2 48.61 7.82 62.44
448.24 47.75 6.86 59.87
450.2 49.55 6.41 60.89
452.6 54.17 6.45 65.57
455 62.39 6.06 73.09
457 .4 63.07 5.52 72.82
459.8 61.69 5.5 71.39
461.6 49.55 4.67 57.78
462.2 63.73 4.57 71.78
463.4 59.03 6.03 69.68
464.2 61 6.41 72.33
465 60.67 4.54 68.68
465.8 57.19 6.48 68.64
467.7 61.39 6.44 72.77
470.2 65.14 3.33 70.99
471.5 59.65 6.24 70.67
472.8 70.64 3.66 77.1
474.7 56.74 3.03 62.06
476.6 53.92 3.25 59.63
478.5 48.93 5.27 56.57
481 53.58 6.9 63.58
483.3 54.85 5.31 62,55
485.8 54.93 5.4 62.75
488.1 60.25 4.89 67.33
489.3 61.82 5.58 69.9
491.5 58.63 7.45 69.42
493.3 56.77 6.32 65.93
495.1 57.36 6.85 67.29
503.3 57.49 6.63 64.12
504.9 v54.56 5.99 60.55
506.5 53.76 6.65 60.41
508.1 67.28 5.17 72.46
@9.7 63.38 6.91 70.29
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Cummulative %1st extraction | %2nd extraction | Total %opal
thickness (mm) opal opal

511.3 54.03 5.64 59.67
512.9 68.54 6.48 75.02
514 61.23 5.34 66.57
515.6 58.44 5.28 63.72
517.2 58.52 6.09 64.61
518.3 59.07 7.9 66.97
519.3 63.23 8.28 71.51
520.8 66.2 6.5 72.7
521.8 63.71 8.09 71.81
522.8 62.45 7.96 70.41
523.8 59.73 6.99 66.72
525.3 53.69 8.56 62.25
526.8 4418 9.66 53.85
527.8 49.84 9.78 59.61
528.8 60.14 10.01 70.15
529.8 47.21 10.51 57.73
531.6 45.34 8.74 54.08
532.5 48.57 7.34 55.91
533.4 52.2 9.29 61.48
534.9 51.78 8.25 60.03
536.3 54.88 9.82 64.7
537.2 46.55 6.75 53.29
539 59.35 8.23 67.58
540.5 61.57 8.39 69.95
542 53.37 7.39 60.76
543 55.55 6.57 62.12
544 49.91 7.97 57.88
546 50.47 8.33 58.8
547 53.52 7.8 61.32
548 47.95 3.66 51.61
549.5 58.37 3.63 62,
550.5 60.95 3.49 64.44
552 58.51 3.78 62.29
553.5 57.35 11.79 69.14
555 56.15 5.57 61.71
556.5 42.99 7.88 50.88
558.5 46.27 9.79 56.06
560 39.98 7.85 47.83
562.5 44.31 11.71 56.02
564.5 44.11 8.52 52.63
566 38.2 7.89 46.09
568 42.26 8.33 50.59
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Cummulative %1st extraction | %2nd extraction | Total %opal
thickness (mm) opal opal

570 42.34 8.86 51.21
571.5 42.75 7.07 49.82
573.5 42.56 6.34 48.9
575.5 45.83 7.27 53.11
577.5 41.47 7.39 48.86
580 40.11 8.11 48.23
581.5 38 7.73 45.73
583.2 38.94 7.26 46.2
584.9 52.83 6.85 59.68
586.6 48.03 7.98 56.01
589.5 42.61 6.52 49.13
591.5 46.11 7.46 53.56
593.5 46.13 7.94 54.07
595.5 40.77 7.21 47.98
597.5 48.48 7.31 55.79
599.5 39.19 6.45 45.64
601 48.76 5.11 53.86
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APPENDIX 9: LOW RESOLUTION OPAL MEASUREMENTS AND POINT COUNTS

A9.1 SITE 848: OPAL RESULTS

Low levels of biogenic opal and high levels of frustule dissolution in these sediments resulted
in insignificant levels of second extraction opal. OPAL measurements for samples from this

site were made using a single 7 hour extraction period.

Sample %OPAL
4H-5, 25-27 11.14
4H-6, 74-76 18.66
SH-1, 77-79 17.28
5H-2, 125-127 12.11
5H-4, 25-27 8.55
5H-5, 76-78 15.33
5H-6, 125-127 12.67
6H-1, 125-127 19.03
6H-3, 25-27 12.21
6H-4, 75-77 13.09

A9.2 SITE 849: OPAL RESULTS

Sample %1st extraction OPAL %2nd extraction OPAL
12H-5, 27-29 7.37 0.75
12H-5, 76-78 5.03 0.83
12H-5, 98-100 4.64 0.47
12H-5, 125-127 4.80 0.27
12H-6,5-7 6.47 1.22
12H-6, 25-27 6.55 1.78
12H-6, 50-52 4.72 0.48
12H-6, 98-100 15.42 5.07
12H-6, 122-124 17.53 5.051
12H-6, 145-147 18.28 5.42
12H-7, 41-43 12.17 4.93
12H-7, 71-75 16.63 6.59
13H-1, 25-27 10.49 2.85
13H-1, 84-86 28.48 5.82
13H-2, 10-12 36.02 6.94
13H-2, 71-73 36.72 4.50
13H-2, 100-102 24.03 4.95
13H-2, 145-147 20.85 4.19
13H-3, 25-27 29.66 6.21
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Sample %]1st extraction OPAL %?2nd extraction OPAL
13H-3, 50-52 22.56 6.12
13H-3, 70-72 22.09 6.87
13H-3, 100-102 31.21 7.36
13H-3, 125-127 30.18 7.21
13H-4, 73-75 25.03 8.00
13H-4, 125-127 29.93 7.75
13H-5, 25-27 23.01 4.90
13H-5, 50-52 24.81 6.76
13H-5, 76-78 24.97 5.97
13H-5, 125-127 25.70 6.76
13H-5, 144-146 25.95 5.97
13H-6, 25-27 18.36 4.43
13H-6, 72-74 20.12 5.65
13H-6, 100-102 23.36 7.94
13H-6, 125-127 21.78 7.00
14X-2, 27-29 29.28 9.75
14X-2, 75-77 31.82 14.23
14X-2, 96-98 25.00 10.50
14X-2, 144-146 27.23 11.39
14X-3, 7-9 35.77 13.69
14X-3, 71-73 29.71 15.61
15X-2, 144-146 9.33 3.15
15X-3, 98-100 12.18 8.19 .
15X-4, 145-147 8.22 271
15X-5, 144-146 10.09 3.23
15X-6, 50-52 12.95 4.85
A9.3 SITE 850: OPAL RESULTS
Sample %1st extraction OPAL %2nd extraction OPAL
10H-7,1-3 27.15 12.14 T
10H-7,17-19 33.51 16.70
10H-7,36-38 44.93 12.82
L10H-7,56-58 37.58 15.86
10H-7,70-72 44.10 16.32
LllX-1,6-8 7.31 3.17
11X-1,25-27 7.48 3.04
11X-1,50-52 7.47 3.02
11X-1,74-76 6.47 2.62
11X-1,99-101 7.07 2.39
11X-1,123-125 4.86 2.54
11X1,143-145 5.30 2.56
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A9.4 SITE 851: OPAL RESULTS

Sample Y%1st extraction OPAL %2nd extraction OPAL
7H-4, 99-101 12.38 3.43
7H-5, 50-52 5.82 1.22
7H-5, 145-147 9.44 2.59
7H-6, 100-102 13.12 3.87
7H-7, 47-49 8.34 2.58
7H-7,7-9 8.82 2.67
8H-1, 50-52 10.01 3.20
8H-1, 125-127 6.26 1.56
8H-2, 146-148 5.41 1.67
8H-2, 50-52 5.08 1.54
8H-3, 100-102 5.63 1.57
8H-4, 50-52 5.11 0.98
8H-4, 100-102 4.52 0.79
8H-5,73-75 5.87 1.67
8H-5,125-127 4.94 1.46
8H-6,52,54 3.79 1.06
8H-7,2-4 7.39 2.50
9H-1,50-52 7.63 3.06
9H-1,100-102 13.09 3.08
9H-2,49-51 18.50 5.35
9H-2,100-102 22.53 6.93
9H-3,50-52 11.43 4.80
9H-3,100-103 14.92 5.73
9H-4,50-52 11.29 5.04
9H-4,100-102 8.39 3.14
9H-5,50-52 6.21 1.86
9H-5,100-102 11.37 3.74
9H-6,50-52 6.52 2.39
9H-6,99-101 10.00 2.43~




APPENDIX 9

251

A9.5 SITE 847: POINT-COUNT RESULTS (%)

For dissolution index and opal measurement data for these samples see Appendix A6.

Yesecond Composition of biosiliceous assemblage (as % of total biosiliceous frustules)

ISl%mple f,’;téf ction %T. longissima % radiolarian and | %other % non-T. longissima
(of total Group silicoflagellates diatoms Group biosiliceous
opal) frustules

al 16.89 59 10.3 30.8 41

a2 14.14 68.2 13.2 18.6 31.8

a3 14.4 70.2 7.5 22.4 29.9

a4 20.06 55 15.7 29.3 45

a5 18.58 65.9 17 17 34.1

a6 17.87 63.1 14.5 21.2 36.9

a7 18.94 65.9 14.3 19.8 34.1

a8 20.04 61.5 229 20.8 38.5

a9 21.89 68.5 5.6 25.8 31.5

alo 31.88 60.2 7.9 32 39.8

all 28.27 56.3 10.7 23.3 43.4

al2 31.91 62.4 11.8 25.8 37.6

A9.6 SITE 850: POINT-COUNT RESULTS (%}

For dissolution index and opal measurement data for these samples see Appendix A6.

Y%second Composition of biosiliceous assemblage (as % of total biosiliceous frustules)

Sample extraction — " ; ‘

D opal %T. longissima % radiolarian and | %other % non-T. longissima
(of total Group silicoflagellates diatoms Group biosiliceous
opal) frustules

bl 8.87 67.9 15 17.1 321

b2 7.96 78.9 7 14 21.1

b3 6.07 75.3 5.9 18.9 24.7

b4 11.75 74 8.3 17.8 26

b5 8.31 70.3 12.2 17.5 29.7

b6 9.61 75 10.7 ’ 14.9 25

b7 4.75 70.5 9.8 19.7 29.5
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A9.6 SITE 851: POINT-COUNT RESULTS (PER MG)

Sample mbsf Radiolarian Centric diatom | Thalassiothrix
frustules per mg | frustules permg | frustule per mg
8H-3,100-102 68.5 463.04 268.35 635.91
8H-6, 50-52 72.5 443 342 390.9
9H-1,100-102 75 801.67 577.59 797.39
9H-2,49-51 75.99 529.04 435.35 3169
9H-2,100-102 76.5 706.35 1236.6 7894.9
9H-3,50-52 77.5 529.55 430.41 2830.1
9H-5,50-52 80.5 586.17 342.14 1291.5
9H-6,99-101 82.49 1010.3 517.71 1484.1
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APPENDIX 10: CARBON ANALYSIS RESULTS

Sample section ODP-138-847B-15H-7, 74-81cm. Mean sample layer thickness is 1.1mm,
sample layers numbered upwards from base (15H-7, 81cm).

The growth of mould on these core sections (see Section 3.5) means that carbon has been
redistributed over distance of 1-5cm. Hence, these measurements should only be used as a

guide to bulk sediment organic carbon contents. Mean organic carbon content is 0.85%
(SD=0.48).

o ; 0
im layer ID %o Organic carbon | % Carbonate
1 0.91 76.24
2 1.02 79.87
3 0.68 71.72
4 0.84 79.44
5 0.76 79.43
6 0.85 80.69
7 0.79 77.87
8 1.34 80.13
9 1.01 82.16
10 1.63 79.33
11 nd. nd. )
12 1.56 80.95
13 0.89 76.46
14 0.65 60.71
15 0.74 63.62
16 0.68 42.99
17 0.55 33.67
18 1.18 44.71
19 0.67 33.82
20 0.67 33.82
21 0.68 39.29
22 0.52 42.53
23 0.53 48.74
24 0.62 50.68
25 0.53 52.62
26 0.56 53.06
27 0.58 49.89
28 nd. nd.
29 nd. nd.
30 nd. nd.
31 1.76 41.66
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Sample layer ID % Organic carbon | % Carbonate
n

32 0.82 35.57
33 0.64 36.96
34 0.56 37.43
35 0.63 38.26
36 0.67 41.64
37 0.68 36.25
38 0.74 36.13
39 0.94 38.5
40 0.79 47.44
41 0.80 47.85
42 1.32 50.22
43 1.19 48.41
44 1.39 43.18
45 1.30 46.07
46 1.34 44.69
47 3.79 48.4
48 1.27 41.64
49 0.79 37.61
50 0.70 36.29
51 0.63 37.00
52 0.70 45.03
53 0.74 55.04
54 0.77 48.54
55 0.82 41.6
56 0.69 38.84
57 0.85 34.95
58 0.75 27.49
59 0.61 25.33
60 0.61 29.56
61 0.68 34.4
62 0.51 34.09
63 0.64 41.77
64 0.53 45.41
65 0.39 43.09
66 0.36 49.99
67 0.57 47.91
68 0.37 44.26
69 0.49 42.00
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APPENDIX 11: SILICA FLUX BOX-MODEL

This model is based on that of Broecker (1971) and Broecker and Peng (1987) and used in

Decker (1991). See Figure 7.8a for schematic diagram of the model and definition of notation.

A11.1 PARAMETERS AND VARIABLES

Symbol Parameter/variable Magnitude (if Reference
variable, at t=0)

Vs volume of surface box, constant 3.6 x 1016 m3 Libes, 1992; Broecker and Peng,
1985

[Ss] concentration, constant 1.8 x10-3 gSi/m3 Tréguer et al, 1995

Vb volume of deep box, constant 1.1 x 1018 m3 Libes, 1992; Broecker and Peng,
1985

[Sp] concentration of deep box, function | 3.6 x10-3 gSi/m3 Tréguer et al, 1995

of time
v(t) volume flux between boxes (+ve 1.1 x 1015 m3/yr Broecker and Peng, 1985

downwards), function of time

E(t) export of solid silica from surface gSi/yr this study
box to deep box, function of time

alpha proportion of solid silica dissolved | 0.9-0.5 Heath, 1974; this study
in water column, constant

I(t) input of silica via rivers 2.0 x 1011gSi/yr calculated from Tréguer et al,
1995 and Libes, 1992

Table A14.1. Parameters and variables used in box model of Si flux. Where the value of a parameter was
changed between model runs the range of values used is given.

A11.2 ASSUMPTIONS

a) the silica concentration of the surface box is held low and constant to biogenic uptake of
silica

b) a constant proportion of exported solid silica (alpha) is dissolved in the water column and

surface sediment

A11.3 EQUATIONS

Using the relationship of silica concentration in the deep box to water exchange through up-

and downwelling and export and dissolution of solid silica

d[S;] v(t) oE(t)
- vV, <[SS]_ [SD]) + Vo, Equation A11.1
where;

E(t) — I(t) +v(t) <[SD] _ [Ss]) Equation A11.2
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I-o 0]
Subsistuting; A= { 7 ] and f(t) = v J(0)+v(t).A.[S], into Equations A11.1 and
D D
Al1l.2 gives;
d[Sp] .
X - v(t).A.[Sp] +1(t) Equation A11.3

A11.4 SOLUTION
Following the model of Decker (1991) step-like changes in the global upwelling/riverine
input rate are assumed, see Figure 7.8b. Hence, each stage of the input function both inputs can
be considered as constants. Integrating (3) assuming v(t) and f(t) are constant gives the
solution;

f, —vo.Aut

Sp = Av, +K.e Equation A11.4

where {3 and vy are the values of v(t) and f(t) at the begining of each input stage. K is the

intergration constant and is also unique to each input stage. K is calculated by setting t equal

to zero and Sp to the value of Sp at the end of the previous input stage.
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