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ABSTRACT 

The application of oxygen isotopes of biogenic silica 

(opal-A) to fields of paleoclimatology and paleoceanogra

phy has been impeded by poor analytical reproducibility 

ascribed to high water content. The aims of this study 

are to establish a simple and reliable technique for anal

ysis of the oxygen isotopic composition of siliceous fos

sils that yields reproducible results, and to determine 

the applicability of the technique to the use of siliceous 

microplankton as paleoclimatic and paleoceanographic indi

cators. To achieve these goals, a routine analytical pro

cedure was established, including a standard purification 

procedure and dehydration technique. Thereafter, the en

vironmental implication of the analytical results were 

determined, and the results were compared and correlated 

with other geologic thermometers • 

Diatoms were chosen as principal organisms to simplify 

the study and two sets of samples of deep-sea cores were 

used. One sample set, collected from near-surface sedi

ments of several HIG and DSDP cores, was employed to test 

the analytical method. The other set, from the HPC-cored 

DSDP Site 480, provided a continuous oxygen isotope re

cord for the late Quaternary • 
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Testing of analytical procedures showed that, in addi-

tion to the water associated with the biogenic silica, 

other contaminants, such as organic matter, iron-oxide 

coatings, clay and detrital minerals, are also important 

causes of poor data reproducibility. Because all contam

inants have lower o18o values than marine diatoms, oxygen 

isotope values of contaminated samples are always smaller 

than those of cleaned counterparts. Furthermore, due to 

the difficulty in removing clay particles trapped in 

porous structures of diatoms, every sample analyzed re-

quired monitoring by X-ray diffraction. Thus, good ana-

lytical reproducibility was obtained only from pure, clean 

samples, dehydrated at 1000°C under high vacuum that were 

kept free from exposure to moisture before oxygen extrac-

tion. Results of tests for oxygen isotope exchange, using 

1 8 0-depleted and enriched waters, moreover indicate that 

no oxygen isotope exchange occurs between silica and chem-

ical solutions during sample purification. 

Diato m oxygen isotope results fro m DSDP Site 480 show 

18 large o 0 fluctuations reflecting the great temperature 

variations and large isotopic changes of surface waters in 

the Gulf of California. Nevertheless, the results can be 

correlated with standard oxygen isotope records for the 

late Quaternary based on carbonates (such as the record of 

core V19-29). The diatom-based results also parallel 
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oxygen isotope data from Site 480 based on benthic foram-

18 inifera, thus confirming that the original 6 0 values of 

diatoms in Site 480 are preserved. This further demon-

strates that signals of environmental changes have been 

retained in the diatom oxygen isotope record throughout 

the section. The data therefore allow to establish an 

oxygen isotope stratigraphy and define the chronology of 

Site 480. Combining c18o data with site lithology and 

micropaleontology show that paleoceanographic history of 

the central Gulf of California during the past 240,000 

years was characterized by high sedimentation rates in 

stages 1, 2, and 7, intense oceanographic variations in 

stages 2, 5, and 7, and relative stable oceanographic 

variations in stages 3, 4, and 6 • 
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1.1 BACKGROUND 

CHAPTER I 

INTRODUCTION 

1 

The development of modern stable isotope geochemistry 

stems from the fundamental work of Urey (1947) on the 

thermodynamic properties of isotopic substances and the 

development by Nier (1947) and McKinney et al. (1950) of 

the high precision ratio mass spectrometer. Oxygen iso

topic analysis of marine carbonates has contributed 

greatly to our knowledge of paleoclimates and has been 

successfully applied to study of Cenozoic marine geology. 

In addition to the carbonate-water fractionation, Urey, in 

his classical paper, indicated that silica-water, 

phosphate-water and sulfate-water fractionations could 

also be used as bases for temperature scales. 

Calcareous and siliceous fossils are the two major 

biogenic components in deep-sea sediments. Therefore, a 

silica-water temperature scale, based on such common 

organisms as radiolarians or diatoms, is more promising 

than those of phosphate-water and sulfate-water. The 

silica-water temperature scale has several advantages: (1) 

It may help to differentiate between causes of variations 

in oxygen isotope composition of ancient sea water 
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(Urey et al., 1951); (2) Siliceous fossils are found in 

many marine sediments in which calcareous fossils are 

scarce or absent, allowing extension of the oxygen isotope 

stratigraphy to below the carbonate compensation depth and 

to high latitudes (Mikkelsen et al., 1978); (3) In areas 

where both calcareous and siliceous organis ms occur to-

gether, there is an unique opportunity for cross-

correlations from the two biogenic components and for 

establishing the thermal stratification of the water 

column (van Donk, 1977; Mikkelsen et al., 1978) • 

1.2 PREVIOUS WORK 

While Epstein et al. (1951) were working on isotopes of 

biogenic carbonate, Silverman (1951) reported the first 

oxygen isotope value of a diatomaceous earth (+30.3%o )*. 

His method entailed fluorination without dehydration. No 

detailed description of his sample is given. The re-

producibility of duplicate analyses for the one sample, 

however, is good (O.O%o). Clayton & Epstein (1958) re

ported a +36.8%o for a diatornite sample using the high 

* Unless otherwise stated, all oxygen isotope values in 

this work are expressed with respect to the reference 

standard SMOW; see chapter II for details • 
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temperature carbon reduction method. Again, no sample 

description is found in their paper. Degen & Epstein 

(1962) also analyzed marine diatomites using the carbon 

reduction method. They first removed the water within the 

marine diatomites (collection site: Malaga, California) by 

three different high temperature preheating (dehydration) 

methods at 1,000°c, 1,200°C and 1,600°C before oxygen iso

tope analysis. The oxygen isotope compositions of the 

marine diatomites analyzed after the three different de

hydration methods yielded the same values (+J2.0%o ) • 

Another marine diatornite (from Santa Barbara, California) 

gave a value of +33.5%o. None of the authors mentioned 

above reported any treatment procedures for removing 

impurities, such as carbonates, organic matter and clay 

minerals, before oxygen isotope analyses. 

Mapper & Garlick (1971) determined the oxygen isotopic 

composition of radiolarian skeletons from some deep-sea 

sediments of the Pacific. They treated the samples by 

ultrasonic dispersing, sieving (>50 µm retained) and with 

dilute HCl. The samples were outgassed under vacuum and 

oxygen isotope compositions were then analyzed. The 

oxygen isotope range of their samples is from +J4.0~ to 

+J9.2%o, but the reproducibility of their results is not 

good (±0.7%o ). They attributed the poor reproducibility 

to the loosely bound water within the biogenic silica and 

pointed out the necessity of dehydrating the biogenic 
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silica samples prior to oxygen extraction. In addition to 

poor reproducibility, they observed that the oxygen iso

topic compositions of radiolarians from the tops of equa

torial cores are 1.5%o lighter than those from lower 

portions of the same cores. They interpreted this phe

nomenon as due to the equilibration of older radiolarian 

samples with the bottom water • 

Knauth (1973) also did some oxygen isotope analyses on 

biogenic silica using both air dried and dehydrated 

(1 ,ooo 0 c) samples. He found that the oxygen isotope 

values of dehydrated samples are higher than those of air

dried samples. For example, the oxygen isotope values of 

air dried and dehydrated radiolarians are +35.8%o and 

+42.4%o, respectively. For air dried and dehydrated 

sponge spicule samples, the values are + 35. 1 %0 and 

+37.5 %0, respictively. The difference between the oxygen 

isotope values of air dried and dehydrated samples is 

6.6%. for radiolarians and 2.4%o for sponge spicules. 

Labeyrie (1974) analyzed Recent and living siliceous 

sponges and diatoms that formed under known conditions of 

water temperature and isotopic composition. He cleaned 

the samples by washing, filtration and settling to remove 

detrital minerals, with 0.1 M HCl to remove carbonates, 

and with NaOCl to oxidize organic matter. Prior to 

analysis, he heated the samples to 1,000°C in vacuum to 

remove the water in biogenic silica. These treatments 
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led to excellent reproducibility (±0.1%o ). Based on his 

results, Labeyrie proposed a silica-water fractionation 

curve that is very close to that of Clayton et al. (1972) 

in the range of 0° to 30°c • 

Murata et al. (1977) analyzed two diatomaceous mud

stones of the Miocene Monterey Shale by settling out de-

trital sand and silt, and removing the predominantly 

montmorillonitic clay minerals by treating the sediment 

alternately with hot 1:1 HCl and 10% Na 2co
3 

and filtering 

between treatments. They then dehydrated the purified 

samples by using the Labeyrie (1974) method. Their oxygen 

isotope values of two samples are +36.2%o and +37.4%o, 

respectively • 

Mikkelsen et al. (1978) proposed an improved procedure 

for cleaning diatoms prior to isotopic analysis. Their 

method retains the preliminary steps of Labeyrie (1974) 

involving the removal of detrital minerals and carbonates. 

In place of NaOCl treatment, however, they substitute the 

steps of slow oxidation (2 weeks) with 0.1 M KMn0
4

, desic

cation with P 2o
5 

(1 week), and partial recrystallization 

under vacuum at 800° - 1,000°C. This technique produces 

about a 7%o enrichment in the oxygen isotope values re-

lative to the earlier Labeyrie (1974) method. Their 

oxygen isotope values (+44.6~ - +46.4') are thus by far 

the highest reported for biogenic silica. Their oxygen 

isotopic results for diatoms, which showed a parallelism 
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with those of the planktonic foraminifera in the same 

core, indicate that the oxygen isotopes of the diatoms did 

not re-equilibrate with the oxygen isotopes of the bottom 

water for the past 20,000 years. But the shift to higher 

values in Mikkelsen's study raises the question of the 

validity of Labeyrie's earlier method and hence the appli

cation of oxygen isotope compositions of diatoms to 

paleoclimatology. 

Recently, Labeyrie & Juillet (1982) investigated iso

tope exchange between diatoms and water vapor to study the 

problems of analytical reproducibility. Two diatom 

samples were used in their study, mixed assemblage of 

marine diatom from an Indian Ocean deep-sea core (MD73025), 

and freshwater diatoms extracted from Lake Myvatn sedi

ments in Iceland. The samples were cleaned by sieving, 

ultrasonic washings and differential settling to remove 

clays, and then by a concentrated nitric-perchloric acid 

mixture to oxidize organic matter. Using an apparatus 

designed to control temperatures and water isotopic ratios, 

they studied oxygen isotope exchange between diatoms and 

water vapor for a temperature range of 140° to 350°C and 

water oxygen isotope ratios of -48.9%0 to +29.2%o for 0.75 

to 76 hours. At the end of the exchange experiment, each 

sample was then dehydrated at 1,000°C in vacuum for at 

least 8 hours, and analyzed for its oxygen isotope compo

sition. Labeyrie & Juillet found that different exchange 
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conditions yielded different measured oxygen isotope com

positions for the diatom samples. They concluded that the 

oxygen of the diatoms is composed of both exchangeable and 

non-exchangeable fractions. The exchangeability of oxy ge n 

isotopes was found to be different from sample to sample 

and to be a function of time, temperature, and the oxygen 

isotope composition of the water involved. Thus, they 

explained that the differences in oxygen isotope compo-

sitions found in earlier works were due to differences in 

exchangeability and dehydration procedures. They sug

gusted that a temperature of at least 180°C and 6 hours of 

exchange treatment using a water with the oxygen isotope 

composition close to that of the diatom sample are the 

optimum conditions for reproducible measurements. Under 

their optimum conditions, the oxygen isotope compositions 

of marine and freshwater diatoms yielded o18o values of 

+42.4%o and +30.1%o, respectively. The oxygen isotope 

results of marine biogenic silica samples are summarized 

in Table 1-1 and plotted in Figure 1-1 • 

1.3 STATEMENT OF PROBLEM 

There are two major requirements for studying paleo-

climate using the oxygen isotope compositions of sili-

ceous fossils: 

1. Reproducible oxygen isotope values must be obtained • 



• • • 

Sample 

diatomite 113 

diatomite 

diato11ite 

diatomite 

diatomite 
1287 

diatoms 

diato•s 

diatomite 

• • • • • 

Table 1-1 

Published oxygen isotope values of marine biogenic opal-A 

Dehydration Method 

+JO.J 

+J6.8 

Sample Location 

Santa Barbara County, CA 

• 

Sources 

Silverman, 1951 

Clayton & Epstein, 
1958 

preheated at 9oo•c in vac. 

1.preheated at 9oo•c in vac. 

2.preheated at 12oo•c in vac. 

J.preheated at 16oo•c in vac. 

heated to 1ooo•c 

+JJ.5 

+J2.0 

+J1.9 

+J2.0 

+J4.9 

Santa Barbara, CA, Miocene Degens & Epstein, 
1962 

heated to 1ooo•c in vac. +J5.8 

Malaga, CA., Miocene 

MontereyFm., Palos Verdes 
Hills, CA. 

Gulf of California 
27•47 1N, 111•25 1w 

heated to 800.to 10oo•c in vac. +44.6~ Eastern Equatorial Pacific 
core, 01•os 1N, 109•15 1w 
J626m, PLDS 72 

heated to 1ooo•c in vac. +J6.2 
+J7.4 

Taft area \ 
Monterey 

Chico ¥.artinez Shale 
Creek 

Knauth, 1973 

Labeyrie, 1974 

Mikkelsen et al., 
1978 

Murata et al., 
1977 

vac. = vacuum 

• • 



• • 

Sample 

sponge 
spicules 

sponge 
spicules 

radiolarians 

radiolarians 

• • • • • • 

Table 1-1 (continued) 

Published oxygen isotope values of marine biogenic opal-A 

Dehydration Method 

1. air dried 
2. heated to 1ooo•c in vac. 

heated to 1ooo•c in vac. 

dry box dried, then outgassed 
in vae. 

1. air dried 
2. heated to 1ooo•c in va·e. 

+35.1 
+37.5 

+40.2 
+40.5 
+39.3 
+39.5 
+38.2 
+38.3 
+40.2 
+40.4 
+40.4 
+40.3 
+36.4 
+37.9 
+38.2 

+34.0 
s 

+39.2 

+35.8 
+42.4 

Sample Location 

from dredge haul near 
Catalina Island off the 
coast of Southern Calif. 

the Indian Ocean 
(Kerguelen) 
the Mediterranean 
(Bangulus) 
The Atlantic 
37"48'N 25•53•w, 700m 
the Atlantic 
36"47'N 33•13 1w, 2000m 

Bahamas 
English Channel 

Equatorial Pacific and 
Antarctic 

DSDP 8-69-6-5, Eocene, 
06•00 1 N 152•51•w, 4978m 

vac. vacuum 

• 

Sources 

Knauth, 1973 

Labeyrie, 1974 

Hopper I Garlick, 
1971 

Knauth 1973 
Knauth I Epstein, 
1975 

/ 

• • 
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Figure 1-1. Oxygen isotopic values of marine 

biogenic silica published by 

different authors. 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 
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Labeyrle &~t, 1982 • 

Mikkelsen et al, 1978 -
Dehydrated Murata et al, 1977 • • 

Labeyrle, 197 4 •• 

Knauth, 1973 • • 

Knauth, 1973 •• 
Mopper & Garlick, 1971 • • • Sponge spicules 

• Radlolarlans 
Non-dehydrated Oegens & Epstein, 1962 • • 

• Diatoms 
Clayton & Epstein, 1958 • 

Sllvennan. 1951 • 

I I I l I ( I I I I I I 
20 30 40 50 

cf 1a Os mow ('I..) 
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2. The relationship between temperature and the 

fractionation factor of silica-water must be known 

or inferred. 

The techniques of liberation of o2 from silica and the 

conversion of o2 to co 2 have been well developed by 

Taylor & Epstein (1962), and Clayton & Mayeda (1963). 

Their methods have proved to be reliable for quartz and 

chert in which water contents are less than 1 wt% 

(Knauth & Epstein, 1975, 1976), but not for biogenic 

silica which is hydrous. The poor reproducibility of 

oxygen isotope measurements of biogenic silica has been 

mainly attributed to the varying water content of the 

silica (Mapper & Garlick, 1971; Labeyrie, 1974; Labeyrie & 

Juillet, 1982), although organic matter, and contamination 

by clay minerals may also affect the isotope results. It 

seems evident from Table 1-1 that samples which were air

dried or heated under 250°C yielded less reproducible 

18 results and showed systematic depletion in 0 compared to 

the samples heated at high temperature. Although repro-

ducibility can be obtained by high temperature dehydration 

treatments, the shift of published oxygen isotope values 

owing to different preparation and partial oxygen isotope 

exchange between the water and silica bring out the 

question: how to separate silica from water without oxygen 

isotope exchange? Moreover, the significance of the 

reproducible oxygen isotope values of dehydrated samples 
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is not certain unless the relationship with temperature 

can be shown and correlated with other geologic thermo

meters. Clearly, previous studies have not been conclu

sive in solving these problems. Therefore, this serious 

difficulty in oxygen isotope measurements has so far 

prevented the use of siliceous fossils in paleoclimatolo

gical and paleoenvironmental interpretation, and the 

establishment of a reliable silica-water temperature scale 

comparable with the carbonate scale for low temperature 

environments • 

1 .4 RESEARCH OBJECT AND OUTLINE 

The aims of this research are: 

1. to establish a simple and reliable technique for 

reproducible analysis of the oxygen isotope compo

sitions of siliceous fossils, and 

2. to determine, using this technique, the applica

bility of oxygen isotope compositions of biogenic 

silica as paleoclimatic indicators • 

These goals were pursued with the steps summarized 

below: 

1. A standard purification procedure for siliceous 

fossils in marine sediments was established. 

2. The effect of water on oxygen isotope compositions 

was determined under various analytical conditions • 

Then a dehydration technique that entailed no oxygen 

exchange was developed • 
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3. Thereafter the environmental implication of oxygen 

isotope compositions of biogenic silica was defined 

using marine sediments. 

4. Finally, oxygen isotope records of both siliceous 

fossils and calcareous fossils from the same sedi

mentary environment were compared and the silica

based oxygen isotope stratigraphy for the late 

Quaternary was established. 

Longinelli (1971) proposed a series of procedures to 

overcome the oxygen isotope analytical difficulty for 

siliceous fossils. He suggested a division of each 

biogenic silica sample into three portions, which are used 

to measure respectively: (1) the D/H ratio of the water 

present in the hydrous silica; (2) the wt% of the water; 

(3) the oxygen isotope composition of the mixture of water 

and silica. The D/H value can be used to deduce the 

oxygen isotope value of water from Craig (1961a) data. 

Then, using the wt% of the water and a mass balance 

equation, the oxygen isotope value of the silica can be 

calculated. Obviously, this proposed technique is in

direct and not precise. In addition, part of the water in 

biogenic silica has been demonstrated to exchange easily 

isotopes with the ambient moisture (Knauth, 1973; 

Labeyrie & Juillet, 1982). In practice, many of the 

biogenic silica samples are too small for division into 

three portions for multiple measurements. Thus, a new 
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technique is developed in this study to analyze the wt% of 

water and 18o;16o ratio of the sample in a single continu-

ous procedure without dividing the sample. 

Diatoms recovered from Quaternary deep-sea cores were 

used in this study. Concentration mainly on diatoms not 

only simplifies the research but also has the following 

advantages: (1) the effects of the depth habitation of 

diatoms are insignificant because diatoms live within the 

upper part of the oceanic photic zone; (2) well-preserved, 

deep-sea diatomaceous ooze cores with little or no other 

biogenic silica skeletons are now available. Two sets of 

deep-sea cores were used here. One set was used to test 

the analytical method for sediments with various contents 

of diatoms; the other was used to obtain detailed con-

tinuous oxygen isotope records for the late Quaternary. 

For the former, several near surface samples of deep-sea 

cores from HIG and from DSDP sites, ranging from the 

Equator to the Bering Sea, were analyzed. For the latter, 

a undisturbed hydraulic piston core from DSDP Site 480 

was chosen for analyses • 
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CHAPTER II 

STABLE ISOTOPE GEOCHEMISTRY OF OXYGEN 

2.1 INTRODUCTION 

Oxygen is the most abundant element in the earth's 

crust (46.6 wt%) and is widely distributed in the hydro

sphere (85.8 wt%) as well as in the atmosphere (23.1 wt%) 

(Mason, 1966). It is also very important and indispen

sable in the biological system. For example, about two 

thirds of the human body and nine tenths of water are 

oxygen. It is essential for respiration of all plants and 

animals. 

Oxygen has three stable isotopes: 160, 170, and 180. 

These three stable isotopes occur as a mixture in nature 

and their ratios are approximately 16o: 17o: 18o = 10,000: 

3.7:20 (Nier, 1950; Craig, 1957). The ratio in natural 

substances varies and this variation can easily be deter-

mined with modern analytical techniques. 

In the following sections, the terminology and princi-

ples of oxygen isotope geochemistry relevant to this work 

are presented. 

2.2 8 NOTATION AND STANDARDS 

By definition, the 8 value is the difference in isotope 

ratio between a sample and a reference standard expressed 
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in parts per thousand, or per mil (~ ). For example, the 

o value for oxygen isotopes is written as follows: 

0180 [ (18 16 
1 l 

x 103 _ 0/ O)sample ( 2-1 ) - 18 16 -
( 0/ O)standard 

A cS value of 18 16 +10 means the 0/ 0 ratio of the sample 

is greater than that of the reference standard by 1 per 

cent of 10 per mil. Because the difference in absolute 

isotopic ratios between two substances can be measured 

more precisely than absolute ratios, the cS value is re-

ported for stable isotope abundance in the literature. In 

18 18 16 . terrestrial samples, only cS 0 ( 0/ 0) are determined 

because 18o;17o and 17o; 16o ratios can be mathematically 

derived from 18o;16o and because 18o; 16o ratios are easier 

to measure than the other ratios. From published litera

ture, the observed range of variation of 18o;16o ratios in 

nature is about 100%. • The lowest ratio is found in 

glacier ice near the poles (-50~ ), and the highest, in 

marine siliceous fossils (+45%o ) • 

At present, the reference standards used to report var

iations in oxygen isotope ratios are SMOW standard and PDB 

standard. The SMOW (Standard Mean Ocean Water) standard 

(which is a hypothetical water sample) was defined by 

Craig (1961b) in terms of a water sample, NBS-1, as 

follows: 
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Since 1968, the International Atomic Energy Agency has 

distributed a "real" water standard called V-SMOW (Vienna 

Standard Mean Ocean Water). The V-SMOW was artificially 

prepared by mixing distilled ocean water with small amounts 

of other waters in order to bring its isotopic composition 

as close as possible to the SMOW standard previously de 

fined by Craig (Gonfiantini, 1978). The 18o; 16o absolute 

ratios for SMOW and V-SMOW were found to be: 

( 18 ;16 ) ( ) 10-6 0 0 SMOW = 1993.4 ± 2.5 x (Craig, 1961b) 

( 18o;16o)V-SMOW=(2005.20 ± 0.45) x 10- 6 (Baertschi, 1976 ) 

Therefore, the V-SMOW is practically identical to the SMOW 

standard • 

The PDB standard is a sample of Cretaceous belemnite 

guard from the Peedee Formation in North Carolina and is 

co mm only used in ocean paleotemperature studies wherein 

carbonates from marine fossils are analyzed. The followin g 

expressions are used in this work to relate o18o values on 

the PDB and SMOW scales (Friedman & O'Neil, 1977): 

18 18 o OSMOW = 1.03086 o OPDB + 30.86 

18 18 o OPDB = 0.97006 o OSMOW - 29.94 

2.3 ISOTOPIC FRACTIONATION 

2.3.1 The fractionation factor 

In thermodynamic equilibrium reactions, a fractionation 
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factor, expressed as a, between two phases is defined as 

the over-all ratio of the isotopes of an element in one 

phase as compared with the same ratio in the second phase. 

The fractionation factor of oxygen isotopes between phase 
I 

A and phase B, for example, is: 

( 2-2) 

2.3.2 Equilibrium oxygen isotope exchange 

Owing to the slight difference in the thermodynamic 

properties of isotopically substituted molecules, equilib-

rium isotopic fractionation generally occurs between 

phases as they approach thermodynamic equilibrium with 

each other. For a silica-water reaction, the isotopic 

exchange reaction can be written as: 

(2-3) 

The equilibrium constant, K, for this reaction is: 

(2-4) 

2.3.3 Non-equilibrium fractionation 

Non-equilibrium fractionations are the time-dependent 
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processes and the consequence of various isotopically sub-

stituted components having different rates of chemical re

action or physical process (Savin, 1980). The evaporation 

of water is a typical example. The isotopically light 

water molecules (H 2
16o) evaporate more rapidly than the 

18 isotopically heavy water molecules (H 2 0). Other proc-

esses, such as diffusion and photosynthesis, also cause 

heterogeneities in isotopic composition of element in 

nature. 

Another disequilibrium phenomena, called "vital effect'' 

by Urey et al. (1951), is commonly observed in the biolog-

ical system, and is caused by organisms which fractionate 

isotopes during metabolism. This effect exhibits differ-

ent extents and magnitudes for different species and can 

be easily detected in living organisms. So far, no 

attempt has been made to study this effect on the frac-

tionation of siliceous microfossils. 

2.3.4 The relationship between notations and equilibrium 

constant 

2.3.4.1 o notation and fractionation factor 

From expressions 2-1 and 2-2, the fractionation factor 

can be expressed in terms of o values as: 

= 1+oA/1000 = 
1+oB/1000 

1000+oA 
1000+oB (2-5) 

Using the useful mathematical formula of 10 31n(1.00X)~ 
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X, it is convenient to express the fractionation factor as 

a logarithmic form: 

(2-6) 

This expression gives a good approximation to the mag

nitude of a fractionation factor between two co-existing 

phases, as long as the o values are very small . 

2.3.4.2 Fractionation factor and equilibrium constant 

The value of the equilibrium constant K in expression 

2-3 can be derived from spectroscopic and thermodynamic 

data. If the oxygen isotopes are randomly distributed 

over all possible positions in Si0 2 and H20 of the iso

topic exchange reactions shown in expression 2-4, the 

fractionation factor (a) is related to the equilibrium 

constant (K) in the following way: 

a = K1/n (2-7) 

where n is the maximum number of atoms exchanged. In the 

case of expression 2-3, n equals 1. Therefore, the iso

topic fractionation factor (a) is a function of tempera

ture and approaches the value of unity at elevated temper

atures. This is the basis of using oxygen isotope frac

tionation in geological thermometry • 

2.3.4.3 Temperature dependence of fractionation factor and 

o values 

The relationship between the a and the temperature can 

be expressed as: 
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(2-8) 

where T is in °K. Since the a-values are actually meas

ured in determining the oxygen isotope compositions, one 

may relate the o value to temperature by combining expres

sions 2-6 and 2-8. 

For studies over a limited temperature range, the 

oxygen isotope fractionation (or o values) are simply ex

pressed as linear or quadratic functions of temperature in 

0 c. For example, in paleotemperature studies, the temper

ature scale is expressed in the following form: 

T(°C) = a + b(oA-oB) + c(oA-oB) 2 (2-9) 

2.3.5 Isotopic fractionation between mineral precipitate 

and co-existing water 

As previously stated, the fractionation factor of ex

pression 2-3 is equal to the equilibrium constant K and is 

primarily a function of temperature. The o values of Si0 2 

in expression 2-3 are, however, not only a function of 

temperature but also a function of the o value of co

existing water in that exchange reaction. Therefore, 

while dealing with the marine fossils, such as foraminif

era and diatoms, the oxygen isotope composition of ocean 

water is important and closely related to those of the 

fossil. This subject will be discussed in detail in a 

later section • 
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2.4 PALEOTEMPERATURE SCALES 

2.4.1 Calcium carbonate 

The carbonate-water scale was originally derived by 

Epstein et al. (1951, 1953) for organically precipitated 

carbonate. It was an empirical relationship based on 

analyses of mollusk shells grown in laboratory tanks at 

temperatures from 7° to 29°C: 

where o18o is the 6 value relative to PDB of carbonate c 

23 

measured on co 2 extracted from it at 25°c; o18ow is the 6 

value of co 2 which was equilibrated at 25°C with the water 

from which the carbonate was precipitated and measured 

against the same standard used for the carbonate. 

A modified version of Epstein et al. 1 s scale was given 

by adding corrections necessary in the mass spectrometer 

analysis (Craig, 1965) and is now widely used in paleo-

temperature studies: 

Thus, the scale modified by Craig is independent of 

systematic errors derived by different mass spectrometry 

from which the oxygen isotope values are measured • 

Based on the analyses of benthic foraminifera in many 

cores, Shackleton (1974) has shown that an equation of: 

(2-12) 
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gives a better approximation below at the low temperature 

of the ocean floor. Shackleton's scale (2-12) is similar 

to the one of Epstein et al. (2-11) in the temperature 

range of 10° to 20°C, but diverges significantly at lower 

temperatures (Figure 2-1). Therefore, for benthic forami

nifera which live normally in temperatures below 10°C, the 

Shackleton scale is recommended • 

Calcium carbonates are said to be deposited in isotopic 

equilibrium if they follow the temperature scales men

tioned above • 

2.4.2 Silica 

Several approaches have been attempted to estimate the 

equilibrium oxygen isotopic fractionations between silica 

(including quartz, chert and amorphous silica) and water. 

These approaches are: 

1. isotopic exchange experiments (O'Neil & Clayton, 

1964; Clayton et al., 1972; Matsuhisa et al., 1979); 

2. theoretical calculations (Shiro & Sakai, 1972; 

Bottinga & Javoy, 1973; Becker & Clayton, 1976; 

Kawabe, 1978); 

3. empirical observations (Blattner, 1975; Knauth & 

Epstein, 1976; Labeyrie, 1974). 

Their results are summarized in Table 2-1, 2-2 and 

plotted in Figure 2-2 for the temperature range 0° - 30°C • 
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Figure 2-1. Comparison between paleotemperature 

scales of Epstein et al. and 

Shackleton for temperature range of 

0° to J0°C. 
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Table 2-1 

Various estimates of oxygen isotope 
fractionation factor for silica-water 

1. O'Neil & Clayton, 1964. 

1000 ln a = 3.10 (10 6 /T 2 ) - 2.08 

2. Clayton et al., 1972. 

1000 ln a = 3.38 (10'/T 2
) - 2.90* (for 200°-500°c) 

3. Shiro & Sakai, 1972 • 

1000 ln a = 3.55 (10 6 /T 2
) - 2.57* (for 195°-573°C) 

4. Bottinga & Javoy, 1973. 

1000 ln a = 4.10 (10 6 /T 2 ) - 3.70 

5~ Blattner, 1975 • 

1000 ln a = 3.65 (10 6 /T 2
) - 2.59 

6. Knauth & Epstein, 1976. 

1000 ln a = 3.09 (10 6 /T2
) - 3.29 

7. Becker & Clayton, 1976. 

1000 ln a = 3.09 (10 6 /T 2
) - 0.77 

8. Kawabe, 1978. 

(for > 500°c) 

(for o0 -25°c) 

1000 ln a = -18.977 + 8.582 (10 3 /T) + 1.9189 (10 6 /T 2 ) 

9. Matsuhisa et al., 1979. 

1000 ln a = 3.34 (10 6 /T2
) - 3.31 (for 250°-500°c) 

10. Labeyrie, 1974. 

T {°C) = 169 - 4.1 (oSi0
2 

- oH
2

0 + 0.5)* 

{for 0°-3o 0 c) 

* equations recalculated by Friedman & O'Neil (1977) • 

27 
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Table 2-2 

Comparison of silica-water fractionations 

published by different authors 

Author 

1. O'Neil & Clayton (1964) 
2. Clayton et al. (1972) 
3. Shiro & Sakai (1972) 
4. Bottinga & Javoy (1973) 
5. Blattner (1975) 
6. Knauth & Epstein (1976) 
7. Becker & Clayton (1976) 
8. Kawabe (1978) 
9. Matsuhisa et al. (1979) 

10. Labeyrie (1974) 

6180 * 
SMOW 

o 0 c 25°c 
+39.47 +32.79 
+42.40 
+45.01 
+51.25 
+46.33 
+ 38. 1 2 
+40.64 
+38.16 
+41.46 
+40.72 

+35.12 
+37.37 
+42.42 
+38.47 
+31.47 
+33.99 
+31.39 
+34.26 
+34.62 

18 6 OSMOW 
range 

6.68 
7.28 
7.64 
8.83 
7.86 
6.65 
6.65 
6.77 
7.20 
6. 10 

18 * assuming the 6 OSMOW of co-existing water = O. 

0.27 
0.29 
0.31 
0.35 
0.31 
0.27 
0.27 
0.27 
0.29 
0.24 

• 

3.74 
3.43 
3.27 
2.83 
3.18 
3.76 
3.76 
3.69 
3.47 
4. 10 

• 

I\) 

co 

• 
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Figure 2-2. Oxygen isotope fractionations between 

silica and water estimated by different 

authors for the temperature range of 

o0 to 30°C. The curve numbers are 

corresponding to equation numbers in 

Table 2-1. 
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It is clearly seen from Figure 2-2 that, unlike the well 

established calcite-water temperature equation, the rela-

tionship between the oxygen isotopic fractionation of 

silica-water and temperature is much more uncertain in the 

temperature range of the marine environment. 

Several causes contribute for this disappointing char

acteristic of Figure 2-2. First, most curves except curve 

10 are for the fractionations of quartz (or chert) and 

water, not opal-A and water. Second, uncertainties are 

inevitably introduced when one extrapolates curves from 

high temperatures (quartz-water) to low temperatures 

(biogenic silica-water). Third, the validity of curve 10 

which was derived from isotopic measurements of opal-A, as 

discussed previously, is questioned by o18o shifting due 

to improved cleaning techniques. Therefore, it is not 

feasible at the present time to apply a definitive paleo-

temperature scale for biogenic siliceous fossils. 

2.5 OCEAN WATER 

Factors which affect the isotopic composition of ocean 

water are precipitation, evaporation, mixing and ice for-

mation (Craig & Gordon, 1965). Due to the circulation of 

deep water masses, the ocean, which contains about 98% of 

the water present on the earth's surface, has a fairly 

uniform oxygen isotope composition. A mean value of +0.5%o 

was estimated by Craig (1965) for ocean surface waters and 
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values of + 0. 1 %0 to -0. 4%o were reported for principal 

deep water masses (Craig & Gordon, 1965). 

Although it is very narrow in the open ocean (less 

than 1%.), the range of oxygen isotope composition may 

vary greatly in the marginal sea and semi-enclosed gulf 

water. The high o18o values are found in surface ocean 

waters where evaporation exceeds both precipitation and 
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runoff from adjoining continental areas. In contrast, the 

low o18o values are encountered in water masses close to 

the outflow points of rivers. For example, values of +2%o 

and -11%. were reported for the waters of Red Sea (Craig, 

1966) and off-shore Greenland (Epstein & Mayeda, 1953), 

respectively • 

Th h · h. h 18o;16o · t· · th e mec anisms w ic cause varia ions in e 

ocean also change the salinity. The correlation between 

salinity and o18o of ocean waters was first observed by 

Epstein & Mayeda (1953) and studied further by Craig & 

Gordon (1965) and Craig (1966). Generally, the oxygen 

isotope values and salinity have a positive correlation • 

Table 2-3 lists the o18o-salinity relationships of some 

oceanic water masses. 

The changes of oxygen isotope compositions during the 

geological past are of great interest for paleoclimat~c 

studies. Because of insufficent data, the evolutionary 

history of oxygen isotope composition in the ocean is not 

clear yet for the pre-Quaternary time span. It is quite 
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6180 = 
6180 = 
6180 = 

Table 2-3 

The relationship between 6180 and 

salinity in ocean water masses 

-18.0 + 0.54S (North Pacific Surface Water) 

-21.2 + o.61s (North Atlantic Surface Water) 

-9.9 + 0.29S (The Red Sea) 

(from: Craig & Gordon, 1965; Craig, 1966) 

well-known, however, that significant changes of the oxy

gen isotope composition of the ocean occurred during the 

Quaternary glacial and interglacial periods. It is be

lieved that this change is due mainly to the build-up and 

melting of continental glaciers. 

For the past decades, several attempts have been made 

to estimate the magnitude of oxygen isotopic change in 

Pleistocene ocean water between the glacial maxima and 

minima (the ice effect). Some of these approaches are: 

(1) from estimation of ice volume and its isotopic compo-

sition. Values of this approach range from 0.5%o 

(Emiliani, 1955) to 1.7%. (Olausson, 1965) • 
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(2) from faunal paleotemperature estimation. Values esti

mated from 0.8%0 (Hecht, 1973) to 1.4%• (Imbrie et al. 

1973) • 

(3) from the 6180 value of benthic foraminifera (see next 
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chapter for detail). Most recent estimations are at 

about 1.6%0 (Duplessy, 1978) or 1.65%0 (Shackleton, 1977a). 

Recent consensus tends to assume that a value of 1.3, is 

a conservative estimation for this ice effect . 
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CHAPTER III 

THE OXYGEN ISOTOPE RECORDS OF QUATERNARY 
FORAMINIFERA 

3.1 INTRODUCTION 
18o;16o ratios of marine carbonates in the Quaternary 

are based largely on well-preserved foraminifers and, to 
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a much lesser extent, nannofossils. This chapter provides 

a general review of the 18o; 16o ratios of foraminifers in 

deep-sea sediments of the Quaternary. I will focus on 

applying the 18o;16o ratios of foraminifers to the fields 

of paleoclimatology and stratigraphy. More detailed dis-

cussions than that covered here can be found in thB arti-

cles of Hecht (1976), Hudson, (1977), Savin (1977), van 

Donk (1977), Duplessy (1978), and Savin & Yeh (1981). 

3.2 THE OXYGEN ISOTOPE RECORDS AND THE QUATERNARY 

GLACIATIONS 

Emiliani (1955, 1966) pioneered the measurement of 
18o;16o ratios of planktonic foraminifers from deep-sea 

sediments to deduce ocean surface temperatures using 

Epstein et al.'s temperature scale. His results complete-

ly revised the history of the Ice Ages of the Quaternary • 

According to his isotopic data, eight major periods of 
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glaciation occurred during the Brunhes epoch, each sepa-

rated by major interglacials. 

Subsequent work on the isotopic measurement of numerous 

cores from the Atlantic (van Dank, 1976), the Caribbean 

Sea (Emiliani, 1972; Broecker & van Donk, 1970), the 

Pacific (Shackleton & Opdyke, 1973, 1976), the Indian 

Ocean (Duplessy, 1978), and the Mediterranean Sea 

(Vergnaud-Grazzini, 1975) provided more valuable insight 

into Quaternary paleoclimatology • 

3.2.1 The oxygen isotope records 

The oxygen isotope records of planktonic and benthic 

foraminifers from various deep-sea cores have generally 

revealed the same quasi-periodic fluctuations, and can be 

correlated not only from one to another but also to other 
. 

climatically-controlled parameters for the late 

Quaternary. 

The typical variations in the oxygen isotope records of 

the Quaternary are well-illustrated in results of plank-

tonic foraminifera from core V28-239 from the western 

Equatorial Pacific (Shackleton & Opdyke, 1976). This 

2-Myr-long record indicates that there were about 20 

glacial-interglacial cycles and both the amplitude and 

frequency of climatic oscillation have changed through the 

Quaternary (Figure 3-1). Three sections of distinct char-

acter can be recognized (Shackleton & Opdyke, 1976; 
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Figure 3-1. Oxygen isotope composition of 

yloiige~inoide~ ~acculite~ in core 

V28-239. From Shackleton & Opdyke (1976). 

The record extended from the Recent to 

approximately 2.1 million years B.P. 

and is separated into three sections at 

about 0.8 and 1.4 million years B.P. 
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Pisias & Moore, 1981): (1) the late Pleistocene (0 - 0.8 

Myr B.P.) where eleven glacial-interglacial cycles are 

dominated by a 10,000-yr cycle; (2) the middle Pleistocene 

(0.8 - 1.4 Myr B.P.) in which the variance of rapid cycles 

(between 60,000 and 20,000 yrs) is increased and the 6180 

amplitude decreased; (3) the early Pleistocene (1.4 - 1.8 

Myr B.P.) where general reductions of both 6180 amplitude 

and frequency are seen. 

The isotopic composition of foraminifera, as discussed 

previously, depends primarily on two factors. One is the 

temperature of the waters they inhabit, the other is the 

isotopic composition of those waters. As no water samples 

are available from the geologic past, uncertainty is in-

traduced with fossil species. Interpretation of the 

meaning of isotopic records measured from fossil forami-

nifera requires an estimate of the magnitude of the iso-

topic change in sea water between the glacial and inter-

glacial periods. Several estimates of the maximum dif-

ference in the isotopic composition of sea water between 

glacial maxima and minima have been proposed (see chapter 

2). Those estimates vary from a low of +0.5%o to a high 

of +1.7'. Up to now, there is still controversy about 

how much of the variation can be ascribed to temperature 

fluctuations and how much to an ice volume effect. But a 

major part of this change (at least 1.3%o) in isotopic 

composition of sea water has now been deemed to be the ice 
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effect. One of the evidences for this conclusion came 

from isotopic compositions of benthic foraminifera in 

high-sedimentation-rate cores. 
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Since the oceans are mixed in about 1,000 years and the 

temperature variations of ocean bottom waters have been 

very small during the Quaternary, the oxygen isotope re

cords of the benthic foraminifera from high sedimentation 

rate cores preserve detailed records of changes in iso-

topic composition of the ocean. These records, from an

other point of view, reflect the advance and retreat of 

glaciers on the continents and provide excellent means of 

stratigraphic correlation (Shackleton, 1977a). At present, 

ideal isotopic records for benthic forarninifera have been 

obtained from Pacific (Ninkovich & Shackleton, 1975), 

Atlantic (Shackleton, 1977c), and Indian Ocean (Duplessy, 

1978) cores. It is now possible to say in what manner the 

isotopic records of planktonic foraminifera differ from 

the ideal record of the benthic forms. These results show 

that the benthic foraminifera recorded variations from 

1 .4%o to 1.9%o, depending on sedimentation rates (lower 

o18o values correlating with lower sedimentation rates). 

Because the largest possible temperature variations of 

open ocean bottom waters for the Pleistocene are on the 

order of 1° - 2°c, corresponding to o18o values of 0.2%o 

to 0.5~ , an estimation of the amplitude of glacial 
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to interglacial o18o sea water variations smaller than 

1.3%o is impossible. 

Another interesting aspect of the comparison of plank

tonic and benthic records is that the range of isotopic 

fluctuation in benthic foraminifera is generally larger 

than that of planktonic foraminifera from the same core. 

This discrepancy remains to be fully investigated, but 

several possible causes have been proposed. They include: 

a te mperature warming of the surface waters, a cooling of 

bottom waters, migration of planktonic foraminifera during 

glacial and interglacial cycles, different preservation 

for benthic and planktonic foraminifera, and local pre-

cipitation and evaporation effects • 

In areas of small variations in temperature and 6 180 

change of the sea water, the amplitude in 6180 fluctua-

tions of foraminifera is accordingly low. For example, 

van Donk & Mathieu (1969) found no variations at all in 

the species 9foRig£~ina pachyd£~ma for the last 25,000 

years in a short Arctic core • 

J.2.2 Other uncertainties 

In addition to the oxygen isotope composition of the 

ancient ocean, some biological, dissolutional, and bio

turbational factors also introduce uncertainties in 6180 

records of foraminifera • 
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Depth habitation is an ecologic characteristic for 

planktonic foraminifera. Planktonic foraminifera reside 

in ocean surface waters to about 500 m depth. Different 

species live at different average depths in the water 

column. Some species even follow depth migration during 

their life cycle. Thus, the foraminifera would record 

lower water temperature than the surface water temperature, 

depending on the depth concerned. Emiliani (1955) found 

that different species record different paleotemperatures 

and he ascribed this to depth stratification. He also 

found that surface water forarninifers (such as 

Qeoaige~inoide~ ~uae~ and 9eoaige~inoide~ ~acculite~) had 

greater amplitude and detailed oxygen isotopic records 

than the deeper ones. It is thus very important to ana

lyze the monospecific samples for paleotemperature 

determination • 

Emiliani (1954) attributed the depth stratification to 

temperature and water density effects. Savin & Stehli 

(1974) proposed that osmotic equilibrium, which is a 

function of both temperature and salinity between the 

forarninifera and surrounding sea water, was the ultimate 

control. Shackleton (1977b) believed the latter view to 

be inherently unlikely and suggested that constant water 

density was the prime factor. These two different hy

potheses have caused a problem in interpreting the iso

topic records. If osmotic equilibrium is the control, 
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then migration of planktonic foraminifera down the water 

column occurs during glacial periods and migration up 

during interglacial times. Thus, the isotopic tempera-

tures of foraminifera tests would be greater than the 

actual temperature fluctuation of the water column. If 

water density is the controlling factor, the opposite 

effects would be obtained. Migration would occur down the 

water column during interglacial periods and up during 

glacial periods. Accordingly, isotopic temperatures would 

be less than the actual temperature fluctuation of the 

water column. 

Moreover, the problem of differential dissolution, that 

is, selective perservation of foraminifera, exists in the 

deep sea sediments (Berger, 1967, 1968). Tests of deli

cate and thin-walled species (shallow living, isotopically 

light) are removed preferentially relative to those of 

thick-walled foraminifera (deeper living, isotopically 

heavy). Thus, the differential dissolution often results 

in a bias towards an 180-enriched assemblage of planktonic 

foraminifera (Shackleton & Opdyke, 1976) and obscures 

interpretation of the isotopic record. 

Sediment mixing by bioturbation of benthic organisms is 

another limiting factor factor to blur the details of the 

record in low-sedimentation-rate areas (Berger & Heath, 

1968; Peng et al., 1979). Accordingly, the variations and 

resolution in oxygen isotope records of the large 
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proportion of the ocean which has sedimentation rates 

below 2 cm per 1,000 years are smoothed and reduced. Only 

cores with sedimentation rates above 5 cm per 1,000 years 

can be free of the bioturbation effect and provide de

tailed paleoenvironmental records (Shackleton, 1977a). 

Another aspect is that areas such as the Santa Barbara 

Basin (Pisias, 1978), Guaymas Basin (Schrader et al., 

1980), and Orea Basin (Kennett & Penrose, 1978), charac-

terized by anaerobic bottom environments, can be free of 

sediment mixing due to lack of benthic organisms. If this 

situation is combined with high sedimentation rates, cores 

from these anaerobic basins may provide critical, high 

resolution information on paleoclimatic and paleoceanog-

raphic variations. 

3.2.3 Records in marginal seas 

Several marginal marine basins, such as the Mediter

ranean Sea, the Gulf of Mexico, the Gulf of California, 

and the Sea of Japan, are semi-isolated and almost sur-

rounded by continents, and thus have restricted communi-

cation with the world oceans. The temperature and iso-

topic variations of these marginal seas, as discussed 

previously, are higher than those of open oceans. For 

instance, the isotopic composition of the eastern Medi

terranean surface water is up to 1.5%o enriched in o18o 
relative to the Atlantic water (Vergnaud-Grazzini et al., 
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1977). The oxygen isotope records of the foraminiferal 

shells from cores taken in these marginal basins are also 

expected to largely reflect the influence of surrounding 

continents' climate and topography. The magnitude of 

oxygen isotope records would be, therefore, different fro m 

those of the open oceans because the temperature and 

oxygen isotope composition of the sea water are highly 

variable in marginal basins. 

Oxygen isotope measurements of 9logig~~inoid~~ 

~acculit~~ (Kennett & Shackleton, 1975) and q. ~ui~~ 

(Emiliani et al., 1975) in late Quaternary cores from the 

Gulf of Mexico, for example, show anomalously light values 

superimposed on the characteristic oxygen isotopic curve • 

The anomalous values were interpreted to be a result of an 

influx of isotopically light glacial meltwater of the 

Laurentide ice sheet via the Mississippi River. The melt

water produced a low o18o and low salinity (31 - 33%0) 

surface water in the Gulf of Mexico between 11,000 to 

15,000 years ago. The magnitudes of oxygen isotope fluc

tuation in these cores (2.4%o to 3.5%0) are 2 to 3 times 

lager than those of the typical open ocean. 

Similarly, the isotopic fluctuations of planktonic 

foraminifera are recorded from 2.8~ to 5.2%o from Medi-

terranean sediments for the last 100,000 years. These 

relatively large fluctuations were also ascribed to the 

regional amplified effects of temperature and evaporation 
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in the Mediterranean Sea (Vergnaud-Grazzini, 1975; 

Vergnaud-Grazzini et al., 1977). 

3.3 OXYGEN ISOTOPE STRATIGRAPHY AND TI ME SCALE 

3.3.1 Oxygen isotope stages 
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In his classic work, Emiliani (1955) assigned a stage 

number for each distinct isotopic event shown by the deep

sea cores. According to his scheme, the present unfin

ished warm stage was designated stage 1, then working down 

core, even-numbered stages characterized by heavier values 

of the oxygen isotope (glacial) and odd-numbered stages by 

lighter values (interglacial). There were 14 stages orig

inally designated by Emiliani. Later he modified this 

scheme to 16 stages due to the unconforrnities found in his 

original cores (Emiliani, 1966). The stage boundaries 

were placed at the mid-points between the maxima and 

minima values, that is, the times of rapid changes of 

oxygen isotopes in the oceans (Figure 3-2). 

Broecker & van Donk (1970) pointed out that the oxygen 

isotope records of foraminifers can be modeled by asym

metric sawtoothed patterns rather than sinusoidal curves. 

They believed that this sawtoothed pattern clearly re

flects that the glacial accumulation gradually took place 

over a long period of time (about 90,000 years) and the 

deglaciation abruptly occurred in less than 9,000 years • 

The sharp decreases in oxygen isotopic values (rapid 
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Figure 3-2. Oxygen isotope composition of 

yfoiige~inoide~ ~acculite~ in core 

P6408-9. From Emiliani (1978). 

Arabic numerals in the figure top 

are oxygen isotope stages, and 

Roman numerals in the bottom are 

the terminations. 
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deglaciation) were called terminations. Broecker & van 

Donk recognized 5 terminations for the last 400,000 years. 

For example, their termination I corresponds to the tran

sition between stages 2 and 1, and termination II to the 

transition between stages 6 and 5. In fact, the pattern 

of oxygen isotope records in the deep-sea sediments is not 

simply sinusoidal, sawtooth, or any other curve with added 

local signals (Emiliani & Shackleton, 1974). From the 

viewpoint of stratigraphy, however, the 'stages' which 

represent rapidly alternating glacial & interglacial 

episodes are more convenient and hence widely used in 

deep-sea correlation (Shackleton, 1975; Bowen, 1978). 

The isotope stages were later extended by Shackleton & 

Opdyke (1973) and van Donk (1976) to the lower part of 

Quaternary deep-sea cores. Shackleton & Opdyke (1973, 

1976) numbered 23 stages for the oxygen isotope records of 

two west tropical Pacific cores (V28-238, V28-239) for the 

past 800,000 years. From the oxygen isotope record of 

planktonic foraminifers recovered from the tropical ' 

Atlantic, van Donk (1976) presented an oxygen isotope 

record for the entire Pleistocene and numbered stages to 

41 for the past 2.3 m.y. From high-sedimentation-rate 

cores, Shackleton (1969) recognized detailed variations 

from the isotopic record and subdivided stage 5 into five 

substages lettered a to e in the direction from younger to 

older. Ninkovich & Shackleton (1975) silimarly subdivided 



• 

• I 

• 

• 

• 

• 

• 

• 

• 

• 

• 

50 

stage 7 into three substages lettered a to c in the same 

direction. Today, oxygen isotope stratigraphy has become 

a very useful tool for global correlation of marine 

sequences • 

3.3.2 Chronology of oxygen isotope records 

Emiliani (1955, 1966) first estimated the chronology of 

the oxygen isotope cycles observed in the deep-sea cores 

by extrapolating the radiocarbon dating of the top sedi-

ments to the lower section with an assumption of constant 

sedimentation rate. Emiliani 1 s time scale, however, was 

later found to be about 25% too low (Broecker & van Donk, 

1970). For example, the age of the stage 5 maximum 

(substage 5e, 124,000 years B.P.) was estimated to be 

about 100,000 years B.P. by Emiliani (1955). Based on the 

Pa 231 , Th 230 dating for core V12-122 and the paleontologic 

U-V boundary (400,000 year B.P.) of Ericson et al. (1961), 

Broecker & van Donk (1970) estimated the ages of termina

tions I to V (Table 3-1) • 

The ages of stage boundaries were first assigned by 

Shackleton & Opdyke (1973) for core V28-238 to stage 22, 

by assuming the Brunhes-Matuyama magnetic epoch boundary, 

which is within stage 19 at 0.7 m.y., and a constant 

sedimentation rate for the overlying sediments. 

Using power spectral analysis to compare the earth's 

orbital variations with three climatic records 
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Table 3-1 

• Ages of oxygen isotope stage boundaries 
estimated by different authors 

Stage Shackleton Hays et al. Kominz et al. Broecker & 
boundary & Opdyke, 

1976 1979 van Donk, 1970 
1973 (termination) • 

1-2 13,000 10,000 11,000 11,000 (I) 
2-3 32,000 29,000 29,000 
3-4 64,000 61,000 61,000 

• 4-5 75,000 73,000 73,000 
5-6 128,000 127, 000 127,000 127,000 (II) 
6-7 195,000 190,000 190,000 
7-8 251,000 247,000 247,000 225,000 (III) 
8-9 297,000 276,000 276,000 

• 9-10 347,000 336,000 336,000 300,000 (IV) 
1 0-11 367, 000 356,000 352,000 
11-12 440,000 425,000 453,000 380,000 (V) 
12-13 472,000 457,000 480,000 
13-14 502,000 500,000 • 14-15 542,000 551,000 
15-16 592,000 619,000 
16-17 627,000 649,000 
17-18 647,000 662,000 

• 18-19 688,000 712,000 
19-20 706,000 728,000 
20-21 729,000 
21-22 782,000 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

reconstructed from analyses of microfossils in deep-sea 

cores, Hays et al. (1976) proposed their Tune-Up Time 

Scale to fit between the oxygen isotope record and the 

record of past changes in earth's obliquity without vio-
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lating well-dated Pleisticene control points for the past 

450,000 years. Recently, Kominz et al. (1979) compared 

several independent age models of the Brunhes Epoch. By 

means of an aluminum time scale and time scales of 

Shackleton & Opdyke (1973) and Hays et al. (1976), they 

analyzed the 0180 records of V28-238 and a detailed com-

posite Indian Ocean record using spectral and cross 

spectral techniques. They found that the Pleistocene 

climate has been forced by periodic fluctuations of 

earth's orbital parameters. Based on this result, they 

derived a new time scale (TWEAQ) to slightly modify and 

extend that of Hays et al. (1976) by tuning the 0180 

record of V28-238 to the record of the earth's obliquity. 

Table 3-1 summarizes the ages of the stage boundaries 

estimated by the above workers • 
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CHAPTER IV 

OXYGEN ISOTOPIC ANALYSIS OF BIOGENIC SILICA 

4.1 INTRODUCTION 

It was shown in chapter I that water, which causes the 

large diversity of measurements, has been deemed to be the 

major obstacle in the analyses of oxygen isotopes in 

siliceous fossils (biogenic opal-A). To overcome this 

proble m, dehydrating the opal-A sample before oxygen 

extraction has been proposed and attempted. There are, 

however, two basic questions that should be answered after 

sample dehydration: (1) Are the analyses reproducible? (2) 

Do t h e results reflect variations of the environment in 

whi6h the organisms were living? 

In addition to the water associated with the silica 

sample, several extraneous phases which are sample con

taminants could also cause poor reproducibility of oxygen 

isotope analysis. The major sources of these impurities 

are: (1) detrital and clay minerals, (2) carbonate, (3) 

organic matter, and (4) iron-oxides coating. The first 

category of impurities can be eliminated by the physical 

separation technique. Other sources of impurities have to 

be eliminated by chemical methods • 
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In this chapter, a detailed analytical method of sample 

purification and dehydration is described. Various 

effects of contaminants on the sample are tested and 

their results are presented. In addition, an exchange 

experiment between diatom samples and solution of 

light/heavy oxygen isotopes is performed • 

4.2 SAMPLE PURIFICATION 

The following techniques are developed to obtain clean 

and pure diatom fossils from deep-sea sediments, and then 

analyze the oxygen isotopic compositions of these fossils. 

The procedures of physical and chemical treatments 

described in the following sections are largely inspired 

and modified from the works of Jackson (1956) and Yeh 

(1974). 

The diatom size, which is controlled by temperature, 

salinity and nutrients, can range from a few µm to as high 

as 2,000 µm in diameter. Because the small-size diatoms 

are mostly dissolved after their death and the larger-size 

diatoms are fragmented upon reaching the ocean bottom, the 

most useful size range of fossil diatoms in marine sedi

ments is in the order of 40 - 200 µm. This latter range 

is adopted here as the upper and lower boundaries for 

physical separation • 
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4.2.1 Ultrasonic cleaning 

The samples of deep-sea sediments were first put into 

beakers and the beakers filled with distilled water. The 

beakers with sediments were then put into an ultrasonic 

bath and thoroughly dispersed, typically for 30 seconds, 

by ultrasonic vibrations with the aid of a glass rod, 

until all visible aggregates were broken up and the 

individual particles seemed discrete. 

4.2.2 Sieving 

The thoroughly dispersed and freshly stirred sedi ment 

suspension is allowed to stand 35 seconds for each 5 cm of 

its depth, and is then decanted through the 400 mesh 

(38 µm) sieve. The settling time for 5-cm withdrawal 

depth is calculated from Wadell's sedimentation formula at 

24°c (Folk, 1968). The purpose of this action is to 

permit particles greater than 38 µrn to settle out so as 

not to obstruct the sieve, as particles of less than 38 µ m 

diameter pass through the sieve. When most of the suspen

sion has been poured through, the residue is vigorously 

stirred in more distilled water, another 35-second-per-5-

cm settling is permitted, and particles less than 38 µm 

are poured through the sieve as before. 

The remaining coarser portions are then swirled in more 

distilled water, and the mixture quickly poured onto one 

side of the sieve. All grains are then washed out of the 
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sieve by means of a jet of water and with the aid of a 

glass rod with a rubber head. The remaining silt and clay 

particles are then separated from the coarser portions on 

the sieve by means of a jet of water, as the coarser par

ticles are displaced to another side of the sieve. 

Finally, the bottom of the sieve is washed clean wit h 

a jet of water. A few <38 µm particles lodge in the sieve 

and will not pass because of the decreased effective 

diameter of the wet sieve openings. The sieve therefore 

is dried in an oven of about 70°C for a few minutes and 

the n washed with a jet of water again to pass the re

maining <38 µm particles. The >38 µm particles remaining 

on the sieve are transferred to a beaker for further 

separation, the <38 µm particles are dried and set aside 

for further analysis • 

4.2.3 Differential settling 

The >38 µm particles remaining on the sieve are next 

separated from detrital minerals by differential settling • 

To do this, the >38 µm particles are stirred and then 

allowed to stand quietly for 1 minute 10 seconds (but not 

over 2 minutes) for each 10 cm of depth. The supernatant 

liquid is then decanted into a beaker through a vacuum 

pumped tubing to prevent disturbing of any of the settled 

particles. This sedimentation and decantation are con

tinued until the diatoms and detrital minerals as well as 
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other extraneous phases with specific gravities greater 

than 2.3 are separated from the >38 µm particles. This 

usually requires five or more decantations. 

The procedure of separating samples by sieving and 

settling is illustrated in Figure 4-1. 

4.2.4 Scanning electron microscopic examination 

57 

An aliquot of each sample was sedimented in a distilled 

water suspension onto a glass slide mounted on an aluminu m 

sample stub. The sample was gold-palladium coated in a 

vacuum evaporator and examined for purity of sample and 

species of diato ms using a Cambridge S4-10 Scanning 

Electron Microscope • 

4.2.5 Che mical treat ments 

After the physical separations of sieving and diff eren

tial settling, the samples with a diatom content greater 

than 30% should be free of detrital and clay minerals, as 

evidenced by SEM examination and later X-ray diffraction 

patterns. The other extraneous phases, such as carbonate, 

organic matter, and possibly iron oxide coatings, were 

removed by chemical treatments • 

A. Calcium carbonate removal 

Approximately 10 ml/g-sample of PH 5 sodium acetate 

buffer solution is added to the beaker containing the 

sample. With continual stirring, the sample is suspended 
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Figure 4- 1 . The flow - chart of sample sieving 

and differential settling. 
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and digested in the water bath at boiling temperature for 

at least 30 minutes. The suspension is centrifuged and 

the clear supernatant liquid is discarded. The sample is 

then washed by distilled water at least five times and put 

in an oven at 60°C for drying. For a low-carbonate sample 

(<10%), one treatment is enough. For a high-carbonate 

sample (>10%), this treat~ent can be repeated two or more 

times to thoroughly remove the carbonate. The procedure 

described above is shown in Figure 4-2. 

B. Organic matter removal 

The carbonate-free sample is then reacted with hydrogen 

peroxide (30%) solution (10 Dl/ ~ -sample) for several days. 

For some organic-rich sa~ ples, this reaction may take 

weeks to destroy the organic matt er completely. 

Inco mplete rerioval of organic matter will later con

taminate the sample and lower the oxygen isotope values of 

the sample. Table 4-1 shows the effect of organic matter 

on the oxygen isotope values of the sample. The results 

show that the oxygen isotope values were lowered by the 

contaminants. If the contaminant is oxygen-bearing 

material, such as cellulose in the case here, the extent 

of lowering in oxygen isotope values would be greater • 

This observation is in agreement with that of Mikkelsen 

et al. (1978). 

After centrifuging and washin~ Rt least five times, the 

sample should exhibit a pure wl1ite color. If the diatom 
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• 
Figure 4-2. The flow-chart of carbonate removal. 
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• Table 4-1 

The contamination test for organic matter 

• 
Sample Contaminant 18 18 

from 6 OSMOW 66 OSMOW 
original value 

flow-in cellulose ( 70%) +32.5 -11 • 9 
diatomaceous cellulose ( 1 5 % ) +41.6 -2.8 
ooze 

graphite ( 2%) + 41. 7 -2.7 18 
( 6 OSMOW ::: +42.0 -2.4 

• 
+44.4%o) lubricate oil 

+42.5 -1. 9 (NBS 22, 10%) • 

• 

• 

• 

• 

• 
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frustules exhibit a light brown color, it indicates that 

the sample contains an iron coating (Asper, 1981). The 

samples were next treated to re move the iron coatings. 

Figure 4-3 shows the procedures described above • 

C. Iron oxides coatin g removal 

Most of the iron contamination is present as amorphous 

coatings and should be removed before oxygen isotope 

analysis. Th e sample was added to a solution of 0.3 M 

sodium citrate and 1 M sodium bicarbonate in a ratio of 

8:1. Ea ch gr aD of the sample was mixed with 10 ml of the 

solution. The suspension was heated to 75° - 80°C in a 

water bath and about 0.5 g sodium dithionite added. The 

suspension was agitated for 15 minutes. After reaction, 

10 ml each of acetone an d saturated sodium chloride 

solutions were added and the solution was kept warm for 

about 5 minutes. The material was then centrifuged and 

washed with distilled water at least five times and dried. 

The procedure of iron oxide coating removal is shown in 

Figure 4-4. For the diatom samples used in this study, 

one treatment was found to be enough to remove the iron 

contaminations. 

The effect of this method on samples with iron con

tamination and without iron contamination is shown in 

Table 4-2. It is evident that the iron oxide contamina

tion will cause the oxygen isotope values of the sample to 
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Figure 4-3. The flow-chart of organic matter removal. 
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• 

• 

• 
Figure 4-4. The flow-chart of iron-oxides removal. 
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Table 4-2 

T 18 he effect of iron oxide coatings on 6 OSMOW values 

Sample Iron-oxide 6180 
existing* before treatment 

6180 
after treatment 

~6180 
(col 3 - col 4) 

flow-in 
diatomaceous no +44.4 +44.4 0 

ooze 

480-25-3 no +40.6 + 40. 8 -0.2 

480-13-3 yes +37.3 +40.6 -3.3 

480-21-2 yes + 31. 2 + 36 .7 -5.5 

480-26-2 yes +37.4 + 39. 8 -2.4 

* detected by the color of samples. 
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be lowered and the extent of lowering is dependent on the 

oxygen isotope values and the amount of iron oxides. 

4.2.6 X-ray diffraction 

Each sample was monitered by the X-ray diffraction 

method to detect extraneous phases other than biogenic 

opal-A. The X-ray unit used was a Norelco (Philips 

Instrument Co.). The CuK a radiation, 30 KV at 15 mA , 

with a time constant of 2 at 500 counts/second full-scale 

reading was used. The sample was analyzed as oriented 

mounts on glass slides by drying from a slurry in water. 

The characteristic of diatom samples in an X-ray pattern 
0 

is a very diffuse band between 6 and 2.8 A with its 
0 

maximum at about 4.1 A (Jones & Segnit, 1971)(Figure 4-5a, 

4-5b). 

The co mmon contaminants identifiable in the diffracto-

graph are the peaks of clay minerals and, in a few cases, 

quartz and feldspars (Figure 4-5c, 4-5d). The contami

nants are probably very fine and trapped within the porous 

structure of diatom frustules. In a few samples, these 

contaminants were very hard to remove, even after ultra-

sonic disturbin g , sieving and differential settling were 

repeated more than 5 times. 

Table 4-3 illustrates the effects on oxygen isotope 

values of impurities. The latter can be ascertained by 

the X-ray diffraction from the chosen deep-sea cores (see 
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• 
Figure 4-5. X-ray diffraction diagrams from the 

>38 µm fraction of diatom frustules in • 
Site 480, after sieving, settling and 

chemical treatments. Scan rate at 

2° 28/min. Abbreviations: Q = quartz, • 
F = feldspar, Il = illite, K = kaolinite . 

• d-spacing is given in angstrom (A). 

• A. 480-1-2, 92-94 cm. 

B. 480-31-3, 109-110 cm. 

C. 480-15-3, 36-38 cm. 

D. 480-25-1, 115-116 cm. • 

• 

• 

• 

• 
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Table 4-3 

The effect of clay and detrital minerals, 

as detected by X-ray 
18 

diffraction, on 6 OSMOW values 

sample 

480-3-3 
480-5-2 
480-5-5 
480-9-2 
480-17-1 
480-26-1 
480-31-1 
480- 31-2 
KK 73-07-25 

FFC 07-2 

KK74-01-09 
PCOD 1-1 

KK74-01-09 
FFC 79-55 

KK75 
PCO D 3-3 

KK75 
PCOD 1-1 

19-183-1-2 
130-132 cm 

19-188-1-1 
86-89 cm 

19-191-1-cc 
19-192-1-cc 
19-193-1-1 

110-114 cm 

18 18 18 6 OSMOW 6 OSMOW 66 OSMOW 
contaminated cleaned (col 3 - col 2) 

sample 

+35.7 
+38.8 

+39.5 
+39.3 
+38.6 

+34.4 
+ 3 5. 1 

+39.5 

+32.8 

+36.0 

+25.9 

+35.0 

+23.6 

+31.4 

+34.5 

+ 33 .1 
+27.4 

+29.9 

sample 

+37.7 
+42.3 

+ 41. 5 
+40.4 
+39.8 
+38.1 
+36.6 
+40.3 

+ 40. 1 

+38.2 

+2. 0 

+3.5 
+2. 0 

+ 1 • 1 

+1. 2 

+3.7 
+1. 5 
+0.8 

+3.7 

73 
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Appendix D for core descriptions). All oxygen isotope 

values of contaminated samples are smaller than those of 

cleaned samples, because the oxygen isotope compositions 

of contaminants are lower than the marine diatom samples • 

The difference in oxygen isotope values between cleaned 

and un-cleaned samples can be very large depending on the 

amounts and oxygen isotope values of the contaminants • 

This effect is very serious for samples with a diatom 

content lower than 30%, as shown in results of analysis 

of deep-sea sediments recovered from different locations • 

The entire procedure of both physical and chemical 

treatment of the marine siliceous samples is shown in 

Figure 4-6 . 

4.3 SAMPLE DEHYDRATION 

4.3.1 Procedure 

The cleaned and purified samples were first put into a 

drybox overnight, then loaded into preheated platinum 

crucibles at zero humidity. The crucibles were sealed in 

quartz tubings and immediately transferred to the extrac

tion line to pump out the dry air and outgas the samples. 

This was done in a vacuum at about 110°C for at least two 

hours to remove the absorbed moisture (Figure 4-7). 

After outgassing, the temperature was raised to 1,0oo 0 c 

for another two hours to liberate the water. The released 

water was collected by a cold liquid nitrogen trap 
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Figure 4-6. Schematic flow-chart of sample 

preparation procedure. 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

deep sea 
sediments 

ultrasonic 
cleaning 

through sieve sample 
sievingi---<-3~8~~-;:;:;._----~ saved 

on sieve 
>38~ 

differential p>2.3 examination 
for f orams 

SEM 
examination 

.--------i~ 

ultrasonic 
cleaning 
sieving 

differential 
settling 

settling -------i• 

p<2.3 

calcium 
carbonates 

removal 

organic 
matters 
removal 

Iron oxides 
removal 

x-ray 
diffraction 

check 

bad good 

sample 
ready 

76 



77 

Figure 4-7. Apparatus for extracting water from 

biogenic opal-A samples. 
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(-190°C). By passing through a hot uranium trap (~750°C), 

the trapped water was converted to H2 gas (Craig, 1961; 

Godfrey, 1962) and the volume measured. The original 

water weight of samples in the temperature range of 110° -

1 ,000°C can be calculated by the following equation: 

H2o wt.(mg) = 18 x 10- 3 (mg/µmole) x H2 yield(µmole) (4-1) 

The dehydrated diatom samples were later loaded into 

Ni-reaction vessels in the drybox for oxygen extraction. 

The samples were never exposed to moisture after dehydra

tion. This separation of the dehydration and oxygen 

extraction processes prevents the water, which was re

leased at high temperature, to associate with hygroscopic 

NiF in the metal extraction line and subsequently con

taminate the oxygen of the diatom samples • 

4.3.2 Water in biogenic silica and ite effects on oxygen 

isotope values 

4.J.2.1 Water contents in biogenic silica 

Water exists in several forms in biogenic silica: 

absorbed moisture, bonded H2o, and hydroxyls (Knauth, 

1973; Hurd & Theyer, 1977; Labeyrie & Juillet, 1982; 

Knauth & Epstein, 1982). 

The water content in biogenic silica is variable. 

Table 4-4 summarizes the results of previous studies • 

Because each worker used a different method to estimate 
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Table 4-4 

Water content of biogenic opal-A 

Sample 

radiolarians 
(Holocene 
to Miocene) 

radiolarians 
(late 
Quaternary) 

radiolarians 
#355 

(Eocene) 

marine 
diatomite 

#287 
(Miocene) 

Wt ( %) 

6.7 -
17. 0 

10 -

16 

9. 1 

7.5 

Dehydration 
temuerature 

25°- 1000°c 

inf erred fro m 

oxygen yields 

25°- 1000°c 

Refere n ce 

Hurd & Theyer 

( 1977) 

Mapper & Garlick 

(1971) 

Knauth (1973) 

Knauth (1973) 

80 
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the water content, the results are hard to compare. In 

general, the water content in biogenic silica ranges from 

about 5% to 17% by weight, including both molecular water 

and moisture absorbed from the ambient environment. The 

water content of radiolarians generally decreases with 

increasin g age (Hurd & Theyer, 1977). This trend had not 

been reuorted for other biogenic siliceous fossils. 

To investigate the water content and its effect on 

oxygen isotope values, three different biogenic silica 

samples (diatoms, radiolarians, and sponge spicules) were 

used in this study. Three aliquots of each sample were 

dehydrated at three different temperature levels (110°C, 

500°c, 1000°c) respectively, according to the procedure 

described previously. The released water contents of 

dehydrated samples were collected and the oxygen isotope 

ratios were analyzed, respectively. 

The water contents liberated in different temperature 

intervals are listed in Table 4-5. The results are within 

the range of Table 4-4 and show that the water content of 

the radiolarians is higher than that of both the diatoms 

and sponge spicules. Another noticeable thing is that 

most of the water (67% - 85%) was released in the interval 

from 110°c to 500°c. The remaining water, about 15% in 

radiolarians, 27% in diatoms and 33% in sponge spicules, 

was released in the interval from 500°c to 1000°C. The 

diversity of water contents released in the temperature 
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• 
Table 4-5 

• Water content of biogenic opal-A samples* 

Sample Temperature interval 
110°-500°c 110°-1000°c Remarks 

• 
sponge 3. 1 4.6 Recent 
spicules 3.2 4.7 25°24'N 168°38 1W 

5.0 627 - 750 m 

• radiolarian 10.3 12.2 (#p) Eocene 
DSDP 5-40 

radiolarian 19°47'N 139°54'W 
(#R) 11 • 2 13.0 5183 m 

• flow-in 3.2 4.6 RC11-95 
diatomaceous 3.5 4.7 late Pleistocene 
ooze 3.8 5.1 52°48 1 s 54°05'E 

4585 m 

• ~t in weight percent ( % ) • 

• 

• 

• 

• 
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range of 500°C to 1000°C may indicate that the internal 

structures of these three biogenic silica samples are 

different • 

4.3.2.2 Effects of dehydration on oxygen isotope values 

83 

The oxygen isotope values measured before and after 

dehydration in different temperature intervals for three 

biogenic silica samples are listed in Table 4-6 and Table 

4-7. The differences in oxygen isotope values under 

different dehydration conditions are plotted against the 

corresponding water weight in Figure 4-8. 

The results show that the greater the water weight, the 

bigger the difference in oxygen isotope values. However, 

different biogenic samples behave differently. The 

radiolarians contain more water and, consequently, the 

difference in their oxygen isotope values before and after 

the dehydration is the greatest. The diatoms contain less 

water and the differences in oxygen isotope values are 

smaller for diatoms. The sponge spicules act somewhere 

between the radiolarians and the diatoms. 

From Table 4-6, it is also observed that the standard 

deviations of the analysis under different dehydration 

intervals are different. The best reproducibility can be 

achieved when samples were dehydrated at about 1,000°C 

under vacuum for two hours. This phenomenon is consistent 

with the observation of Labeyrie (1974) • 



• 
84 

• 
Table 4-6 

The 18 of biogenic opal-A cS OSMOW values • dehydrated at different temperatures 

Sample air dried outgassed dehydrated deh ydrat ed 
at 110°C at 500°C at 1000 C 

• spon g e +31.8 +34.9±0.3 +36.8±0.1 +37.6±0.2 
spicules ( 3) ~~ ( 2) ( 3) 

radiolarian +35.3 + 41 • 5 ±0. 4 +42.1±0.1 • (#P) (3) ( 2) 

radiolarian +33.4 +40.6±0.4 + 41 • 0 ±0. 1 
(#R) (3) ( 4) 

• 
flow-in + 41. 9 +43.3±0.1 +44.1±0.4 +44.4±0.2 diatomaceous 
ooze ( 2) (3) ( 32) 

• * number in parentheses is the number of anal ysis • 

• 

• 

• 

• 
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Table 4-7 

The effect of water Of biogenic 
0180 opal-A on values 

temperature 
H2o wt% 18 sample interval f1o OSMOW 

( 0 c) 

sponge 11 0 - 500 3.2 +1. 9 
spicules 500 - 1 ooo-~ 1 • 6 +0.8 

11 0 - 1000 4.8 +2. 8 

radiolarians 11 0 - 500 10.3 +6.3 
(#P) 500 - 1000 1. 9 +0.6 

11 0 - 1000 12.2 +6.8 

radiolarians 110 - 500 11. 2 +7.2 
(#R) 500 - 1000 1. 8 +0.4 

11 0 - 1 000 13.0 +7.6 

flow-in 110 - 500 3.5 +0.8 
diatomaceous 500 - 1000 1.3 +0.4 
ooze 11 0 - 1000 4.8 + 1 • 1 

* calculated from the difference between 

intervals of 110°-500°c and 110°-1000°c • 

85 
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Figure 4-8. Relationship between isotope composition 

difference of biogenic opal-A samples 

and their water contents after 

dehydration at different temperatures. 
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In summary, liberating the water of the biobenic opal

A samples at 1,000°C under vacuum prior to oxygen isotope 

extraction not only obtains good analytical reproduci

bility but also can change the oxygen isotope values into 

higher and more accurate values. 

4.4 OXYGEN EXTRACTION 

In this study, the oxygen of all the samples was 

extracted by the fluorine method. The high-vacuum appara

tus used is similar to that described by Taylor & Epstein 

(1962). The metal section of the vacuum line is shown 

schematically in Figure 4-9 and the glass section in 

Figure 4-10. A detailed description of the analytical 

procedure follows: 

The six Ni-reaction vessels, after removal of the 

gaseous products of the previous reaction, are filled to 

one atrn pressure with dry nitrogen. The valves are 

closed, and the Ni-reaction vessels removed from the line 

at the gasketed connector above the valves. The Ni

reaction vessels and weighed samples are put into a dry

box containing P 2o
5 

reagent. After sitting overnight, 

each vessel is opened inside the drybox, the remaining 

solid products of the previous reaction are dumped out, a 

new sample is put into the bottom of the Ni-reaction 

vessel, and the vessels are closed again. Then the 

vessels are returned to the vacuum line and evacuated. It 
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Figure 4-9. Apparatus for oxygen extraction and 

conversion to co 2 from biogenic opal-A 

samples (metal portion). 
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Figure 4-10. Apparatus for oxygen extraction and 

conversion to co 2 from biogenic opal-A 

samples (glass portion). 
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is necessary to load samples into vessels in a drybox at 

zero humidity. Otherwise, because the fluoride coatings 

of the metallic parts are very hygroscopic, contaminatin g 

oxygen would be liberated during fluorination of the 

sample. 

The Ni-reaction vessels are outgassed at 250°C for 3 

hours while open to the high vacuum line. After out

gassing, the metal parts above the valves of the Ni

reaction vessels are pre-treated by fluorine at 1/4 atm 

pressure to remove absorbed water. Then, each vessel is 

charged with fluorine. 

For dehydrated biogenic silica and quartz samples, 

about 33 µmole of F 2 are required for reaction with one 

milligram of Si0 2 • Since 20 to 30 mg of samples were 

typically used for an analysis, the stoichometric require

ment of fluorine is 660 to 990 µmole F2 • Approximately 

1.5- to 2-fold excess (1/2 to 2/3 atmosphere pressure) of 

fluorine is measured and placed in the nickle reaction 

vessels to obtain a 100% yield. The Ni-reaction vessels 

are closed off. The samples are reacted with fluorine at 

about 550°C for 12 hours to produce free oxygen and 

fluorides according to the following reaction: 

(4-2) 

The gaseous reaction products are passed through a 

multi-spiral trap cooled to liquid nitrogen temperature 
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(-196°C) to remove SiF
4 

and other fluorides while allowing 

o2 and excess F2 to pass. The F2 is removed by reaction 

with hot KBr (-200°C) to form KF and Br 2 • The Br2 is then 

frozen out, and the remaining o2 gas is reacted with a hot 

carbon rod to produce C0 2 • The C0 2 gas is frozen out in a 

liquid nitrogen-cooled U-trap. The co 2 is transferred to 

a manometer for measurement of reaction yield, and passed 

through a hot mercury diffusion pump to remove possible 

trace amounts of Br 2 , and then to a sample tube for 

transport to the mass spectrometer . 

4.5 MASS SPECTROMETRY 

4.5.1 Basic principle 

Oxygen isotope analyses were made with a 3''-60 RMS 

(3-inch 60° deflection) double-inlet, double-collector 

ratio mass spectrometer (Nier, 1947; McKinney et al., 

1950) manufactured by Nuclide Corporation. The mass 

spectrometer is divided into four parts: (1) the inlet 

system, (2) the ion source, (3) the analyzer, and (4) the 

collector system. The vacuum in the mass spectrometer was 

-7 kept at least 10 torr by means of a rotary pump, an ion 

pump, and a mercury diffusion pump, equipped with a 

liquid nitrogen trap. 

The co 2 gas of the sample described previously was 

first admitted to the inlet system which consists of two 

gas reservoirs, one for the sample gas and the other for 
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the working standard. The gas pressure in the two gas 

reservoirs (at the order of 100 torr) was adjusted to 

produce the same ion current across the major collector. 
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Through stainless steel capillary and a system of pneumat-

ic valves, the gases of sample and standard were alterna-

tively entered into the ion source. 

The gas which was admitted to the ion source was 

transformed into positive ions by impact with electrons 

emitted by a tungsten filament. The electron beam was 

extracted from the ionization chamber, focused and then 

accelerated through narrow collimating slits to the mass 

analyzer. 

The mass analyzer, which constitutes a magnetic field, 

separated the ion beams emitted from the ion source into 

species of masses 44, 45, 46 and bent their paths by 

approximately 60° according to their mass/charge ratios • 

For the same voltage and magnetic field, ions with the 

same charge but higher mass would be deflected less than 

those having lower mass • 

After passing through the magnetic field, the separated 

ions (masses 44, 45, 46) were simultaneously collected by 

t wo collectors. In the case of 18o;16o determinations, 

the most abundant isotopic species of masses 44 and 45 

were collected together on a major collector; the less 

abundant isotopic species of mass 46 was collected on a 

minor collector consisting of a Faraday cage. The charges 
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received by the collectors were proportional to the 

number of ions emitted from the ion source, and the re-

sultant currents, which were flowing across high value 

resisters, produced voltages. The voltages were then 

amplified and balanced with a potentiometric system. The 

balance between the voltages of the sample and the stand-

ard was recorded by using a chart recorder and digital 

integrator. 

The difference between the 1s
01

160 ratio of the sar:iple 

and working standard (o 18o ) was acquired by comparing raw 

the mass 46/masses 44+45 ratio of the sample with that of 

the standard using equation 4-3 • 

(4-3) 

where B1 and B2 are the 46/44+45 ratios of the sample and 

standard ion currents at the two collectors, respectively • 

LX is the difference in the residual ion currents of the 

sample and standard not included in the B's. S is the 

sensitivity which relates the measured average LX to %0 • 

The oxygen isotope composition of the sample relative 

18 to SMOW (o OSMON) was then obtained by applying the 

correction factors and change of standards as described in 

the next section. These corrections for data obtained 

from the mass spectrometer are based on the work of Craig 

(1957), Deines (1970), and Mook & Grootes (1973) • 
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1. Instrumental corrections. 

The o18o obtained by equation 4-3 should be cor-raw 

rected for valve mixing, background, and tail contribu-

tions. The valve mixing is caused by imperfect sealing of 

the inlet valves. Thus, some sample gas may leak into the 

source while the standard is being analyzed, and vice 

versa. The background contribution results from residual 

gases which have the same masses as the isotopic species 

measured present in the mass spectrometer. As long as the 

vacuum is not broken, the contribution is fairly constant. 

The tail contribution results from the incomplete resolu-

tion of the different isotopic species. In such a way, 

the most abundant mass 44 peak overlaps slightly to peaks 

of less abundant masses 45 and 46, causing the measured 

values for masses 45 and 46 to be too large. 

The o value corrected for instrumental effects is: 

= o18o x f raw (4-4) 

where f is the correction factor, containing the 

following terms: valve mixing ~ 1 • 0000 

background ~ 1.0001 

tail correction~ 1.0034 

Thus, f ~ 1.0035 • 
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2. Correction for 13c and 170 

As stated above, the mass spectrometer measures the 

ratio of the mass 46 ion beam to the combined mass 45 and 

mass 44 ion beams 1 8 16 . in 0/ 0 analysis; that is, 

mass 46 
~~~~~~~~~ = 
mass 45 + mass 44 

12c160 1s0 + 13c160 170 + 12c170 170 

13c160 160 + 12c160 170 + 12c160160 

It can be seen that mass 45 is not noly due to the iso

topic species containing 13c but also derives fro m the 

species containing 170. Similarily, a very small amount 

f 46 f th · t · · t · · 13c o mass comes rom e iso opic species con aining 

and 170 but not 
18

0. Therefore, a correction should be 

applied in order to offset the ion-beam contributions of 

isotopic species formed fro m 13c and 170 and obtain the 

desired ratio: 12c16o18o . 
12c160160 

The exnression for this correction was given by Craig 

(1957): 

0180 = 1.00140 180 + o.0090 13c (4-5) corr. c 

where, o13c is the o value of the carbon rod and has an 

average value of -26.9%0 in this study. Therefore, 

expression 4-5 can be simplified to: 

0. 2421 

3. Conversion of standards 

1 8 To express the corrected o 0 to standards other than 

the machine standard, the following equation is used: 
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6 = 6 + 6 + 6 6 x 10- 3 
x-a x-b b-a x-b b-a (4-6) 

(a) Conversion to 18 o OPDB 

The 18 6 0 value of the working standard (UH-2) relative 

to PDB during this study was +2.0%o. Therefore, 

expression used to relate 6 values to PDB is: 

(b) 

o18
oPDB = 1.0020 180 + 2.0 corr. 

18 
Conversion to 6 OSMOW 

(4-7) 

the 

18 18 
The 6 OPDB is further converted to 6 OSMOW by the 

expression given by Friedman & O'Neil (1977): 

1 8 
cS OSMOW = 

18 
1.030866 OPDB + 30.86 (4-8) 

Combining all correction factors together, expression 

4-8 can be simplified to: 

a18o8MOW = 1.038cS
18

oraw + 32.67 

4. Correction for contaminant oxygen in the fluorine 

The fluorine gas used in this study contained small 

amounts of nitrogen and oxygen. The oxygen in the 

fluorine was measured and found to be about 0.2% of the 

volume. The average oxygen isotopic composition was 

determined to be about + 3. 7%o (Table 4-8) • 1\.11 oxygen 

isotope analyses of silica samples in this study were 

corrected for this contaminant. By the mass balance 

18 equation, the cS OSMOW of the silica is further corrected 

for impurities in the fluorine reagent: 
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• Table 4-8 

The content and 18 
o OSMOW Of 

• oxygen in fluorine gas 

sample no • yield (%) 18 o OSMOW 

• 
ct-4 0. 1 5 +3.89 

ct-5 0.20 +2.46 

• ct-6 0.21 +6.84 

ct-7 0.25 + 1 • 61 

average 0.20 +3.70 

• 

• 

• 

• 

• 
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18 18 18 
6 OSMOW = X6 OSMOW-f + C1 -X) 6 OF-SMOW ( 4-9) 

18 
where, 6 OSMOW-f is the final corrected 6 value of the 

18 sample; and 6 OF-SMOW is the 6 value of the contaminant 

oxygen in the fluorine reagent. In this study, each 

sample contained about 4 µmole of contaminated o2 fro m the 

fluorine. Hence, the final corrected value is: 

18 
n6 OSMOW - 14.8 

= n - 4 

where n is the co2 yield of the sample in µmole • 

4.5.3 Reproducibility and precision of the analysis 

During the course of this study, there were four 

different standards used to check the overall reproduci-

bility of the measurements. Table 4-9 lists the oxygen 

isotope values, standard deviations, and average yields of 

these standards. It is shown that the long-term standard 

deviation of oxygen isotope results in this study is about 

±0.2%o. For intercomparison of the measurements in this 

study, the co 2 gases of several standards were saved after 

mass spectrometer analysis, and sent to another laboratory 

(Dr. Samuel Savin, Case Western Reserve University) to 

measure their isotope values. The results are listed in 

Table 4-10 and show that the difference of oxygen isotope 

values measured by these two laboratories are within 

analytical uncertainties • 
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• 
Table 4-9 

• 18 
The 6 OSMOW values of four standards 

used in this study 

• no • of mean 
standard analysis maximum minimum mean±1o yield 

Rose Quartz 29 +8.5 + 8. 1 +8.3±0.1 99% • 
Snowbird 12 +16.2 +15.5 +15.9±0.2 99% Quartz 

NBS 28 32 +9.7 +9.0 +9.3±0.2 1 01 % • glass sand 

flow-in 
diatomaceous 32 +44.7 +44 .1 +44.4±0.2 14.8 
ooze llmole/mg 

• 

• 

• 

• 

• 
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• 
Table 4-10 

• Comparison of 18 
o OSMOW values fro m co 2 of three 

standards measured in this study and by the 

stable isotope laboratory of Case Western 

• Reserve University 

sample standard 18 
cS OSMOW 

18 
cS OSMOW 

18 
t:,o OSMOW 

• (YHF) (Case) (this work) (col 4 - col 3) 

240 +15.7 +15.8 + 0. 1 

264 Snowbird +15.0 +15.3 +0.3 

• 285 Quartz +15.6 +15.6 0 

305 +15.6 +15.5 -0. 1 

729 +8.2 + 8. 1 -0. 1 • Rose 
772 + 8. 1 +8.2 +o. 1 

Quartz 
780 +8.5 +8.5 0 

• 338 +8.9 +9.0 + 0. 1 

823 NBS 28 +9.6 +9.6 0 

830 +9.3 +9.2 -0.1 

• 

• 

• 
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4.6 EXCHANGE EXPERI MENT 

To test if the chemical treatments described in 

previous sections cause any oxygen isotope exchange in the 

dehydrated frustules, exchang e experiments were conducted 

as follows: 

4.6.1 Chemical solution preparation 

Two kinds of distilled water were used to prepare the 

chemical solutions in this experiment: one normal labora-

tory distilled water which has an oxygen isotope value of 

about -7 %o , the other is the distilled water enriched in 

180 and adjusted to an oxygen isotope value of about 

+100 %0. The preparation of this 180-enriched distilled 

water is described in Appendix B. The chemical solutions 

used to remove the carbonate and iron oxide coatings were 

prepared wi th both 180-depleted and 180-enriched waters • 

The H2o2 (30 %) solution used to destroy the organic matter 

was simply added to the 180-enriched water in a ratio of 

1 :1. In addition, a 0.1 M KMn0 4 solution was also 

prepared with 180-depleted and 180-enriched waters to 

couple with the use of the H2o2 solution • 

4.6.2 Experimental procedures 

The flow-in diatomaceous ooze standard was used in this 

test. About 2 grams of the diatom standard were evenly 

divided into two parts. One part was treated with the 
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18 chemical solutions of 0-depleted water; the other with 

the chemical solutions of 180-enriched water. Figure 4-11 

illustrates the whole treatment procedure. The two-part 
1 8 samples were first treated respectively by 0-depleted 

and 180-enriched NaOAc buffer solutions. After this step 

100 mg of each sample was taken out for dehydration and 

oxygen isotopic analysis. The remainder of the samples 

were then reacted with 180-depleted and 180-enriched H2o2 

or KMn0
4 

(0.1 M) solution respectively. Another 100 mg of 

each sample was again taken for dehydration and oxygen 

isotope analysis. The remaining samples of the diatom 

standard were reacted with sodium citrate, NaHC0 3 , and 

18 NaCl solutions which were 0-depleted and enriched, 

respectively, as described in previous section. The final 

reacted samples were also dehydrated for analyzing the 

oxygen isotope compositions. The time length of the 

chemical treatments of each step for the 180-enriched 

1 8 water was 2 to 4 times greater than for the 0-depleted 

solutions. In addition to the sample treated above, an 

aliquot of diatom standard and one diatom sample of DSDP 

Site 480 (core 22-2) were also digested in 180-enriched 

water for one month. 

4.6.3 Results 

After the standard dehydration described previously, 

the oxygen isotope values of samples were measured and are 
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Figure 4-11. The flow-chart of oxygen isotope 

exchange experiments. 
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listed in Table 4-11. The test results show no deviation 

of the oxygen isotope values of the diatom standard be-

tween treatments. As the degree of oxygen isotope enrich-

ment is excessive, and as the time involved is much longer 

than that required for the normal reaction, results of the 

exchange experiment prove no oxygen isotope exchange of 

the silica oxygen with that of the water solution durin g 

digestin g and chemical purification. This test also 

demonstrates that the dehydration technique used in this 

study can separate silica from water without oxygen 

isotope exchange • 

4.7 SUMM ARY 

(1) Using the analytical techniques of this study, 

pure and clean diatom frustules can be obtained from high 

diatom content (>30 %) deep-sea sediments of typical sizes 

(5 to 10 c.c.). Because very fine contaminants are 

easily trapped in the porous structure of the diatoms, it 

is important and necessary to check the diatom samples for 

contaminants using the X-ray diffraction method prior to 

oxygen isotope analysis. Oxygen isotope values of con-

taminated samples are always smaller than those of cleaned 

18 samples because contaminants have lower 6 0 values. 

(2) The water contents in biogenic silica samples vary 

with the organisms, their internal structures, and 

geological age of samples. In general, radiolarians have 
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Table 4-11 

• 18 
The 6 OSMOW values of diatom standard 

under different chemical treatments 

• 18 0-depleted 180-enriched 
sample treatment normal twice fourfold 

time time time 

• carbonate removal +44.3 +44.4 +44.5 
+44.7 +44.5 

H2o2 (30%) +44.6 +44.7 +44.5 

• KMn0
4 

(0.1M) +44.4 +44.5 

iron-oxides removal +44.4 +44.7 +44.5 
(after H2o2) +44.4 

• +44.6 

iron oxides removal +44.4 +4J.6 
(after KMn0

4
) 

• digested in 180-enriched 
water for one month 

1 • diatom standard +44.4 +44.5 

2. DSDP 480-22-2 +41.2 +41.2 

• 

• 

• 
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higher water contents than the diatoms and sponge 

spicules. 

(3) Good analytical reproducibility can be obtained 

from biogenic silica samples dehydrated at 1 ,000°C under 

vacuum prior to oxygen isotope extraction. The oxygen 

isotope values of dehydrated samples are higher than those 

of non-dehydrated samples because the waters essociate ct 

with biogenic silica have lower isotope values. 

(l) To investigate oxygen exchan~e between samples and 

solutions during purification, the diatom standard sample s 

was subjected to two treatments: one with normal labora

tory distilled water (6
18o8MOW z -7%o) and normal experi

ment timing; the other with 180-enriched water (6 18o8MOW z 

+100 %0) at 2 to 4 times longer timing. The results do not 

18 show deviation in 6 OSMOW values of the diatom standard 

between these two treatments and prove that there is no 

oxygen isotope exchange during chemical purification • 
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CHAPTER V 

OXYGEN ISOTOPIC COMPOSITIONS OF SITE 480 DIATOMS 

5.1 INTRODUCTION 

The Guaymas Basin in the central Gulf of California has 

long been interesting because it contains a girdle of 

rhythmically laminated diatom ooze around the Basin slope. 

The laminated sediments, which record critical, high

resolution imformation on paleoclimatic and paleoceanog

raphic variation, was first observed by the E.W. Scripps 

cruise in 1939 (Revelle, 1950). Although the mechanism of 

varve-formation is still not clear, it involves the inter

action of seasonal deposition of terrigenous sediment and 

deposition of products of upwelling and of oceanic bio

genic phases. 

DSDP Leg 64 tested the first hydraulic piston corer 1 

(HPC) at the northern slope of the Guaymas Basin for Site 

480; and successfully recovered an almost undisturbed 

section from a 152-rn hole. The Site 480 cores which 

contain both laminated and non-laminated sediments were 

deposited with very high sedimentation rates and are rich 

in diatoms. Thus, cores of Site 480 are free of post

depositional mixing of bioturbation and ideal for the 

oxygen isotope analysis of diatoms. This chapter 
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presents the unique setting of Site 480, core samples 

used, results of oxy g en isotope analysis and a discussion 

of the preservation of the diatom o18o values • 

5.2 CHRACTERIS TIC OF SITE 480 

5.2.1 Location 

The Gulf of California is a structural trough, approxi-

mately 1,500 k m long and on the average 150 km wide, 

bounded on the west by the mountainous Peninsula of Baja 

California and on the east by the sedimentary plains of 

Sonora, Sin aloa, and Nayarit of the Mexico mainland. It 

is the only large evaporation basin in the Pacific Ocean 

and is characterized by a large annual temperature range, 

relatively high salinity, and high primary productivity 

(Roden & Grove, 1959; Zeitzschel, 1969). 

DSDP Site 4 8 0 was drilled on the northern slope of 

Guaymas Basin which is the northernmost of the major 

basins of the Gulf, having a maximum water depth of 2,000 

m and an area of approximately 30,000 sq. km (Figure 5-1) • 

The Basin is also characterized by high sedimentation 

rates and by laminated diatomaceous ooze which are 

believed to represent annual varves (Schrader, 1982) • 

5.2.2 The settings 

The climate of the Gulf of California is influenced by 

both continent and ocean, and characterized by large 
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Figure 5-1. Location map for DSDP Site 480, 

Gulf of California. 
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annual sea and air temperature changes. The precipita

tion is more plentiful on the east and south sides than on 

the west and north sides of the Gulf. From July to 

September, the rainy season prevails. The annual rainfall 

in the central Gulf has a average value of about 200 mm. 

(Roden, 1964). Precipitation decreases after September 

and increases slightly during December; the weather is 

generally dry from January through June. Evaporation, 

which is the function of the wind speed and difference of 

the vapor pressure between sea surface and air, is 

generally very heavy and the mean evaporation is often 

higher than precipitation. 

The seasonal variation of salinity is surprisingly 

small in the Gulf (Roden & Grove, 1959). Salinities in 

the central Gulf range mostly between 35.0%0 and 35.8%0, 

which are 1 - 2%c higher than those at comparable 

latitudes outside the Gulf (Roden, 1964). 

The mean sea surface temperature is about 25°C and the 

mean range between the minimum and the maximum is about 

10°C in the central Gulf; in the winter the lowest 

temperature is about 14°C, the highest temperature is 

about 34°C in the summer (Roden, 1964) • 

Below the thermocline, the water is essentially the 

same as in the Equatorial Pacific. The salinity is about 

34.5%0 between 600 m and 1 ,000 m, and the temperature is 

about 6°C. At depths below 1,000 m, the temperature drops 
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to about 3°C and the salinity is about 34.6%0 (Roden & 

Grove, 1959; Roden, 1964). This agreement is also re

flected in o18o data of benthic foraminifera in Site 480, 

which give values comparable to those of open oceans 

(Shackleton & Hall, 1982). 

Three surface water types with different salinities and 

temperatures have been observed in the upper 200 m of the 

southern Gulf (Warsh et al., 1973; Wyrtki, 1967; Roden & 

Groves, 1959): (a) cold California Current (S<34.6%o, T< 

22°C), (b) warm Eastern Equatorial Current (34.6%o<S< 

34.9 %0, T>25°C), and (c) Gulf water (S>34.9%o, 22°<T<25°C). 

The Gulf water, which is formed by heavy evaporation, 

occurs between the surface and 30 m depth. The California 

Current and Eastern Equatorial Current mix between 30 m 

and 200 m depth, with the mixing ratio depending on the 

season of the year. Therefore, the living conditions of 

Site 480 diatoms are influenced perennially by Gulf water 

and only seasonally by California Current and Eastern 

Equatorial Current. Because evaporation exceeds 

precipitation, the inflow slightly exceeds outflow in the 

Gulf of California (Warsh et al., 1973). Very low oxygen 

concentrations at intermediate depths are characteristic 

of central Gulf waters. The oxygen minimum impoverishes 

the activities of benthic fauna and thus the mixing effect 

of bioturbation is negligible in the central Gulf. Table 

5-1 summarizes some oceanographic data in the central Gulf • 
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Table 5-1 

Annual oceanographic data of Guaymas Basin 

parameter minimum maximu m 
value value 

precipitation (mm) 

mean wind speed 
(m/sec) 

mean maximum wind 
speed (m/sec) 

0.7 

3.5 

17.6 

sea level (cm) -14.7 

mean sea surface 
temperature ( 0 c) 

mean minimum sea 
surface temperature 

( 0 c) 

mean maximum sea 
surface temperature 

( 0 c) 

17.4 

15.3 

20.3 

* yearly accumulated value • 

source: Roden (1964) • 

75.5 

6.7 

29.5 

+18.8 

31 • 6 

29.1 

33.9 

mean 
value 

251.4* 

5.3 

22.5 

0 

24.6 

21.4 

27.7 

rang e 

33.5 

14.2 

14.8 

13.6 

117 
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5.3 SAMPLE DESCRIPTION 

5.3.1 Cores of Site 480 

1 1 8 

Site 480 was penetrated to a depth of 152 m on the 

northern slope (27°54.10 1 N, 111°39.34 1 W, water depth 655 

m) of the Guaymas Basin and 31 cores were recovered. It 

is the first DSDP site drilled by a hydraulic piston 

corer. About 80% of the diatomaceous ooze obtained was 

essentially undisturbed. 

The whole section can be divided almost equally into 

two zones (Kelts & Niemitz, 1982): 

1. Zones comprising rhythmically laminated couplets of 

pale olive diatom ooze and darker, moderate olive 

brown muddy diatomaceous ooze. 

2. Zones of moderate olive to brown non-laminated 

diatomaceous muds to ooze • 

In addition, there are sporadic sand layers, graded 

beds, glauconite pellets, phosphatic concretions, fish 

debris, an ash layer, and a dolomitic mudstone. The 

sediments contain signals from both marine productivity 

(marine microfossils, fish scales and organic carbon) and 

continental influences (terrigenous clays, silts and 

sands, pollen, plant debris, and organic carbon) • 

5.3.1.1 Laminated zones 

Rhythmic couplets of light and dark lamina are 

mixtures of biogenic and terrigenous components. The pale 
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olive light lamina is generally a nearly pure diatom ooze 

with 70% to 80% diatoms and 15% to 25% terrigenous clay. 

The dark lamina is a moderate olive brown muddy diatorna

ceous ooze with 40% to 60% terrigenous clay and 15% to 45 % 

diatom frustules. 

The thicknesses of laminae are variable, but mostly 

sub-millimeter. The number of dark-light couplets per 

centimeter is about 10 to 15 couplets in the top cores to 

about 12 to 29 couplets in the bottom cores. This slight 

thinning of laminae may be due to compaction of the 

sediment rather than an increase in the couplets deposited 

per unit time (Schrader et al., 1980; Schrader, 1982; 

Byrne, 1982) . 

5.3.1 .2 Non-laminated zones 

The lack of distinct sedimentary structure is the 

characteristic of the non-laminated zones. They consist 

of moderate olive gray diatomaceous mud to muddy ooze. The 

sediments have fewer diatoms (10% to 40%) and more 

abundant benthic foraminifera and calcareous nannofossils 

than the bulk laminated sediments. Terrigenous clay 

(40% to 60%) includes quartz (6% to 10%) and feldspars, 

mainly plagioclase (5% to 10%). Pyrite is a ubiquitous 

minor constituent, commonly appearing as framboids within 

complete diatom frustules. There is no evidence to 

conclude that non-laminated sections are redeposited 
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sediments. Typically, the lower contact of a thick 

non-laminated bed is gradational, whereas the upper 

contact is commonly abrupt . 

5.3.1.J Sedimentological events 

Some important ev ents in Site 480 are su mm arized as 

below: 
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1. Sand to silt intercalations occur in core 13 (67 m) 

and core 20 (97 m). The compositions of these sandy 

intercalations consist of quartz, feldspar with 

accessory epidote, hornblende, pyroxene, biotite and 

volcanic fragments and are typical of the nearby 

Sonora Province. It is proposed that these sandy 

intercalations may be related to lower stands of sea 

level (Kelts & Niemitz, 1982). 

2. A 10 cm thick dolomite layer occurs at core 21-1, 

130 - 140 cm. Another dolomite layer is suspected 

at core 24 (115 rn) where no sample was recovered, 

but driller's records indicate a hard layer. The 

dolomite layer of core 21 contains pollen from a 

warmer climate than surrounding sediments (Kelts & 

Niemitz, 1982) • 

J. Just below the dolomite layer in core 21 (101 m) a 

series of 45 cyclic, thin (1 - 3 cm), imperfectly 

graded, gray sand to silt beds occur. But the 

origin of these sandy to silty bedlets is unknown • 
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4. Fish scales and debris are very conspicuous at 

several levels, such as cores 7, 8, 9, 16, 22, 26, 

and 31. Some phosphatic pellets and thin layers 

have been found in cores 9-1, and 26-3. The enrich

ment in fish debris and phosphate probably relates 

to low sea level stands. 

5. At core 28-1, 107 - 109 cm, a rhyolitic ash occurs 

and its origin is not known. 

Due to poor chronology of Site 480, which will be 

discussed shortly, we still remain in the dark as to the 

timing and causes of these events. The isotope data of 

diatoms are therefore expected, if not wholly at least 

partly, to solve these puzzles • 

5.3.1.4 Microfossils and biostratigraphy 

All Site 480 sediments, except for a few narrow 

turbidite layers, are very rich in diatoms and silico

flagellates. As mentioned above, the sediment textures 

can be visually sub-divided into laminated and non-

laminated sections. In the laminated section, the dark 

laminae represent seasons of lower productivity or non

upwelling than the light laminae (Schrader, 1982; 

Donegan & Schrader, 1982). The non-laminated section may 

carry the similar seasonal upwelling/non-upwelling signal, 

but is generally blurred by terrigenous input (Schrader, 

1982) • 
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Biostratigraphic index species were observed only for 

diatoms in sample core 29-cc, where about 1% of the 

combined P~eudoeunoiia dofiofu~ and Nitz~chia /o~~ifi~ 

individuals consisted of N, /o~~ifi~. But this index 

species is speculative (Schrader, 1982). 

The preservation of the planktonic and benthic f orami-

nifera is generally poor throughout the whole section 

because of strong dissolution at the depth of the present 

oxygen-minimum zone. The presence of Bofivina ~eminuda, 

throughout most cores confirms the low oxygen condition of 

the ancient sea bottom (Matoba & Oda, 1982; Matoba & 

Yamaguchi, 1982; Ingle & Keller, 1980) • 

Pollen can be found throughout the whole section and 

its primary source is the desert vegetation of the 

Sonoran plain (Reusser, 1982). Based on pollen analysis 

of core 1-1, 0-2 cm, it is found that the top of Site 480 

has a minimum date of 450 years B.P. (Byrne, 1982). 

Using the pollen concentrations (grains/cm3 ) and estimated 

influx rates (grains/cm
2
.y), Byrne (1982) tentatively 

assinged a minimum age of 75,000 years for the base of 

core 11-1 • 

5.3.1.5 The chronology and sedimentation rate 

The sedimentation rate for Recent sediments in the 

central Gulf is about 190 cm/103 yrs (DeMaster, 1980; 
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Donegan & Schrader, 1982). However, the chronology of 

Site 480 has not been clearly difined due to the following 

problems: 

1. The ga p between the sediment/water interface and the 

top of core 1. 

2. The uncertainty of the sedimentation rate in the 

non-laminated section • 

3. Lack of stratigraphic tools. 

Table 5-2 sum marizes the estimated age of Site 480 by 

workers using different approaches. Ages between 200,000 

and 300,000 yr B.P. were estimated for the site bottom. 

5.3.2 Sample used 

Eighty-three sediment samples were taken throughout 

the 15 2-m section of thirty-one Site 480 cores. About 10 

c.c. of sediment was taken from every section of each core 

at approximately 1.5 m to 2 m intervals in order to get a 

continous record. The 1 .5 m sampling interval is equiva

lent to a ti me interval of about 1 ,500 years (the upper 

section) to about 3,000 years (the lower section) 

(Schrader, 1982; Soutar et al., 1982; Byrne, 1982). The 

sample chosen for analysis represents a duration of about 

30±10 years (shorter in the upper section and longer in 

the lower section). 

Among the eithty-three samples, sixty-two samples 

yielded good results. The reasons for the failure of 
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sample depth 
interval interval 
{core/ 
section) ( 11) 

1- 21 0-99.75 
22 - 31 99.75-152 

1 - 3-3 0-13.42 
3-3 - 10-1 13.42-43.07 

10-1 - 11-1 43.07-49.00 

1-1 - 3-3 0-12.50 
3~3 - 5-3 12.50-23.40 

1 - 16 0-80.75 
16 - 29 80.75-142.50 

1 - 29 0-142.50 

1 - 4 0-15 
4 - 5 15-20.5 

1 - 3 0-10 

• • • 

Table 5-2 

Estimated sedimentation rates and ages 

of DSDP Site 480 sediments 

estimated accumulated estimated age 
interval sed. rnte at interval 
sed. rate (cm/103yrs) base (yr.) 

(cm/103yrs) 

89.9 89.9 110,900 
52.7 72.4 210,000 

95.9 95.9 14,000 
53.9 62.4 69,000 
98.8 65.3 75,000 

89.3 89.3 14,000 
109 97.5 24,000 

90 90 168,900 
;;o 48.7 292,1.00 
55 55 250,000 

83.3 83.3 18,000 
91.6 85.4 24,000 

100 100 10,000 

• • • • 

method remarks 

physical Sou tar et al. 
characteristics 1982 

pollen Byrne, 1982 
analysis 

oxygen isotope Shackleton I 
strati~raphy Hall, 1982 

vnrve counts Schrader, 
1982 

diatom Schrader, 
biostratigraphy 1982 

C211cin2dhcua Bromble I 
Mdulifer size Burckle, 
chan~e strat. in press 

varve counts Hurray, 1982 

--' 
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oxygen isotopic analyses for the remaining twenty-one 

samples are: 
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1. Low diatom content in the size fraction of 38 um to 

200 um • 

(-85%), 

In core 1-1, the water content is very high 

consequently, the solid sample is much lower 

than the normal 10 c.c. amount and no satisfactory 

sample was obtained after sieving. For samples of 

cores 4-1, 4-2, 4-3, 8-3, 13-1, 15-3, 19-2, 19-3 

which have non-laminated textures, the diatom 

content is less than 30% of the bulk sediments, so 

insufficient samples were obtained in the size 

fraction of 38- to 200-um. 

2. Samples contain varying amounts of contaminants • 

There were twelve samples, which after repeated 

ultrasonic cleaning, sieving and differential 

settling, still contained minor amounts of the 

detrital and clay minerals. Therefore their oxygen 

isotope values are lower due to the contaminants. 

These contaminants may be trapped in the porous 

structures of the diatom and are very hard to 

remove. The diatom contents of most of these twelve 

samples are lower than 35%. This is consistent with 

the results in Table 4-3 which show that, diatom 

contents of 35% or more are normally required for 

oxygen isotope analyses that use the purification 

technique of this study • 
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5.4 THE OXYGEN ISOTOPIC COMPOSITIONS OF THE SITE 480 

DIATOMS 

5.4.1 The oxygen isotope records 

Oxygen isotopic results are given in Table 5-3 and 
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plotted against sample depth in Figure 5-2. Most samples 

were analyzed two or three times to ensure the quality of 

the data. The oxygen isotope values range from +43.1%c to 

+36.5%o. Values with parentheses in Table 5-3 indicate 

the values of samples containing minor contaminants such 

as clay minerals, which can not be removed by the tech-

nique described in the chapter IV. As discussed before, 

the contaminated samples always give smaller 6180 and less 

reproducible results than do the uncontaminated ones • 

These contaminated 6180 values will not be discussed here. 

The overall magnitude of the fluctuation in the diatom 

oxygen isotope record is 6.6%0, which is larger than those 

for Qua ternary f oraminif era ( 3. 5%o , Emiliani et al. , 1978; 

2.6%0, Imbrie et al., 1973), calcareous nannofossils 

( 3. 4%o , Anderson & Steinmetz, 1981) and Holocene diatoms 

( 1. 5%o , Mikkelsen et al., 1978; 4%o , Juillet et al., in 

press) reported to date, including that of benthic 

foraminifera in the upper section of Site 480 (1.9%o, 

Shackleton & Hall, 1982). However, it is close to the 

magnitude of oxygen isotope changes of planktonic forami-

nifera for the last 100,000 years in the Mediterranean 

Sea (5.2%o, Vergnaud-Grazzini, 1975; 5.6%o, 
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1'able 5-3 

The oxygen isotope composition of Site 480 diatoms 

core/section depth(M) water weight 0180 N Texture Major diatom Remarks 
( %) smow spp. analyzed 

1-1. 40-41 0.40 L Hi. water cont. 
low diat. cont. 

·1-2, 92-94 2.33 3.7 +36.7 L Co, Th, Ps 

1-3. 61-62 3.61 3.9 +39.7!,0.2 2 L Co,Th,Ac,Ps 

2-1, 40-41 5.15 4.7 (+35.2) L Ta,Th,Ac con tarn. 

2-2, 96-97 7.07 3.9 +36.8!,0.0 2 L Co,Th,Ps,Ac 

2-3. 38-39 8.57 4.3 +37.1!,0.1 2 L Co,Th,Ac 

3-1, 32-33 9.82 3.7 (+28.3) L Ac,Co,Th contam. 

3-2, 82-83 11.82 3.6 +42.4.!.0.2 3 L Co 

3-3. 30-31 12.80 3.7 +37.7!_0.3 2 L Co,Ac,Ps,Th 

4-1, 30-32 14.56 H low diat. 

4-2, 30-32 16.06 H low diat. 

4-3. 35-37 17.61 H low diat. 

5-1, 117-119 20.18 3.7 (+33.6) H Co,Ac,Th contain. 

5-2, 137-139 21.88 3.7 +42.4.!.0.3 2 H Co,Ac,Th 

5-3. 115-117 23.16 3.6 +41.6!,0.2 2 H Co,Ac,Th 

6-1, 49-50 24.24 3.6 +37.0 H Co,Ac,Th 

6-2, 124-125 26.49 ·4.2 +43.1.!.0.3 2 L Co,Ac 

6-3. 128-129 28.03 3.9 +41.4.!.0.0 2 H Co,Ac,Th 
~ 

I\) 
-..J 
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Table 5-3 (continued) 

The oxygen isotope composition of Site 480 diatoms 

core/section depth(M) water wt. 18 
N Texture Major diatom Remarks 

( % ) 6 °amow spp. analyzed 

7-1, 53-54 29.03 5.1 +38.5.±,0.2 2 L Co 

7-2, 65-67 30.66 3.7 +39.3.±,0.2 2 H Co,Ac 

7-3. 57-58 32.07 3.6 +40.6.±,0.1 3 L Co,Th,Ac 

8-1, 22-24 33.48 4.7 +40.7,!.0.1 3 H Th,Ac 

8-2, 87-88 35.62 3.7 (+34.9) L Co,Ac con tam. 

8-3. 60-62 36.86 H low diat. 

9-1, 33-35 38.34 3.7 (+35.9) H Co,Ac contam. 

9-2, 10-12 39.61 J.9 +40.5,!.0.2 2 H Th,Co,Ac 

9-3, 27-29 41.28 J.6 +38.8 H Co,Ac,Th 

10-1, 131-132 44.06 4.4 +37.0,!.0.1 2 L Co,Ps,Th,Co 

10-2, 128-129 45.53 J.6 +40.8.±,0.0 2 L Co,Th,Ac 

10-3, 118-119 46.93 J.6 +42.5 L Co,Th,Ac 

11-1, 106-107 48.56 5.5 +40.1 L Co,Ac,Th 

13-1, 102-104 62.78 H low dlat. 

. 13-2, 137-139 64.63 3.7 +39.4,!.0.1 2 L Co,Ac,Th 

13-J, 27-29 65.03 3.7 +40.6 L Ac,Co 

14-1, .43-44 66.93 5.0 (+35.7) L Th,Ta,Ps con tam. __.. 
7\) 
OJ 
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Table 5-3 (continued) 

The oxygen isotope composition of Site 480 diatoms 

Core/section depth(M) Water wt. 0180 N Texture Major diatom Remarks 
(%} smow spp. analyzed 

.14-2. 6J-64 68.63 J.8 (+32.3) H Co,Ac contam. 

14-J • . 94-95 70.44 3.8 (+32.8) H Co,Ac contam. 

15-1. 37-39 71.6J 5.3 (+35.9) L Co,Ac con tarn. 

15-2, 8-10 73.65 3.6 +37.3.±,0.1 2 H Co,Th,Ac 

15-3, 36-38 74.62 3.7 (+33.1) H Co,Ac con tam. 

16-1, 21-22 76.21 3.6 +37.7.±,0.0 2 L Co 

16-2, 43-44 77.93 J.5 +42.4_±0.2 2 L Co,Ac 

16-3, 37-38 79.37 3.6 +39.3.±,0.1 2 L Co 

17-1, 57-58 81.32 J.6 +39.8.i0.1 2 L Co,Ac,Ta 

17-2, 122-123 8J.47 3.8 +41.6.±,0.0 2 L Th,Co,Ta 

17-3, 91-92 84.66 3.4 +40.8 L Co,Ac 

18-1, 42-43 85.92 3.5 +39.1 L Co,Ta 

18-2, 40-41 87.40 3.6 +42.1,.t.0.3 2 L Co,Ac 

18-3, 12-14 88.63 3.7 (+36.4) L Co,Ac con tam. 

19-1, 72-74 90.98 5.5 +39.7 L Th,Co,Ac,Ta 

19-2, BJ-84 92.58 H low diat. 

19-3, 63-64 93.88 H low diat. 
-' 
N 

'° 
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Table 5-3 (continued) 

The oxygen isotope composition of Site 480 diatoms 

Core/section depth(M) Water wt. 15180 N Texture Major diatom Remark 
(%) smow epp. analyzed 

20-1, 40-41 95.40 3.9 (+36.4) L Co con tam. 

20-2, 63-64 97.13 3.8 +41.4.±,0.2 3 L Co,Ac 

20-3, 24-25 98.24 3.5 +40.0 L Co 

21-1, 80-81 100.55 6.7 +41.2 L Co 

21-2, 70-71 101.95 3.9 +36.7 L Co 

21-3, 91-92 103.66 3.7 +39.7.±,0.2 3 L 

22-1, 101-102 105.51 3.6 +39.7 L Co,Ac 

22-2, 129-130 107.29 4.1 +41.2.!,0.0 3 L Co 

22-3, 108-109 108.58 4.2 +39.7.±,0.1 2 L 

23-1, 22-23 109.47 3.4 +36.5 H Co 

23-2, 14-15 110.89 4.0 +40.5 L Co,Th,Ac 

23-3, 85-86 113.10 3.7 +40.0 L 

25-1, 115-116 119.90 3.8 (+30.9) L Co,Ac contam. 

25-2, 126-127 121. 51 4.4 +39.9.±,0.0 2 L Co,Th,Ac 

25-3, 109-110 122.84 3.9 +40.7.±,0.2 2 L 

26-1, 122-123 124. 72 3.8 +38.1 L Co,Ta,Ac,Ps 

26-2, 139-140 126. 39 3.8 +39.8 L Co,Th,Ac _. 
VJ 
0 
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Table 5-3 (continued) 

The oxygen isotope composition of Site 480 diatoms 

Core/section depth(M) Water vt. 18 N Texture Major diatom Remarks 
( %) 6 °smov spp. analyzed 

26-3, 102-104 127. 52 3.9 +37.0.±,0.1 2 H 

27-1, 27-28 128.52 5.0 +37.5.±,0.1 2 L Co,Ta,Ac,Th 

27-2, 68-70 1.30.U 3.7 +39.1 L Co,Th,Ac 

27-3, 64-65 131.89 3.6 +38.7.±,0.2 2 L 

28-1, 78-79 133.78 4.2 +37.2.±,0.1 2 L Th, Ta 

28-2, 66-67 135.16 3.9 +39.3 L Co, Th 

28-3, 82-83 136.82 3.6 +38.3 L 

29-1, 27-28 138.02 .3.6 +36.5.±,0.1 2 L Co,Ac,Th,Ta 

29-2, 38-39 1.39.63 3.5 +41.6.±,0.2 2 L Co,Ac,Th,Ps 

29-3, 26-27 141.01 .3.5 +40.4.±,0.1 2 L Co 

30-1, 122-124 143.72 4.4 +39.0.!,0.2 2 L Co,Ac 

31-1, 28-29 147.53 3.6 +36.5!:_0.2 2 L Co,Th 

31-2, 118-119 149.93 .3.9 +40.3 L Co,Th 

31-3, 109-110 151. 34 4.0 +38.8 L 

~ 

VJ __. 
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Table 5-3 (continued) 

The oxygen isotope composition of Site 480 diatoms 

18 1. o OSMOW is oxygen isotope values with 1o standard deviation. 

2. N is the number of analyses. 

3. Diatom species are identified based on SEM photos. 

Ac = Actinopiychuh sp. Co = Cohcinodihcuh spp. 

Ps = Pheudoeunotia sp. Ta = 7halohhiohi~a sp. 

Th = 7halahhO~th~ix sp. 

4. Textures of the sediments: L = laminated, H = non-laminated. 

5. contam. = sample contaminated. 
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• Site 480. 
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Vergnaud-Grazzini et al., 1977). These large magnitudes, 

as discussed in chapter III, were ascribed to high 

temperature variations and large oxygen isotope changes of 

the Mediterranean water. Similarily, the large fluctua

tion in Site 480 is primarily the combined result of 

changes in both te mperature and oxygen isotope composition 

of the surface water in which the diatoms grew. The 

significance of this large oxygen isotope fluctuation will 

be discussed in the next chapter • 

5.4.2 Preservation of the original o18o values 

Before applying the oxygen isotopic results of diatom 

frustules to paleoceanography, one has to be certain that 

the original oxygen isotopic compositions, which reflect 

the living environment of the diatoms, are preserved. 

Two factors determine the 6
18

0 of both the original and 

altered frustules: temperatures and oxygen isotope compo-

sitions of environmental water. The difference in these 

two factors between the surface water and the sediment 

pile provides a way to determine the preservation extent 

of original oxygen isotope values of the frustules. The 

temperature and oxygen isotope composition of the inter-

stitial water in the sediments are less variable than in 

surface water. At present, the temperature of the sea 

floor at Site 480 is about 6°C (Roden, 1964) and it 

increases gradually to about 20°C at a depth of 150 m 
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below the sea floor (the bottom of Site 480) (Curray 

et al., 1982). The temperature of the sea floor may 

fluctuate slightly between glacial and interglacial 

periods, but the overall range and trend should have been 

rather steady for the last several hundred thousand years. 

Three processes are known to cause the deviation of 

oxygen isotope values of interstitial water from those of 

the average seawater: (1) hydrothermal alteration of 

sediments (Kastner, 1982; Gieskes et al., 1982), (2) 

formation of gas hydrates (Harrison et al., 1982; Hesse & 

Harrison, 1981), and (3) interaction between the inter

stitial water and the volcanic ash and/or the basement 

basalts (Lawrence et al., 1975; Lawrence et al., 1979) • 

No evidence of hydrothermal alteration has been found in 

the slope area of the Guaymas Basin. The formation of gas 

hydrates requires special conditions of pressure (>200 

atm), temperature (<10°), and gas contents. The tempera

ture and depth of Site 480 rule out the second process. 

As to the third one, a thin rhyolitic ash is found in 

core 28-1, at 107-119 cm (Kelt & Niemitz, 1982). This ash 

layer is the possible level of alteration and changing 

oxygen isotope values of interstitial water. Although no 

direct measurements are available on oxygen isotope values 

of this ash layer and the interstitial water of Site 480, 

from published data (Lawrence et al., 1975; Lawrence 

et al., 1979) we may estimate that the oxygen isotope 
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values of interstitial water as result of alteration of 

volcanic ash in Site 480 sediments is about -1%o at the 

most. Thus, if the diatoms were in equilibrium with the 

interstitial water of -1~ and with gradually increased 

temperatures in the sediments from 6°C to 20°C, then, the 

oxygen isotope values of altered frustules would be 

progressively reduced by about 4%o and the amplitude of 

the fluctuation in Figure 5-2 would be smoothed to a lower 

magnitude toward the bottom sections. The results pre

sented in Figure 5-2, however, show a persistent fluctua

tion pattern with constant magnitude and hence prove no 

post-depositional isotopic alteration for the samples. 

XRD and SEM studies also support this preservation • 

The XRD peak position and shape exhibit the characteris

tics of opal-A and are identical for all clean and pure 

frustules (Figure 4-5a, 4-5b). The physical appearance 

revealed in SEM photos shows no evidence of recrystalliza

tion, dissolution and re-deposition for the diatoms 

studied here (Plate 5-1, 5-2, 5-3). Therefore, it can be 

concluded that the original oxygen isotope compositions of 

the diatoms have been preserved in the frustules in the 

sediments of Site 480 • 

5.5 SUMMARY 

1. DSDP Leg 64 Site 480 on the slope of Guaymas Basin, 

was drilled with a hydraulic piston corer which recovered 
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an almost undisturbed 152 m section of alternating 

laminated and non-laminated marine sediments. Sediments 

of Site 480 are chacterized by high sedimentation rates 

and high diatom content, and contain critical, high

resolution records of paleoclimatic and paleoceanographic 

variations. It is, therefore, ideal for the oxygen iso-

tope analysis of diatoms • 

2. Eighty-three samples were taken throughout the whole 

section of Site 480 for oxygen isotope analysis. Among 

them, sixty-two samples yielded good results and twenty

one samples yielded unsatisfactory results due to contami-

nation and low diatom content. 

3. The overall magnitude of the fluctuation in oxygen 

isotopes in Site 480 diatoms is 6.6 %0 and reflects the 

great temperature variations and large oxygen isotopic 

changes of the Gulf water. This high 6180 amplitude is 

comparable with those of marginal seas, where 6 180 values 

are often enlarged by regional effects. 

4. In evaluating the processes which may cause 

deviation of the isotope values of pore waters, it is 

argued that no post-depositional isotopic alteration 

occurred in the Site 480 diatoms. Evidence from XRD and 

SEM also support the preservation of original 6180 values 

of the Site 480 diatoms • 
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Plate 5-1 . Scanning electron microphotographs 

of Stie 480 diatoms. • 
1 • 480-6-1. 49-50 cm Co.oci..modi...ocu.o 

no du f. i l.e.11. 

2. 480-15-2, 8-10 cm llcli..noplychu.o sp. • 
3. 480-29-1. 27-28 cm 7 ha f. o .6 .6 i.. o .o i..11.a 

oe..6l11.upi..f. 

4. 480-30-1. 122-124 cm 11.cli..noplychu.o sp. • 

• 

• 

• 

• 
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Plate 5-2. Scanning electron microphotographs 

of Site 480 diatoms. 

1. 480-1-3, 61-62 cm. 

2.480-5-3, 115-117 cm. 

3. 480-7-3, 57-58 cm. 

4. 480-10-2, .128-129 cm. 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 
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• 
Plate 5-3. Scanning electron microphotographs 

of Site 480 diatoms. • 
1 . 480-16-2, 43-44 cm. 

2. 480-21-2, 70-71 cm. 

3. 480-25-2, 126-127 cm. • 
4. 480-28-1, 78-79 cm. 

• 

• 

• 

• 

• 
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6.1 INTRODUCTION 

CHAPTER VI 

DISCUSSION 

The oxygen isotopic records of diatoms, in which the 

145 

original oxygen isotope compositions at DSDP Site 480 are 

preserved, can serve as indicators of stratigraphy and 

paleoceanography in the central Gulf of California for the 

late Quaternary. Although there are a few sedimentologi-

cal and analytical gaps, the record of Site 480 is basi

cally continuous on a scale of 104 years, which is better 

than most oxygen isotope records of foraminifera in deep-

sea sediments. Because the chronology of Site 480 cannot 

be resolved by other means, including the oxygen isotope 

record of foraminifera (see chapter V), this continuous 

oxygen isotope record of diatoms is also valuable in 

solving chronology . 

The quantitative interpretation of the oxygen isotope 

data of diatoms, is initiated with a detailed comparison 

of oxygen isotope compositions between diatoms and benthic 

foraminifera for the upper part of Site 480. This is 

followed by a discussion of the oceanographic significance 

of the oxygen isotope record of the Site 480 diatoms. By 

using the oxygen isotope stratigraphy and comparing it 
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with the standard o18o record and sum mer insolation data 

for the past 250,000 years, a chronology for Site 480 is 

established. Finally, a paleoceanographic history of th e 

central Gulf of California is presented . 

6.2 CO MPARISON BETWEEN THE OXYGEN ISOTOPE REC ORDS OF 

DIATOMS AND BENTHIC FORAMINIFERA FOR THE UPPER SECTION 

(0 - 50 M) OF SITE 480 

Calcareous fossils occur in the sediments of Site 480 

in addition to siliceous, but in much less abundance. The 

oxygen isotope data of planktonic foraminifera and nanno-

fossils which are derived with well-established analytical 

methods, should serve as independent checks on the data 

fro m diatoms. Interpretation of the sedimentary environ-

ment would be enhanced by oxygen isotope data from both 

siliceous and calcareous fossils in the same core. Unfor-

tunately, because of strong dissolution effects, the 

planktonic foraminif era and calcareous nannofossils in 

Site 480 are too poorly preserved to allow oxygen isotope 

analysis (see Appendix C). 

The oxygen isotope compositions of benthic forami-

nifera, however, have been studied by Shackleton & Hall 

(1982) for the upper section of Site 480 where they are 

sufficiently well preserved. Therefore, there is an 

opportunity to compare the oxygen isotope records of both 

calcareous and siliceous fossils from the same core, but 
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from different habitation depths. As stated previously, 

the deep water of central Gulf of California is similar to 

that of the Equatorial Pacific. Thus, oxygen isotope data 

of benthic foraminifera are comparable to those of the 

open ocean. In Figure 6-1 the diatom and benthic forami-

nifera records from the top 50 m of Site 480 are plotted 

together by using different scales for the o18o axis. The 

parallelism between the isotope curves of the diatom and 

benthic foraminifera is remarkable. This similarity not 

only demonstrates that the variations of these two curves 

derive from the same mechanism but also further confirms 

that the oxygen isotope compositions of dehydrated diatoms 

record the signals of environmental changes. There are 

two types of deviation from o18o records observed in 

Figure 6-1: (1) the o18o amplitudes of glacial

interglacial fluctuation, (2) the offset of these two 

curves. 

6.2.1 The o18o amplitude of glacial-interglacial 

fluctuations 

The amplitude of the oxygen isotope record between the 

last glacial (stage 2) and present interglacial (stage 1) 

periods in diatoms (6.4%c) exceeds that in the benthic 

foraminifera (1.9%o) by about 3 times. As discussed in 

chapter III, there are several factors contributing to 

this deviation • 
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Figure 6-1. Comparison of oxygen isotope records 

between the diatoms and benthic 

f oraminif era for the upper 50 m of 

Site 480. 

solid line = diatoms (SMOW scale) 

dashed line = benthic foraminifera 

(PDB scale) 
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In a box core study from the eastern equatorial 

Pacific for the past 20,000 years, the amplitude of the 

oxygen isotope record for diatoms is about 0.5%o greater 

than that for planktonic forarninifera (Mikkelsen et al., 

1978). The amplitude of the oxygen isotope values in 

calcareous nannofossils of core P6304-4 (Caribbean, 

Pleistocene) is about 1%o greater than that of the plank

tonic foraminifer yfogig~~inoid~~ ~acculit~~. for the 

same periods (Anderson & Steinmetz, 1981). As the diatoms 

and calcareous nannofossils are photosynthesizers, their 

depth habitat is confined to the photic zone of the ocean. 

The amplitude of oxygen isotope composition fluctuations 

for diatoms and calcareous nannofossils are therefore 

expected to be higher than those of planktonic forarni

nifera in the same water column, not to mention the 

benthic ones • 

According to the silica-water temperature scales 

proposed in Table 2-2, the per mil change for one unit 0 c 

is higher than that of calcareous carbonate. From 

available data in this study, a value of at least 0.3%o 

per 0 c is also implied for diatoms. For the calcareous 

fossils, the per mil change for one unit 0 c is 0.24%0 • 

Thus, for the same temperature variation, oxygen values of 

diatoms are also expected to be higher than those of 

calcareous fossils • 
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In conclusion, the deviation of oxygen isotope 

magnitudes between diatom and the benthic foraminifera 

results from the difference of amplitude in temperature 

and oxygen isotope composition between surface and bottom 

waters, as well as from the difference of per mil sensi

tivity of the diatoms and the foraminifera • 

6.2.2 Offset of corresponding points between diatom and 

benthic foraminifera records 

It is obvious from Figure 6-1 that the diatom record is 

off set a certain distance from that of the benthic forami

nifera. However, there are some difficulties in the 

detailed comparison of these two records. These diffi

culties result from: (1) different sampling intervals, and 

(2) different preservation and occurrences of the diatoms 

and benthic foraminifera. The samples for diatoms in this 

study cover about 2 cm of section, which is equivalent to 

a time interval of about 30±10 years. The samples for 

benthic foraminifera cover about 10 cm of section, which 

is equivalent to a time interval of about 100 to 150 

years. Therefore, many sharp signals would be smoothed 

out in the records of benthic foraminifera compared to 

those of diatoms. 

A more serious difficulty is the uneven distribution of 

data reported by these two different records. For 

example, cores 3-1 to 3-2 (9 m - 11 m) and 4-1 to 4-3 
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(13 m - 21 m) are the best levels for benthic forami-

nifera but poorest for the diatoms. Below 25 m depth, the 

preservation of benthic foraminifera is too poor to 

provide enough even-spaced data points. Although detaile d 

comparison is not possible for the causes discussed above, 

some rough comparisons give a few clues to the water ma s s 

circulation in this area • 

The comparison is shown in Table 6-1, which lists so me 

relatively closely related points from available data. It 

is evident that the diatom signals are delayed from those 

of benthic foraminifera, except for cores 3-3 and 6-1, 

which will be discussed later. The lags range from about 

0.3 m to 1.9 m, equivalent t o time periods of about 300 

years to about 2,000 years. However, due to the differ-

ence of sampling intervals and degrees of preservation, 

the lag time is very difficult ot estimate with certainty 

and further study is needed. This lag might represent the 

vertical mixing time required, and suggests that the 

benthic foraminifera often encountered the environmental 

changes first, followed by the diatoms. A study by 

DeMaster (1980) of the 32si of Holocene sediments 

concluded that in the central Gulf of California the 32si 

of the surface water must be supplied by advecting deep 

waters. This is consistent with the oxygen isotope obser

vations. The seasonal upwelling in the central Gulf of 

California might play a role in the lag timing as well • 
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Table 6-1 

Comparision between oxygen isotope compositions 

of diatoms and f oraminif era in Site 480 

core & depth 18 core & depth 18 18 18 
section (m) o OSMOW section ( m) o OPDB o OSMOW ti depth tio OSMOW 

(Diatoms) (Foraminifera) (F-D) (D-F) 

1-3 3.61 +39.7 2-1 5.55 +3.38 +34.3 1. 94 5.4 
61-62 80-90 

2-2 7.07 +36.8 2-3 8.05 +2.65 +33.6 0.98 3.2 
96-97 30-40 

3-2 11 • 82 +42.4 3-3 12. 50 +4.04 +35.0 0.68 7.4 
82-83 0-10 

5-3 23 .16 + 41. 6 6-1 23.75 +3.96 +34.9 0.59 6.7 
115-117 0-10 

8-1 33.48 +40.7 8-1 34.45 +3.97 +35.0 0.97 5.7 22-24 120-135 

10-1 44.06 +37.0 10-2 44.35 +2.32 +33.3 0.29 131-132 10-20 3.7 
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6.3 ENVIRONMENT VARIATIONS AND OXYGEN ISOTOPE CHANGES 

6.3.1 Seasonal variations 

The Guaymas Basin, as discussed in chapter V, is 

characterized by a large annual temperature fluctuation of 

surface sea water (7° - 14°c, with a mean of 10°c). The 

oxygen isotopic composition of the surface water at Site 

480 (which is close to the coast) would also vary greatly 

due to precipitation, evaporation, input of runoff, etc. 

For example, in today's central Gulf, due to excessive 

evaporation, the salinity and oxygen isotope values of the 

surface water are higher by about 0.5 to 1.0%, (Roden, 

1964) and 0.6%0 (Labeyrie, 1974), respectively, than those 

of the deep water at the same site. On the other hand, 

deep water measurements are almost identical to those of 

the average open seawater, which is consistent with 

oxygen isotope observations of benthic forarninifera 

(Shackleton & Hall, 1982). Therefore, isotopic fluctua

tion recorded by the diatoms from Site 480 should be 

greater than that of the open ocean. 

The conversion factors in Table 2-2 transform the 10°c 

in temperature fluctuation to a 6180 of 2.4%o to 3.5%o. 

If the isotopic composition of central Gulf surface water 

is considered, then the 6180 change in seasonal variation 

should not be less than 3%o • The oxygen isotope values of 

the top 9 min Site 480 (the Holocene), which range from 
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+39.7~ to +36.7~, show a difference of exactly 3%o . 

Using the method of Labeyrie & Juillet (1982) to study the 

Recent diatoms in the central Gulf of California for the 

last 700 years, Juillet et al. (in press) measured oxygen 

isotope values from +41%o to +37%o. Because the number of 

samples they analyzed are more than those of this work for 

Recent dediments, the oxygen isotope range of Juillet 

et al's work is slightly larger than that of this work. 

However, they also estimated the seasonal variation of 

oxygen isotope values to be about 3%o in the central Gulf • 

From the predicted and observed data discussed above, 

it is evident that the o18o seasonal variation in diatoms 

of the central Gulf is about 3%o or more. The highest 

value observed in that area (+41%o) can be assumed to be 

18 the upper boundary of the o 0 change caused by local 

environ men tal parameters. Therefore, o18o values lower 

than +38%o in top portions of cores from Site 480 are 

caused not only by local seasonal fluctuation but also by 

global oceanographic changes during the present inter-

glacial period. 

6.3.2 The last glacial period 

Overall, the pattern and range of the oxygen isotope 

record for benthic foraminifera agree well with those of 

open ocean. This indicates that the bottom water of Site 

480 responded primarily to the same changes in the 
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isotope composition as the open ocean. Thus, the oxygen 

isotope record of the benthic foraminifera can be used as 

a boundary condition to reflect the oxygen isotope 

variation of the seawater in Site 480 during the last 

glacial and present interglacial periods. 

The chronology of Site 480 in Table 5-2 shows that the 

last glacial period (stage 2) lies between core 3 and core 

6. Oxygen isotope compositions of diatoms in this 

interval coincidentally exhibit high values, ranging from 

+41.4%a to +43.1%o, except cores 3-3 and 6-1 which have 

anomalously low values. The latter will be discussed in 

detail later. These values, beyond the seasonal upper 

limit (+41%o) to about 2.1%o, were caused by a drastic 

worldwide oceanographic change during the glacial period. 

We may assume that the oxygen isotope composition of 

the Gulf water increased about 1 .7%a during the last 

glacial period, as it did in the open ocean (Shackleton, 

1977a). The remaining 0.4%o difference in oxygen isotope 

composition of diatoms can then be ascribed to a tempera

ture effect. This 0.4%o difference is equivalent to a 

temperature change of 1° - 2°C, according to the conver

sion factors in Table 2-2. In other words, the tempera

ture of the last glacial period for the central Gulf was 

probably 1° - 2°c lower than the coldest winter tempera

ture of present time (14°c). The difference in tempera

ture of the central Gulf surface waters between the last 
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glacial maximum and present interglacial periods is thus 

about 10°C and slightly smaller than the 14°c estimate 

obtained by Murray (1982). Table 6-2 summarizes the 

results discussed above . 

Densities of surface and bottom waters (ot) are also 

calculated to check the stability of the water masses 

during the last glasial period. Table 6-2 shows that when 

the surface temperature is lower than 12°C, the density of 

the surface water will be heavier than that of the bottom 

water. Therefore, when the oxygen isotope value of the 

surface water is +2.3%o , the temperature change of the 

surface water will not be less than 12°C between the last 

glacial and interglacial periods • 

The thermocline of the last glacial period was not well 

developed as that of today, because the temperature 

gradient between surface and bottom waters was then less 

than what it is today. Another noticeable point is that 

the bottom water was warmer, instead of cooler, than that 

of today during the last glacial stage, according to 

observations in the Norwegian Sea (Duplessy et al., 1975, 

1980) • 

6.J.3 Freshwater spikes 

There are two low o18o peaks in the last glacial 

period: one at core 3-3 (12.80 m), and the other at core 

6-1 (24.24 m). Their o18o values are 1.0 - 1.5%o more 
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Table 6-2 

Oceanographic parameters of the surface 

and bottom waters for the present 

and last glacial maximum 

water period &180 
mass smow 

surface 
present 0.6±0.5 

water last. glacial 
maximum 

present 
bottom 
water last glacial 

maximum 

# Labeyrie (1974) 
¢ Roden (1964) 

2.3 

o.o 

1.7 

* Craig & Gordon (1965) 
** Shackleton (1977) 

* 

** 

# 

salinity 
( %0 ) 

35.5'¢ 

38.5 

34.55¢ 

37.5 

T°C 

25¢ 

13 
12 
11 

6.5¢ 

*** 7.2 

*** Calculated from equation of Shackleton (1974) 
@ calculated from the tables of Knauss (1978) 

o--t@ 

23.79 

29.08 

29.34 
29.51 

27.16 

29.39 
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negative than that of the seasonal lower limit (+J8%o ) • 

These isotopically light peaks indicate either a warming 

or a salinity decrease in surface waters. These two 

isotopic changes are, however, far too large to ascribe to 

temperature increases (it would represent an unlik~ly rise 

of about 11° - 17°C) during the last glacial period. 

Therefore, the two isotopic anomalies represent decreases 

in surface water salinities by 4 - 8%0, depending on the 

isotopic composition of the meltwater. 

One of the spikes (core 6-1) happened in an earlier 

part of the last glacial period, the other (core 3-3), 

later. The later spike (core 3-3) can be correlated with 

the late Wisconsin flood recorded in the Gulf of Mexico 

(Kennett & Shackleton, 1975; Emiliani et al., 1975, 1978) 

at about 13,000 yr B.P. During that time, the Gulf of 

California was influenced by meltwater from the 

Laurentide Ice Sheet discharged by the Colorado River 

during the last deglaciation. 

The spike at core 6-1 occurred at about 24,000 yr B.P • 

It may have been caused by suddenly increased runoff due 

to precipitation changes (Jones & Ruddiman, 1982), 

because no evidence exists indicating deglaciation of the 

Laurentide Ice Sheet at that time. The increase in the 

precipitation/evaporation ratio, however, was an impor

tant factor in the increase of low-salinity surface water 

in the Niger River delta (Pastouret et al., 1978), and 
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probably the Gulf of California, during the last glacial 

period. Careful examination of the o18o values of the 

benthic foraminifera (Shackleton & Hall, 1982) shows an 

isotopically light peak in core 6-1 (24.5 m), coinciding 

with that of the diatoms. This match indicates that the 

salinity decrease affected not only the surficial waters 

but the bottom waters also. Thus, the influence of 

freshwater runoff on the waters of the central Gulf was 

significant at about 24,000 yr B.P. 18 The o 0 value of the 

core 6-1 diatoms is 0.7%o more negative than that of core 

3-3, also implying this freshwater effect. 

6.4 OXYGEN ISOTOPE STRATIGRAPHY AND CHRONOLOGY 

6.4.1 Oxygen isotope stages 

The oxygen isotope record of Site 480 diatoms shows 

good correlation with that of the foraminifera, containing 

both local and worldwide climatic signals. 

To assign effectively stages to the oxygen isotope 

record of Site 480 diatoms, it is necessary to distinguish 

local from worldwide signals. As discussed in section 

6.3, the upper boundary of seasonal variation is set at 

+41%o which is the maximum oxygen isotope value reported 

by Juillet et al. and the lower boundary is hence at 

+38%o. Assuming this seasonal variation remains constant 

and valid for the whole record of Site 480, the records 

caused by the worldwide oceanographic effects can thus be 
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separated out from those caused by local environmental 

parameters (Figure 6-2). Isotopic values greater than 

+41%o are caused by glacial periods and those less than 

+38 %0 by interglacial periods. For easy identification, 

those portions of the record which are outside the season

al boundary lines are colored in black. Areas of oblique 

lines are inferred from sedimentological and other 

e v idence (see chapter V). 

Clearly, four interglacial stages and three glacial 

stages can be recognized from Figure 6-2. Following 

Emiliani's (1955, 1966) numerical system, the oxygen 

isotope record of Site 480 diatoms is numbered stage 1 to 

stag e 7. The boundaries between stages are placed at the 

mid-points between oxygen isotope maxima and minima 

(Table 6-3). Due to the lack of recovery between core 11 

and core 13, the boundary between stages 4 and 5 can not 

be assigned with certainty. Because the duration of the 

stage 4 in the standard oxygen isotope record of forami

nifera is relatively short, and because, from drilling 

logs for Site 480, sand layers were encountered in the 

missing core 12 which may correlate with the sand layers 

in core 21 (begining stage 6/end stage 7), the stage 4/5 

boundary might be very close to the begining of core 12. 

Therefore, the stage 4/5 boundary is tentatively assigned 
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Figure 6-2. The glacial and interglacial periods at 

Site 480 based on the o18o record of 

diatoms. Oxygen isotope stages are 

assigned according to Erniliani's 

difinition. 
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• 
Table 6-3 

• Stage boundaries at Site 480 

stage core/section depth (m) 

• boundary 

1-2 3-1/3-2 10.82 

2-3 6-3/7-1 28.50 

• 3-4 10-2 45.53 

4-5 ? (50) 

5-6 16-1/16-2 77.07 

• 6-7 21-1/21-2 101.25 

• 

• 

• 

• 

• 
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to a depth of 50 m. The accurate position of the stage 

4/5 boundary may be revealed later by correlation with the 

oxygen isotope record of nearby Site 479 • 

6.4.2 Chronology 
I 

In order to interpret the oxygen isotope stratigraphy 

of Site 480 diatoms in terms of paleoclimate and paleocea-

nography, a time frame has to be placed on the record. 

Using the time scale of Kominz et al. (1979), an age of 

younger than 247,000 years B.P. (the boundary of stage 

7/8) is implied for the bottom of Site 480. The age is 

between the estimates of Soutar et al. (1982) and 

Schrader (1982). The depths and ages of each stage 

boundary are listed in Table 6-4. Because the boundary 

between stage 7 and stage 8 is out of the oxygen isotope 

record and from Table 6-4 the assumption of uniform 

sedimentation rate can not be applied for Site 480, the 

actual age of the Site 480 core base cannot be determined 

with certainty • 

6.4.3 Oxygen isotope record comparison of Site 480 and 

V19-29 

The best available stratigraphic standard for compari-

son with the data presented here is the oxygen isotope 

record of benthic foraminifera in core V19-29 from the 

equatorial east Pacific studied by Ninkovich & 
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• 

• Table 6-4 

Ages of stage boundaries 

at Site 480 

• 
stage 

boundary 
depth (m) Age* 

• 1-2 10.82 11 , 000 

2-3 28.50 29,000 

3-4 45.53 61,000 

• 4-5 ( 50) 73,000 

5-6 77.07 127,000 

6-7 101.25 190,000 

• 
* from Kominz et al • (1979). 

• 

• 

• 

• 
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Sh&ckleton (1975). These authors concluded that the high 

sediment accumulation rate (5.7 crn/10 3 yr) and low botto~ 

temperature (below 2°c at the present time) at the loca-

tion of V19-29 made this record a very close approximation 

of the true variation of ocean oxygen isotopic co mposition 

changes for the late Quaternary. Oxygen isotope records 

of V19-29 and Site 480 are plotted in Figure 6-3 from 

stag e 1 to stage 7. The correlation is generally good and 

two important keypoints, substage 5e (the last inter

glacial maximum) and substage 7b (the intense cooling 

period), are clearly identified in both records. 

Therefore, although the central Gulf of California area 

may present special problems because of its relative 

isolation fro m the open ocean water masses and proximity 

to land masses, the overall record of Site 480 reflects 

the same variation as the standard deep-sea oxygen isotope 

record. 

The age of the Site 480 base may be extrapolated from 

the age of substage 7b, about 226,000 yr B.P. (Ninkovich & 

Shackleton, 1975) which corresponds to the strong minimum 

of summer insolation records at 231,000 yr B.P. 

(Vernekar, 1972; Berger, 1978). Ruddiman & Mcintyre 

(1982) recently presented evidence from deep-sea records 

from the Pacific and North Atlantic to confirm the short 

but severe period of glaciation during substage 7b which 

is largely unresolved by most low-sedimentation-rate 
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Figure 6-3. Oxygen isotope record comparison of 

Site 480 and V19-29 shows generally 

good correlation for stage 1 to 

stage 7. Two keypoints (5e and 7b), 

showed by the arrowheads, are clearly 

identified in both records. 
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deep-sea cores. This short but strong glacial pulse is 

also shown in the oxygen isotope record of Site 480 

diatoms. The early part of stage 7 shows the same pattern 

as reported by Ruddiman & Mcintyre (1982). A typical 

glacial oxygen isotope value of +41.6%o occurred in core 

29-2 (139.63 m) and two low interglacial values of +3 6 .5 %o 

occurred in cores 29-1 (138.02 m) and 31-1 (147.53 m) • 

Assuming an a g e of 226 ,000 years for the glacial peak of 

core 29-2 and a constant sedimentation rate for stage 7, 

the botto m age of Site 480 is about 238,000 years. This 

is slightly younger than the stage 7/8 boundary (247,000 

yr B.P.) and is consistent with the estimate given in the 

previous section • 

The correlation between the oxygen isotope record of 

Site 480 and the summer insolation extremes of the 

Northern He misphere for the past 250,000 years is also 

excellent (Table 6-5). This match between the oxygen 

isotope record of Site 480 and other deep-sea deposits, 

as well as the summer insolation data, strongly indicates 

the following points: 

1. Preservation of original oxygen isotope compositions 

in diatoms at Site 480 is again confirmed • 

2. The oxygen isotope compositions of the diatoms at 

Site 480 reflect the environmental conditions in 

which the diatoms grew • 



• • • 

oxy~en 
1 2 isotope 

stage 

core 2-3 5-2 

depth 
(DI) 8.57 21.88 

Site 480 
a,e 
x 000 yr 8.8 22.3 

18 6 OSMO'A +37.1 +42.4 

age 
x1000 yr 11 23 

Vernekar S.I. 
( 1972) ainim•till -10 

S.I. 
maximum +35 

age 
x1000 yr 

Berger S.I. 
(1978) minimum 

S.I. 
maximum 

• • • • • 

Table 6-5 

Comparison between maximum and minimum values 

of o18o and summer insolation curves 

3 4 5 6 

10-1 11 12 12 13-3 15-1 16-1 19-1 20-1 

44.06 - - - 65.03 71.63 76.21 90.98 95.40 

58.2 - - - 103.0 116.1 125.3 163.2 174.7 

+37.0 - - - +40.6 +37.7 +39.7 

58 71 84 95 104 115 127 163 175 

-20 
_, -31 -7 

+24 +34 +34 +45 +45 

72 83 116 127 

-15 -29 

+44 +54 

• • • 

7 

21-1 23-1 25-2 28-1 29-2 

100.55 109. 4 7 121 • 51 133. 78 139.63 

188 .1 198.8 209.0 220.5 226 

+41.2 +36.5 + 39. 9 + 37 .2 +41.6 

187 198 208 219 231 

-29 -13 -J6 

+36 +49 

187 198 220 231 

-30 -32 

+54 +59 
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3. The bottom age for Site 480, estimated near the 

stage 7/8 boundary, is correct. 

6.4.4 Sedimentation rates 

172 

The average sedimentation rates for each stage are 

derived from Table 6-4 with an assu~ption of core 29-2 at 

226,000 yr B.P. These rates are listed in Table 6-6 • 

Figure 6-4 plots the sedimentation rates against the 

depth of stage boundaries. Comparison with the estimated 

sedimentation rates by other workers (Table 5-2) showed a 

generally good agreement. Note that the uncertainty of 

the stage 4/5 boundary leads to tentative estimates for 

stages 4 and 5. Another noticeable thing is that the 

missing top portion of Site 480 yields a minimum sedimen

tation rate for stage 1. It is evident that sedimentation 

rates for Site 480 are not uniform. The sedimentation 

rates of glacial periods are generally lower than those 

for interglacial periods in the central Gulf area. This 

is probably due to the higher input of terrigenous 

materials from rivers and/or high productivity of micro

fossils in interglacial periods. Large fluctuations in 

sedimentation rate were also observed in cores of high 

influence of terrigenous components from the surrounding 

continents (Pastouret et al., 1978; Emiliani et al., 1975, 

1978) • 



• 
17 3 

• 
Table 6-6 

• Sedimentation rates at Site 480 

stage stage length time duration sedimentation 
(m) (x 1000 yr) rate • (cm/1000 yr) 

1 10.82 11 98.4 

2 17.68 18 98.2 • 3 17.03 32 53.2 

4 (4.47) 12 (37.3) 

5 (27.07) 54 (50.1) • 6 24.18 63 .38.4 

7 50.75 48 106.6 

• 

• 

• 

• 

• 
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Figure 6-4. Sedimentation rates of oxygen isotope 

stages at Site 480. The rates are 

expressed as cm/10 3 yr. 
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6.4.5 Isotope stbstage 5e problem 

Two different estimates have been proposed for the 

location of isotope substage 5e in Site 480: (1) between 

core 11 and core 13 (49 - 60 I!l) (Schrader et al., 1980) 

based on the distribution of the cold diatom asseI!lblages, 

(2) in core 21-1 (101.7 m) based on the ,occurrence of the 

silt-sand and diagenetic carbonate (LeClaire & Kelts , 

1982). Examining the pollen distribution in cores 1 - 11 

of Site 480, Byrne (1982) suggested that the location of 

substage 5e estimated by Schrader et al. (1980) may not be 

too far off. 

According to the oxygen isotope record of Site 480 

diatoms, the position of substage 5e should fall between 

core 15 and core 16. This position is supported by 

lithologic evidence and will be discussed later • 

6.5 THE PALEOCEANOGRAPHY OF THE CENTRAL GULF OF 

CALIFORNIA FOR THE LATE QUATERNARY 

Stage 7 of the Site 480 oxygen isotope record occurs 

between 152 m to 101.25 m (238,000 to 190,000 yr B.P.) 

(Figure 6-5). The surface water temperatures were gener-

ally warm and similar to those of the present central Gulf 

surface water (18° - 25°c, assuming the oxygen isotope 

composition was the same as today's) during most of this 

period. The average sedimentation rate (107 cm/10 3 yr) of 

this stage is a little higher than that of stage 1, 
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Fi s ure 6-5. Paleoceanographic events for the lower 

part of Site 480. The lithology and 

sediment texture are from DSDP Initial 

Report (Leg 64). The chronology is 

interpolated from the ages of oxygen 

isotope stage boundary (6/7) and 

core 29-2. See text for details. 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

i G 
g ... ... • ... 0 :::> ... :r .... 

M 0 .... ... 
36 38 v :::; .... 

100 

• 
110 

low 618 0 spike 

• 
120 

-• E 

J: 
I-
a.. 
w 
0 

• 

• 51so spike 

• 

• 

• 

42 44 

warm climate 

high evaporoti% 
cold climate 

cold climate 

short glaciation 

5iS OIATOMITE 

f:-:;:::3 CLAY 

~" .. NO 
~-
l!lml".;JD LAMINATED 

mcARIONATE 

178 

190 

200 

210 er 
a:i ... ... 
0 
GI 
>. 

M 

2 
ac -w 

C> 
220 <t 

230 

238 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

179 

indicating that biogenic productivity and terrigeneous 

input were very high. The occurrence of many low oxygen 

isotope pulses observed in this stage indicates either a 

warming and/or a salinity decrease du e to the high input 

of terrigeneous materials, and suggests that the precipi

tation in this central Gulf area was relatively hi gh . 

The heavy oxygen isotope value at depth 140 m recorded 

a strong but short glaciation at about 226,000 years a g o. 

Assumin g the oxygen isotope composition of the surface 

water was +2.3%o, then the surface water temperature was 

about 15°C during the short glacial period. Interesting

ly, comparing with stage 2, the diatom amount remained 

high through this great surface water temperature change • 

After about 2,000 years (224,000 years B.P.), the surface 

water temperature returned to a warm state until about 

210,000 yr B.P • 

A unaltered rhyolite ash layer occurred at core 28-1, 

101 - 109 cm (134.07 m) (Figure 6-6). Evidence shows that 

the glass shards of this ash layer are probably wind

transported (Kelts & Niemitz, 1982). According to the 

chronology of Site 480 derived in previous section, this 

ash layer occurred about 221,000 yr B.P. The origin of 

this volcanic ash layer should lie to the west, that is, 

in Baja California (Kennett, 1981). 

In the Panama Basin Range of the eastern equatorial 

Pacific, an ash layer "L'' is found in many deep-sea cores 
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Figure 6-6. Comparison between the ash layer of 

Site 480 and ash layer 11 1 11 of 

V19-29. 
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(Bowles et al., 1973). The ash layer 11 1 11 is located at 

oxygen isotope substage 7b and has been determined to be 

about 230,000 yr B.P. by several independant methods 

(Ninkovich & Shackleton, 1975). The origin of the ash 

layer "L" was from the east Central American volcanoes. 

If the core 29-2 of the Site 480 represents the peak of 

substage 7b of the oxygen isotope record, then the ash 

layer at core 28-1 is slightly younger than the occur

rence of the ash layer "L". In evaluating these two ash 

layers, it is important to note that the ash layer of 

Site 480 is not the same age or from the same source as 

the ash layer 11 1 11 of the east Equatorial Pacific • 

There is no core recovered between about 203,000 to 

208,000 yr B.P. The oxygen isotope values of adjacent 

cores and the summer insolation records, however, suggest 

the missing core 24 represented a relatively cool period. 

The slightly heavy oxygen isotope value of core 22-2 

(about 196,000 yr B.P.) suggested an oceanographic change 

after a warm maximum at about 198,000 yr B.P. This may 

indicate higher evaporation for the preparation of the 

continental ice sheets and/or gradually cooler surface 

water temperatures. 

The relatively low diatom productivity at cores 22-1 

and 22-2 also indicates this change. The multiple cyclic 

sand to silt beds in core 21-2 represent an unusual 

sedimentary environment. The rather low oxygen isotope 
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value of core 21-2 suggests that the surface water 

temperature was warm and/or the input of the run-off was 

strong. The pollen evidence of the surrounding muds in 

the dolomite layer of core 21-1 bottom supports the 

inference of a warm climate (Kelts & Niemitz, 1982). 

Table 6-7 lists maximum and minimum isotope values of each 

stage in Site 480. 18 It is apparent that large o 0 . max-min 
values reflect unusual oceanographic variations of the 

surface water, such as periods of stages 7 and 2. The 

average o18o . for the whole Site 480 section is max-min 

about 4%o which is consistent with that of Holocene 

fluctuation of Juillet et al. (in press). 

From 101.25 m to 50 m (190,000 to 73,000 yr B.P.), the 

section covers two oxygen isotope stages: stage 6 and 

stage 5 (Figure 6-7). From 190,000 years to 127,000 years 

B.P. (cores 21-1 to 16-2) the relatively high oxygen 

isotope values indicate that the surface water tempera-

tures were generally cold and the evaporation was high. 

Assuming the oxygen isotope composition of the surface 

water was about 2%o , then the surface water temperature 

was generally between 15° to 20°c. The low diatom numbers 

of core 19-2 to 19-3 (178,000 to 164,000 yr B.P.) 

suggests that there was an oceanographic change during 

this period. The maximum of summer insolation data also 

indicates that the climate of this interval is relatively 

warm. Therefore, the low diatom numbers can be 
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• Table 6-7 

Maximum and minimum 18 
o OSMOW values in 

oxygen isotope stages at Site 480 • 
stage 0180 0180 . 0180 

max-min max min 

• 1 +39.7 +36.7 3.0 

2 +43 .1 +37.0 6. 1 

3. +40.7 +37.0 3.7 • 4 +42.5 +40 .1 2.4 

5 +40.6 +37.3 3.3 

6 +42.4 + 39. 1 3.3 • 7 + 41 • 6 +36.5 5.1 

mean 3.8 

• 

• 

• 

• 
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Figure 6-7. Paleoceanographic events for the middle 

part of Site 480. The lithology and 

sediment texture are from DSDP Initial 

Report (Leg 64). The chronology is 

interpolated from the ages of oxygen 

isotope stage boundaries. 
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interpreted as the consequence of dilution from a 

terrigenous input increase. Compared with other stages, 

the period of stage 6 is relatively stable. 

Right after 127,000 yr B.P., deglaciation occurred due 

to the warm climate. The sedimentary records show that 

diatom productivity was relatively low. The surface water 

temperature of substage 5e was similar to today's Gulf • 

After substage 5e, the poor oxygen isotope analysis for 

core 14 and parts of cores 13 and 15 may be due to the 

intense terrigenous input. Therefore, the substage 5d to 

5a cannot be clearly identified with the existing data. 

A gradual cooling trend, however, is shown by the oxygen 

isotope values of core 13 which are consistent with the 

oxygen isotope records of foraminifera as well as the 

summer insolation data. The existence of benthic forami

nifera at cores 15 and 14 suggests that the bottom water 

was relatively more oxygenated at about 125,000 to 

105,000 yr B.P. than it is today. 

The upper section of 50 m to the top (73,000 yr B.P. to 

the present) covers oxygen isotope stages 4, 3, 2, and 1. 

(Figure 6-8). The oxygen isotope record of the diatoms in 

this interval has shown very good agreement with the 

oxygen isotope record of the benthic foraminifera. The 

diatom productivity, except in the top two cores, is 

generally low and the lowest is found in the core 4. The 

early part of stage 4 is missing but the oxygen isotope 
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Figure 6-8. Paleoceanographic events for the upper 

part of Site 480. The lithology and 

sediment texture are from DSDP Initial 

Report (Leg 64). The chronology is 

interpolated from the ages of oxygen 

isotope stage boundaries. 
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values of the diatoms in the latter part suggests that 

stage 4 is similar to stage 6 with high evaporation and 

low sedimentation rates. The surface water temperature i s 

generally below 20°c. 

At about 58,000 yr B.P., low oxygen isotope values 

indicate that the surface water was warm and/or low in 

salinity. This warm pulse (which does not show in stand

ard open ocean oxygen isotope records) coincides with th e 

low oxygen isotope values of the benthic foraminifera and 

the maximu m of the summer insolation curve. After this 

pulse, the surface water is generally cool until stage 2. 

During stage 2, the surface water temperature was 

similar to stage 4 and stage 6. The diatom productivity 

was sharply decreased during this stage. In core MD73025 

of the Indian Ocean, a similar drop in diatom productivity 

during stage 2 was also observed (Duplessy et al., 1980). 

The high sedimentation rate and the low diatom numbers in 

this interval suggests that the terrigenous input was very 

intense. Two freshwater spikes are record~d in stage 2: 

one is at about 24,600 yr B.P. (core 6-1) and the other is 

about 13,000 yr B.P. The latter was caused by the melt

water from the Laurentide Ice Sheet through the Colorado 

River and can be correlated with the freshwater spikes in 

the Gulf of Mexico (Kennett & Shackleton, 1975; Emiliani 

et al., 1975, 1978). The former was probably due to 

heavy precipitation (Jones & Ruddiman, 1982) and may be a 
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local event. The existence of benthic foraminifera in 

sediments of core 4 and partly cores 3, 5, 6, and 7 

suggests that the botto m water was relatively more 

oxygenated at these sections than it is today. 
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After 11,000 yr B.P., the oxygen isotope values show 

the typical variation of the Holocene. The range of the 

oxygen isotope values (-3 %0) corresponds to a temperature 

chang e of about 10°C, which is the same as the average 

annual chan ge of the central Gulf • 

6. 6 SUMM ARY 

1. Variations in the oxygen isotope record of diatoms 

are parallel to those of benthic foraminifera for the top 

50 rn of Site 480 sedi ments, but differ in magnitude. This 

parallelism de monstrates that variations of these two 

curves are due to the same mechanism and provides 

confirmatory evidence for the conclusion that the 6180 

values of diato ms record environmental changes. Deviation 

in the amplitude of 6
18

0 values between diatoms and 

benthic foraminifera reflects the different magnitudes of 

temperature and oxyg~n isotope composition changes 

between surface and bottom waters. 

2. The 6180 record of Site 480 diatoms was influenced 

by the unique environmental characteristics of large 

annual temperature changes and isotopic fluctuations of 

surface waters to about 3%o. The remaining enhancement 
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18 in o 0 was caused by global climatic warming/cooling, 

180 enrichment of the ocean waters, and runoff. From 

available data it is estimated that in the central Gulf 

of California the mean temperature of the last glacial 

maximum was about 10°c lower than that of the present day. 

3. Low o18o values in the record of Site 480, as 

reflected in cores 3-3 and 6-1, were caused by deglacial 

meltwater or by increased precipitation-induced runoff in 

nearby areas. 

4. According to Emiliani 1 s system, the oxygen isotope 

stratigraphy of Site 480 diatoms can be assigned down to 

stage 7. The age of sediments at the base is refined by 

comparing the o18o record with that of core V19-29 and 

summer insolation data of the North Hemisphere. Assuming 

that the short glaciation peak in core 29-2 occurred at 

the same time as the substage 7b at 226,000 yr B.P •• and 

a constant sedimentation rate for stage 7, an age of about 

238,000 yr B.P. is obtained for the Site 480 base. 

Sedi~entation rates for each stage were deduced from the 

chronology of Site 480 and show large fluctuations 

throughout the section. 

5. The paleoceanographic history of the central Gulf 

of California was established for the past 244,000 years 

based on oxygen isotopic, lithologic, and fossils data. 

The oxygen isotope amplitude of each stage shows drastic 

surface oceanographic changes in stages 7 and 2. Data 
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from sedimentation rates and biogenic productivity 

indicate that precipitation was intense in stage 2 and 

biogenic productivity was high in stages 7 and 1. Stages 

6 and 4 (later part) were relatively stable. Stage 5 was 

characterized by low biogenic productivity and intense 

terrigenous input. The surface water temperature of 

substage 5e was similar to that of today's surface water • 
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APPENDIX A 

ANALYTICAL METHOD OF CALCAREOUS FOSSILS 

A.1 PURIFICATION PRETREATMEN T 

The foraminifera are mostly large enough to be hand

picked from deep-sea sediments which have been cleaned 

through ultrasonic vibrating and sieving to remove the 

smaller (useally <150 µm) particles. After sufficient 

amounts of specimens are collected, the samples have to be 

further cleaned to remove the contaminants. There are two 

major sources of impurities: (1) organic matter and (2) 

fine sediments and coccolith remains trapped inside the 

foraminiferal chambers • 

Several purification processes have been proposed to 

eliminate the organic matter. The first one is to grind 

the f oraminif era to a fine power and then roast in a 

stream of helium at 475°C (Epstein et al., 1953). The 

second process simply roasts the powdered samples at 475°c 

in a vacuum (Naydin et al., 1956). The third one involves 

digesting the samples in chlorox (Lowenstan & Epstein, 

1957). Different preparation procedures may yield 

slightly different results (Emiliani, 1966). Therefore, 
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care should be taken when comparing the oxygen isotopic 

results prepared by different cleaning procedures. 

To eliminate the second source of possible contami

nants, the samples are crushed, ultrasonically cleaned, 

washed by distilled water or methanol, and dried 

(Emiliani, 1966; Shackleton & Opdyke, 1973) • 

A.2 CARBON DIO XIDE EXTRACTION 

195 

The cleaned samples are reacted in vacuum with 100% 

phosphoric acid at either 25°C (McCrea, 1950) or 50°C 

(Shackleton, 1965, 1974) to release C0 2 according to the 

following reaction: 

In this acid extraction, only two thirds of the 

carbonate oxyg en goes into the carbon dioxide. The time 

for acidification takes a few minutes to several hours 

depending on the method adopted. The liberated co 2 gas 

is then purified of water vapour and other contaminants by 

passing through a cooled dry ice slush trap. The 

purified co2 gas is collected and transferred to the mass 

spectrometer for isotope analysis • 

A.3 GRAIN SIZE EFFECTS 

Using McCrea 1 s method, Emiliani (1966) reported that 

the grinding of his laboratory stadard to fine powder 
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tends to decrease the oxygen isotopic value by 0.2%o. 

Walters et al. (1972) reacted pure calcite using McCrea's 

method and found that the speed of the reaction increased 

with decreasing grain size and the oxygen isotopic values 

of C0 2 increased by as much as 3%o during the course of 

their study. They attributed the change in oxygen 

isotopic values of co2 partly to the particle size of the 

calcite. 

However, Shackleton (1974) found that, using his fast 

reaction of phosphoric acid with carbonate at 50°C, no 

systematic variation of oxygen isotopic values with grain 

size over the size intervals 125 - 180 µm to less than 45 

µm. Because it is not practical to grind all samples of 

forarninifera to uniform size, it is better to extend the 

reaction time for the users of McCrea 1 s method to avoid 

this grain size effect • 
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APPENDIX B 

THE PREPARATION OF 180-ENRICHED 
WATER FOR EXCHANGE EXPERI MENTS 

The 180-enriched water sample was made by Prochem 

(B.O.C. Ltd., Deer Park Rd., London, SW19 3UF, UK) with 

1 8 an 0 content of 91.2 atm% and a weight of 1.0 g. 
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Because the 170 content in this commercial water sample is 

unknown, the remaining 8.8 % is assumed to be the abundance 

of 160 in the sample. This assumption leads to a 18o;16o 

value of following calculation to be the minimum. 

The absolute 18o;16o content in a SMOW standard is 

given by Craig (1961b) as 1993.4 x 10- 6 • Taking the 
18 16 . 0/ 0 content in the sample of 91.2/8.8 = 10.4, the o 
value of the 180-enriched sample relative to SMOW can be 

calculated as + 5, 1 97, 97 4. 8%, • Using laboratory di stilled 

water with o18o8MOW = -7 %o as a mixture, an 180-enriched 

water of the desired o18o value can be obtained by the 

following mass balance equation: 

X 0180 ( ) 18 = ~180 . 
sample + 1-x 0 Odis. water u mix 

In practice, the vial containing the 180-enriched water 

was first scratched by a glass tubing knife and then 

transferred to a 150-ml glass vessel with 100 ml clean 
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distilled water. The vial was broken by vigorously 

shaking the vessel. Another 50 ml distilled water was 

immediately filled in to exclude the air. The glass vessel 

was then agitated for several days to thoroughly mix the 

water. 

The calculated 618o8MOW value of this mixed water is 

about +34,416.7%0. Five ml of the water sample was taken 

out and immediately mixed with another 1565 ml of distilled 

water (6
18o8MOW = -7%o) in a prepared container. A water 

of 618o8MOW' slightly heavier than +100%0, is then 

obtained • 
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APPENDIX C 

THE OXYGEN ISOTOPE COMPOSITIONS OF 

CALCAREOUS MICROFOSSILS 
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In addition to siliceous fossils, calcareous fossils 

also occur in the sediments of Site 480 but in much lesser 

amounts. It will greatly help our understanding of the 

sedimentologic environment if we measure the oxygen iso

tope compositions from both siliceous and calcareous 

fossils in the same core. Therefore, analyses of the 

oxygen isotope compositions of forarninifera and nanno

fossils wherever possible were attempted. 

C.1 FORAMINIFERA 

C.1.1 Species analyzed 

The f oraminif era were examined for all 83 sediment 

samples through the >38 µQ portion saved after sieving and 

settling as discribed in chapter IV. The planktonic 

foraminifera are very poorly preserved and fragmented in 

the cores examined. Only in a few cores can the species 

be identified as 9fogig~~ina spp., N~ogfo!~quad~ina sp. 

Hence, the planktonic foraminifera cannot be used for 

oxygen isotope analysis • 
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The preservation of benthic foraminifera is also poor 

but is grnerally better than that of planktonic forami

nifera. Species of Bolivina are the most common • 

Uvige~ina can be found in some cores but is very poorly 

preserved. Planulina o~naia occurs in some cores and is 

very abundant in core 15-2 • 

Among eighty-three samples examined, tests of forarni

nifera have been found in only seventeen samples (Table 

C-1). Some of these seventeen samples have too few 

individuals to do the oxygen isotope analysis. Only cores 

which contain benthic foraminifera more than 3 mg or 100 

individuals are chosen for analysis • 

C.1.2 Method and result 

The benthic foraminifera were hand-picked under a 

microscope with a fine-haired brush. The collected 

foraminifera were first washed in a ultrasonic bath for a 

few seconds to remove fine sediments trapped inside the 

chambers and treated with H2o2 (30%) for days to destroy 

the organic matter. The samples were then washed five 

times in distilled water and air dried. 

The extraction of co 2 from the samples was done 

according to McCrea 1 s method described in Appendix A. The 

results of oxygen isotope analysis for foraminifera are 

listed in Table C-2, and are comparable with those of 

Shackleton & Hall (1982), except for cores 14-2, 15-3, and 
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• core 

3-1. 32-33 

4-1. 30-32 

• 
4-2, 30-32 

6-1. 49-50 

• 
10-1 • 131-132 

10-3, 118-119 

11-1 • 106-107 • 13-1 • 102-104 

15-2. 8-10 

• 1 5-3 • 36-38 

16-2, 43-44 

16-3, 37-38 

• 19-2. 83-84 

21-3. 91-92 

26-3, 102-104 

• 27-1, 27-28 

29-1, 27-28 

• 

• 

Table C-1 

Occurrence of foraminifera at Site 480 

benthic foraminifera 

Boli.vi.na 4~Ladv£na 

B. 4pi44a, B. spp., 
ll.vi. g£1ti.na sp. 

B. 4uladvena 4ulphu/l.£n4i.4, 
l.L. sp. 

planktonic foraminifera 

9lolig£11.ina spp. 
fragments 

9lotig£1tina sp., 
9t.0:011.otalia sp., 
fragments 

B. a11.geni£a, Planulina fragments 
011J1aia, Ca44idulinoid£4 sp., 
l.L. sp • 

B. 4u:aduena, B. spp., 
B. a1tgeni£a 

B. 4uladv£na, B. spp., 

B. 4u:adv£na, ll.. sp. 

B. 4uLaduena, B. spp., 
Planulina 011J1aia, l.L. sp. 

B. 4uLadv£na, B. a11.geni£a, 
B. spp., Planuli.na 011J1aia 

B. 4ulad£vna, B. spp., 
B. a11.geni£a 

B. 4uLadv£na, B. spp. 

B. 4uLadv£na, B. 4£1111.nuda, 
B. spp. 

B. 4u!adu£na, B. spp. 

B. a11.g£ni£a, B. spp. 

fragments 

fragments 

fragments 

B. a11.geni£a, B. spp., l.L. spp. N£oglo:oquad11.i.na 

l.L. p£1t£g1tina, l.L. hi4pida, dui£1ti1t£i. fragments 
P. 011J1aia, Ca44i.duli.na sp • 

B. 4uLadv£na, 8. a1tg£ni£a, 
B. 41t.1Tlinuda, 8 • . spp. 

B. 4u:adv£na, B. a1tg£ni£a, 
B. spp. I 
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Table C-2 

• Isotope compositions of Site 480 forarninifera 

core/section depth (m) 18 13 
analyzed o OPDB o CPDB spp • 

• 
6-1 ' 49-50 24.24 +4.2 -1.0 Bo f. i. vi.n a spp. 

13-1 ' 102-104 62.78 +3.1 -0.7 Bof.i.vi.na spp. 

• 14-2, 63-64 68.63 +8.7 -0.6 Bof..i.vi.na spp • 

15-2, 8-10 73.65 +2.7 -0.8 Pf.anuf..i.na 
O/Ulaia 

15-2, 8-10 73.65 +3.3 -1 • 3 Bo f_ i. vi.n a spp • 

• 15-3, 36-38 74.62 +9.3 -0.3 Bo f. i. vi.n a spp. 

16-3, 37-38 79.37 +3.9 -3.2 Bof.i.vi.na spp. 

19-2, 83-84 92.58 +3.1 -1.4 Bof..i.vi.na spp • 

• 21-3, 91-92 103.66 +2.8 -1 • 7 Bo f.. i.vi.na spp. 

26-3, 102-104 127.52 +1.8 +0.3 Bo f.. i. vi.n a spp. 
lL vi. g.e..11. i.n a spp. 
planktonic 

• fragments 

27-1' 27-28 128.52 +3.7 -0.2 Bof.i.vi.na spp. 

29-1 ' 27-28 138.02 + 3. 1 -0.9 Bof..i.vi.na spp • 

• 

• 

• 
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26-3 • 1 8 The 6 0 value of core 26-3 was contaminated by 

fragments of planktonic foraminifera. The cause for 

anomalous high values of cores 14-2 and 15-3 is still 

unknown . 

C.2 IH.NN O YO S~ I L.S 

Oxygen isotope compositions of calcareous nannofossils 

should be valuable for comparison with diatoms, due to the 

similarity of their habits. Strong dissolution effects in 

Site 480, however, also prevents good preservation of 

calcareous nannofossils. Fro u the published data (Kelts & 

Nie~itz, 1982; LeClaire & Kelts, 1982), it is reported 

that the nannofossils are enriched in some levels, such as 

core 3-1, 107-10 9 cm, core 16-3, 80 cm, and core 28-1, 

14 0-145 cm. 

To test if calcareous nannofossils occur in the sarr.ples 

studied here, 13 samples were selected (Table C-3). Using 

the <38 ~~ portion saved after sieving, the samples were 

repeatedly treated with H2o2 (30%) for weeks to destroy 

the organic matter. After washing with distilled water 5 

times, an alquot of 200 to 300 mg samples was taken to 

react with 100 % H
3

Po
4 

acid. However, none of these 1 3 

samples yielded co 2 gas larger than 5 \jmOle. Therefore. 

no attempt was made for the remaining samples and no 

oxygen isotope data are reported for nannofossils. 
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Table C-3 

CaC0 3 content of 

Site 480 cores 

core Caco
3 

1-2, 92-94 4 

3-2, 82-83 2 

3-3, 30-31 5 

4-3, 35-37 8 

6-2, 124-125 1 

8-2, 87-88 7 

14-1 , 43-44 1 1 

1 5-1 , 37-39 7 

15-2, 8-10 4 

18-3, 12-14 2 

26-3, 102-104 2 

29-1 , 27-28 5 

31-3, 109-110 1 

( % ) >~ 

* from LeClaire & Kelts (1982). 
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APPENDIX D 

• DEEP-SEA SAMPLES STUDIED IN THIS WORK 

sample location description diatom 
content* • KK73-07-25 21" 40.61 'N siliceous bioclastic-rad .30% 

FFC 07-2 151"54.19'W bearing diatom clay 
5725m 

KT\74-01-09 00°12.69'S forarn-nannorich clay .35% 
PCOD 1-1 100° 21.82'W diatom ooze, 3295m • KK74-01-09 0 8 e Q 6 • 7 6 I ;f diatom-foram rich nanno 10% 
!i'FC 79-55 104 ' 10.47'W clay, .3427m 

KK75 .33° 21. 82 1N clay-rad rich mineral 30% 
PCOD 3-3 169°05.39'E diatom ooze, 5736m 

• KK75 37°22.40'N mineral-rad bearing 14% 
PCOD 1-1 179'36.14'W diatom rich clay, 5426m 

19-18.3-1-2 52°34.30 1N silt bearing clay rich 25% 
130-1.32cm 161" 12 • .3.3'W diatom ooze, 4708m 

19-188-1-1 53°45.21 'N silt rich spicule rich 50% • 86-89cn: 178°.39.56'E clayey diatom ooze 

19-191-1-cc 56" 56. 70 'N clay bearing silty diatom 20% 
168°10.72'E ooze, .3854m 

19-192-1-cc 53°00.57'N diato~ rich silty clay 10% 

• 164"42.81 1 E .3014m 

19-193-1-1 45°48.20'N silt rich clayey diatom 15% 
110-114crn 155°52.27'E ooze, 4811m 

• * estimated from smear slides 

• 

• 
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