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Abstract-The lithium isotope composition of thirty-nine foraminifera samples and twenty-one carbon- 
ate oozes from the Atlantic and the Indian oceans (0 to 81 Ma) has been determined by thermionic 
mass spectrometry. Using ocean water as external standard, Lithium isotope variations of about 40%0 
have been observed. 

Holocene foraminifera samples possess a well-defined mean lithium isotope composition of + 13%0 
relative to ocean water, whereas Tertiary foraminifera show a total variation range from - 10 to +30%0. 
This variability of the lithium isotope signature may be interpreted as reflecting shifts in the paleo-ocean 
water composition, although the influence of diagenetic effects cannot totally be excluded. In a steady- 
state system variations of the lithium input to the ocean cannot cause shifts in the S6Li of ocean water 
exceeding 15%0. To match the mean variation range observed in foraminifera, a nonsteady-state ocean 
has to be assumed and that the input fluxes varied by about a factor of 2 throughout time. Copyright 
0 1997 Elsevier Science Ltd 

1. INTRODUCTION 

The study of geochemical cycles is an important tool for 
understanding processes of global change. In this context 
the element lithium is a promising, yet an almost neglected 
geochemical parameter. Lithium is of moderate mantle in- 
compatibility (Ryan and Langmuir, 1987) and, because of 
its relatively small ion ( r,, + = 0.59 A), it is able to substitute 
for Mg ‘+ in crystal-lattices (Heier and Billings, 1970). In 
addition its high ion-potential induces a very strong hydra- 
tion of the lithium ion in aqueous systems. Thus, lithium 
shows a unique geochemical behaviour in comparison to the 
other alkali homologues. The discovery of the important 
lithium input to the ocean via the mid-ocean-ridge (MOR) 
hydrothermal systems (Edmond et al., 1979) provided great 
progress in the investigation of the exogene lithium cycle. 
However, the global lithium mass balance is still poorly 
defined: 

Lithium is supplied to the ocean mainly from two sources: 
By high-temperature( =HT) basalt-ocean-water reactions 
and as river input from the weathering of continental crust. 
In hydrothermal systems near the mid-ocean-ridges, lithium 
is leached from oceanic basalts at temperatures >25O”C. 
Lithium concentrations of the escaping hydrothermal solu- 
tions vary between 4 and 9 ppm (0 = 7 ppm) (von Damm 
et al., 1985a,b). Because of retrograde metamorphic reac- 
tions near the vent-orifice lithium is not completely leached 
from basalt. Calculations of the lithium HT-input by Stoffyn- 
Egli and Mackenzie ( 1984), Ryan and Langmuir ( 1987), 
and Chan et al. (1994) suggest flux rates between 10 and 
20 x 10” gLi/a. A mean global lithium concentration of 
river water of 0 = 3 ppb has been calculated from a broad 
database by Edmond et al. ( 1979). This leads to an estimate 
of lithium input by continental run-off in the order of 9 to 
11 x 10 lo gLi/a. Thus, calculation of a lithium mass balance 
assuming steady state produces a surplus of lithium in the 
orderof 19 x lO”gLi/ato31 x lO”gLi/a.Toremovethis 

excess lithium from the ocean water system, the following 
processes must be taken into account. 

1.1. Low Temperature (LT) -Alteration of Oceanic 
Crust 

Below temperatures of about 250°C the oceanic crust is 
altered by reactions with ocean water, a process which is 
commonly termed “spilitisation” and which implies the up- 
take of lithium in the basalts (Thompson, 1983). Estimates 
of LT-lithium output range from 3 X 10 “g Li/a to 13 X 10 ” 
g Li/a. (Mengel and Hoefs, 1990; Seyfried et al., 1984; 
Stoffyn-Egli and Mackenzie, 1984). 

1.2. Biogene Carbonate Production 

Marine carbonates contain 2 ppm lithium on average. As- 
suming an accumulation rate in the order of 1 .l X 10i5g 
CaC03/a (Milliman, 1974) to 3 X lO”g CaCOJa (Morse 
and Mackenzie, 1990), lithium amounts between 0.2 
X 1O”g Li/a and 0.6 X 1O”g Li/a can be extracted from 
the ocean reservoir. 

1.3. Biogene Opal and Chert Production 

Ishikawa and Nakamura ( 1993) determined a mean lith- 
ium content of 30 ppm for Quatemary radiolarian and 31 
ppm for diatomaceous oozes. Maxwell (1963) reported lith- 
ium concentrations in cherts between 2 and 36 ppm (0 = 11 
ppm) . With a global accumulation rate of 7 x 10 “‘g SiOJ 
a (Calvert, 1974) biogene opal production could be respon- 
sible for the output of 2 X 10 “g Li/a. 

1.4. Diagenesis of Clay-Minerals and Authigenic Clay- 
Mineral Production 

This has been postulated as the most important sink for 
lithium in the ocean (Chan et al., 1992; Stoffyn-Egli and 
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Mackenzie, 1984; Seyfried et al., 1984). Seyfried et al. 
( 1984) included nearshore sediments in their calculations 
and estimated a value of 19.4 X 10 log Li/a as possible 
output-flux. This flux may be overestimated, because near 
shore sediments are not in equilibrium with open ocean wa- 
ter. We consider a lower value of 5 x 10 lo g/a Li to be a 
better approximation for the ocean. Table 1 summarizes the 
most important lithium sinks and sources. The large range 
of +10.7 to -6.3 indicates a lack of information of the 
contributions of the sinks and sources; in particular for the 
sinks “clay mineral diagenesis” and “low-temperature al- 
teration. ’ ’ 

As we will show in this study the analysis of lithium 
isotope ratios allows new insights into the global lithium 
cycle. The element lithium has two stable isotopes with the 
masses 6 and 7. Until the mid-eighties little informations 
were available about variations of the lithium isotope compo- 
sition and related fractionation effects. Since then mainly 
through the efforts of Chan ( 1987), Chan and Edmond 
( 1988), Chan et al. ( 1992)) Chan et al. ( 1993), Chan et al. 
(1994), and You et al. ( 1995) major advances in the isotope 
geochemistry of lithium have been achieved. 

The determination of lithium isotope ratios by thermal 
ionisation mass spectrometry suffers from technical analyti- 
cal difficulties: ( 1) during evaporation and ionization of lith- 
ium, thermal isotope fractionations occur in the ion source, 
due to the high relative mass difference of 16.7% between 
the two lithium isotopes. This effect may cause a decrease 
of the 6Li/7Li-ratio during the measurement. (2) The forma- 
tion of lithium compounds with different volatility and/or 
ionization-energy causes a “reversed,” “enhanced,” or an 
apparently “zero’‘-fractionation (Habfast, 1983). These 
processes result in increasing 6Li/7Li ratios, very steeply 
decreasing 6Li/1Li ratios or constant but biased 6Li/7Li ra- 
tios, respectively. (3) Furthermore, TIMS measurements re- 
quire the separation of lithium from the sample matrix. If 
no precautions are taken, cation-exchange-processes may 
lead to measurable fractionation effects already on the ex- 
change column. 

Green et al. (1988), Chan (1987), and Datta et al. ( 1992) 
tried to minimize these problems by measuring chemical 
compounds of lithium instead of analysing the masses 6 and 
7 directly. The relative mass difference of Lithium com- 
pounds decreases with increasing molecular weight of the 
compounds. This in turn should lead to smaller isotope frac- 
tionations with growing mass number of the chemical com- 
pound. However, a disadvantage of this method is the higher 
amount of lithium required to obtain a sufficient ion intensity 

Table 1. Global lithium mass balance. 

Source and sinks 

HT-alteration of oceanic crust 
Continental run-off, river-input 
LT-alteration of oceanic crust 
Clay-mineral-diagenesis 
Carbonate-production 
Opal-production 

Range ( 10rOgLi/a) 

+10 to +20 
+9 to +I1 
-3 to -14 
-5 to -19 

-0.2 to - 1.8 
-0.1 to -2.5 

+10.7 to -6.3 

(between 1 to 4 Fg) . To overcome these problems we devel- 
oped a method analysing masses 6 and 7 directly to deter- 
mine amounts of 10 to 100 ng lithium. The general impetus 
of this work is based on the studies of Svec and Anderson 
(1965), Flesch and Svec (1973), Brown et al. (1977), Mi- 
chiels and deBiCvre (1983), Boerboom (1989), and Xiao 
and Beary ( 1989). A similar method analysing ‘Li and 6Li 
has recently been described by You and Chan ( 1996). 

In this paper we present a comprehensive study of lithium 
isotope ratios in Holocene to Tertiary planktonic foramini- 
fera and Tertiary carbonate oozes, which contain lithium in 
the concentration range between 0.2 to 4 ppm. We will argue 
that the lithium isotope ratios observed in fossil biogene 
carbonates can be interpreted as tracers of the paleo-ocean 
water composition. In addition, a few Phanerozoic carbonate 
rocks and recent marine bivalvia shells have been analyzed. 

2. ANALYTICAL TECHNIQUES 

2.1. Chemical Preparation 

Samples from DSDP and ODP drill cores, which were provided 
by courtesy of W. U. Ehrmann, A. Mackensen, N. Scheele (Alfred- 
Wegener-Institut. Bremerhaven, FRG), and H. Oberhansli (Max- 
Planck-Institut Maim, FRG), were suspended in distilled water and 
the > 125 pm fraction was separated by wet sieving. The foramini- 
fera-enriched fraction was inspected under the stereomicroscope and 
benthic foraminifera, sceletal parts of other organisms, and impuri- 
ties were removed by handpicking. Bivalvia shells and carbonate 
rocks were crushed in an agate mortar. The carbonate oozes selected 
for bulk analysis were freeze-dried and crushed. In a following step 
all samples were ultrasonically cleaned for 1 min and washed several 
times with double-distilled water and acetone. The subsequent chem- 
ical preparation procedure was performed under clean-room condi- 
tions to avoid contaminations. 20 to 100 mg sample material was 
mixed with 6 mL distilled 1 N HNO, in Teflon beakers for 3 hr. 
Any insoluble silicate or organic residues were separated by centri- 
fuging. The supemate was eventually decanted and transferred into 
polyethylene-bottles preconditioned with distilled 1 N HN03. Subse- 
quently the lithium fraction in the aqueous solution was separated 
from the carbonate matrix by a two-step cation-exchange procedure 
using DOWEX 5OW-X8 resin as stationary phase and nitric acid as 
eluent. The columns are made of ultraclean quartz glass. In a first step 
lithium was separated from the calcium matrix (column efficiency is 
90%) and in a second step the resulting lithium fraction was sepa- 
rated (efficiency = 100%) from sodium achieving a yield of 80% 
and a NalLi-ratio in the eluate <O.l. A high degree of purity is 
required, because excess sodium or potassium may cause an instable 
ion current and higher ‘Lil’Li ratios. This was demonstrated by 
mixing a lithium-standard with different amounts of sodium and 
potassium. As shown in Fig. 1, NalLi- and K&-ratios >I cause a 
significant increase in the 6Li/7Li-ratio. Cation-exchange processes 
may be accompanied by fractionation of lithium isotopes: Experi- 
ments with sodium zeolites as stationary phase and distilled water 
as eluent yield a lithium isotope fractionation of 22%0 with 6Li being 
more effectively retained than ‘Li (Taylor and Urey, 1938). In order 
to avoid this fractionation effect a highly acidic eluent (1 N HNO,) 
was chosen and a high flow-rate adjusted. Although this induces a 
relatively poor selectivity for the alkali-elements, it prevents lithium 
from artificial fractionation. Verification performed with an isotopi- 
tally well defined synthetic lithium standard (IRMO16), revealed 
no significant shifts in the lithium isotope ratio. 

In order to determine the detection limit and to optimize the 
lithium loading on the filament, experiments were carried out with 
lithium amounts being stepwisely reduced from 120 ng to 0.5 ng 
Li. Four samples with a well-defined lithium isotope composition 
were used. Their ‘Li/‘Li ratios remained constant within the 2a 
reproducibility until a sample quantity of 10 ng (Fig. 2). Therefore, 
50 ng Li must be regarded as optimal filament loading. Since biogene 
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Fig. 1. Influence of admixed sodium and potassium impurities 
upon the ‘Lil’Li-ratio of the lithum standard IRM016. All samples 
contain a constant amount of 100 ng Li. 

carbonates contain 1 ppm lithium on average, about 50 mg of fora- 
minifera are required for a single analysis. 

To remove any contaminants both rhenium filaments are heated 
at the beginning under vacuum with 4.5 ampere for 20 min. For 
each analysis, an equivalent of 10 to 100 ng lithium were mixed 
with 2 pg boric acid and loaded on rhenium filaments. This is equiva- 
lent to a B/Li-ratio of 20 to 200. The samples were dried upon the 
filament with an electric current of 1 ampere and afterwards heated 
for 1 second with 1.8 ampere until a colourless hygroscopic lithium- 
borate-glass is generated. In order to avoid excessive H,O-uptake 
from air, samples were brought into the mass-spectrometer not later 
than 15 min after loading. 

2.2. Mass Spectrometric Procedures 

A Finnigan thermal quadrupol-massfilter-system (THQ) working 
in double-filament technique was used to perform our analysis. Evap- 
oration was carried out by heating the ionization filament, which is 
arranged parallel to the evaporation filament carrying the sample. 
To improve the resolution for light masses, the originally installed 
high-frequency generator was replaced by a sender with better selec- 
tivity in the range of the lower mass scale. In order to guarantee 
maximal reproducibility and to minimize fractionation processes all 
instrumental parameters were held under nearly constant conditions. 
Especially the heating procedure and the stability of the ion-current 
intensity required sensitive control. Based on a large number of 
measurements a characteristic pattern for the ion current during the 
heating phase had to be met. Samples which deviated from this 
pattern were rejected. First signals were received at the secondary 
electron multiplier at about 1100°C. After a distinct increase of the 
ion current at the beginning, a phase of decreasing signal-intensity 
occurred (T = 1250°C -C 30°C) for about 30 min. When me ion 
current stabilised again, the ionisation filament was further heated 
to 1350°C t 25°C. After I hr most samples reached a more or less 
stable signal intensity providing optimal measurement conditions 
without detectable fractionation. A faraday-cup operating in peak- 
jumping mode was used as detector. Every single analysis lasted 30 
min at least and consisted of ten blocks with six scans per block. 
After every block, for background correction the signal intensity 
was measured at mass number 8.5. 

The mass spectrometer was calibrated with two lithium com- 
pounds with well documented and certified lithium-isotope ratios, 
The IRMO16, standard, a synthetic Li-carbonate with a ‘Lil’Li ratio 
of 0.08 I.17 (Michiels and deBitvre, 1983) was used for more than 
two years as external standard. In more than 100 measurements, a 
ratio of 0.08303 + 0.00026 has been determined. The other standard 
is L-SVEC, a NBS standard, which was introduced by Flesch and 
Svec ( 1973) with a “Li/‘Li ratio of 0.0832. For this standard we 
determined a mean value of 0.08440 t 0.0004. In both cases the 
quadrupol-system of the THQ produces a bias in the measured lith- 
ium isotope ratios, which has to be corrected for by external stan- 

dardisation. The instrumental bias was confirmed in a crosscheck, 
with a thermal magnet-sector mass-spectrometer (MAT 262) at the 
Finnigan-laboratories in Bremen, where a number of standard and 
sample measurements showed a systematic offset by about 0.0014. 

This observation required an external standardisation. For normal- 
ization procedure we utilized ocean water from the Sea of Japan, 
sampled during ODP Leg 127 (provided by courtesy of H.-J. Brum- 
sack, University of Oldenburg). The results are presented in the 
conventional h-notation as GhLi, with modem ocean water as external 
standard: 

6 h Li  Sumple “WA” W.,,er = ( ‘Li/‘Lisample ~ l 
hLi/7Li o‘L.m Waler i 

.I000 (1) 

By convention, the more abundant isotope ‘Li is put in the denomina- 
tor. Accordingly, negative S-values denote a “heavy” isotope com- 
position whereas positive &values represent a “light” isotope com- 
position. Such a relationship is in opposite to other isotope systemat- 
its applied in stable isotope geochemistry. 

Chan (1987), Chan and Edmond (19X8), Chan et al. ( 1992, 1993, 
1994), You and Chan (1996), and You et al. ( 1995) standardised 
their samples against L-SVEC. This standard was also determined 
in this study, making a comparison of the results for ocean water. 
basalts, and some marine sediments possible. Figure 5 demonstrates 
that both datasets are in global agreement with each other showing 
that both methods of lithium isotope analysis produce comparable 
results within the limits of precision. 

All measured samples are duplicates. Internal precisions of the 
measurements are generally below I%o, external precisions including 
chemical preparation and mass spectrometric measurements are gen- 
erally not better than 5%‘00. For multiple measurements (n s IO) a 
lower mean standard-deviation of 3%0 was achieved. Considering a 
natural lithium isotope variation of about 50%~. the technique applied 
provides significant informations about naturally occurring lithium 
isotope variations. 

Synthetic lithium-tetraborate (Merck), which is used for the pro- 
duction of X-ray fluorescence melt tablets, has a #‘Li-value of +28%r 
well within the range of natural lithium isotope variations. Thus, a 
contamination even in the range of a few nanograms cannot have 
caused any detectable shift in bhLi. The laboratory blank was de- 
termined to be 50 2 20 pg by isotope-dilution using THQ and by 
ICP-MS. 

2.3. Trace Element Analysis 

The lithium concentration of the samples investigated was 
determined by ICP-MS (VG Plasmaquad) measurements. After 
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Fig. 2. hLi/7Li as a function of the lithium amount on the evapora- 
tion filament. Lithium separated from four different carbonates (Mya 
s.rp., Car&urn ssp., Cenoman-limestone, foraminifera sample F9-6- 
116) were loaded in different quantities on the filament. 
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dissolution of the carbonates with nitric acid a TDS (total dissolved 
solids) of 8000 ppm was adjusted in the sample solutions. A signal- 
drift correction was applied by addition of 20 ppb rhodium as 
internal standard (Stroh and Vollkopf, 1993). Internal laboratory 
standards were used to reveal systematic bias. The detection limit 
was 0.2 ppb and the mean relative standard deviation 7%. The best 
reproducibility was achieved by adjusting the following parame- 
ters: Cool-argon: 13.5 L/min, nebulizer flow: 0.93 L/min, auxiliary 
flow: 1 L/min, sample acquisition time: 60 s, dwell time: 300 ~LS. 
data acquisition in peak jump mode, 3 channels/amu. A V-Groove 
sprayer/atomizer was applied. The mean sensitivity was typically 
3 x 104/ppb. The elements Rb, Al, B, and Mn were determined 
by ICP-MS. Sodium and potassium were analysed separately by 
AES (Philips PU 9200X), Mg and Sr by ICP-AES ( ARL 35000C). 
6 “C and 6 ‘*O analyses were performed on a MAT 25 1 gas-mass- 
spectrometer. The sample preparation was carried out according to 
the procedure developed by McCrea ( 1950). 

3. SAMPLES 

In order to calibrate the preparation and measurement pro- 
cedure we measured sample materials being available in 
sufficient quantities. Therefore, the lithium isotope composi- 
tion extracted from several bivalvia species (Abru ssp., Bar- 
nea candida, Cardium ssp., Ensis ensis, Macoma baltica, 
Mya arenaria, and Mytilus edulis), sampled in the litoral 
of the North Sea (Germany and The Netherlands), were 
analysed. 

Because of the small lithium content of foraminifera at 
least 50 mg of sample material for one measurement was 
required. This corresponds to 100 to 1000 individuals de- 
pending on their individual size. For this reason the analysis 
of monospecific or monogenetic foraminifera was not possi- 
ble and mixed samples had to be used consisting mainly of 
globigerina, globorotalia, and globoquadrina. Thirty-nine 
foraminifera samples were analysed covering a time-span of 
57Ma according to the timescale of Harland et al. ( 1989). 
The error of the stratigraphic age estimate is generally in the 
order of 2 1 Ma. Table 2 summarizes the DSDP and ODP 

Table 2. DSDP and ODP cores which have been sampled for 
foraminifera by courtesy of H. Oberhansli (Max-Planck-Institut, 
Mainz, FRG) and for carbonate oozes by courtesy of W. U. Ehrmann 
(Alfred-Wegener-Institut, Bremerhaven, FRG). Quoted are Leg and 
Site number, position, number of samples, water depth and age of 
the samules. 

Leg Site Position Region 
Depth/ 

n mbsf Age/Ma 

26 253 24”53’S 
87”22’E 

42 314 35”51’N 
18”12’E 

40 363 19”39’S 
9”3’E 

80 548 48”55’N 
12”lO’W 

119 738 62”43’S 
82”47’E 

119 744 61”35’S 
80”36’E 

121 752 30”54’S 
93”35’E 

122 762 19”53’S 
112”15’E 

Ninetyeast-Ridge 10 1962 4 to 39 

Messina-Plain 4 4088 2 to 5 

Walfish-Ridge 6 2248 50 to 55 

Goban Spur 2 1251 54 to 56 

Kerguelen-Plateau 15 2307 31 to 81 

Kerguelen-Plateau 6 2253 0.5 to 40 

Broken-Ridge 2 1097 23 to 30 

Exmouth-Plateau 9 1371 39 to 50 

cores, which have been sampled. Additionally one late Pleis- 
tocene foraminifera sand from the equatorial Atlantic (RV 
Meteor 9, 1100-4) and five Holocene foraminifera samples 
from Walfish-Ridge (2O”l ‘S, 8”58’E, RV Polarstern PS 
2110-l) have been included in the sampling list. 

In order to test the suitability of bulk sediments, carbonate 
oozes from ODP Sites 744 and 738 were analysed as well. 
These oozes had a mean lithium content of 1.5 ppm and 
consisted on average of 95% CaC03. Twenty-one samples 
covering a timespan from 0.5 to 8lMa were included in the 
analysis (Table 2). 

To study the influence of carbonate diagenesis upon lith- 
ium content and lithium isotope composition on biogene 
marine carbonates, five limestones ranging in age from Cre- 
taceous to Devonian have been analysed as well. Three rep- 
resentative mixtures of German limestones from the Creta- 
ceous, the Jurassic, and the Devonian could be used to obtain 
mean lithium isotope ratios for these time periods. 

4. RESULTS 

Lithium contents, S6Li-values, trace element contents, and 
carbon and oxygen isotope ratios are given in Table 3. Ma- 
rine biogene carbonates contain 0.2 to 4 ppm Li, their @Li- 
values vary by more than 50%0 from -9%0 to +43%0. Only 
10% of the carbonates have lithium isotope signatures above 
+30%0 or below -5%0. Thus, the majority of samples varies 
within a range of ?35%0. 

The mean lithium concentration of recent bivalvia shells 
is 2.8 ppm. S”Li shows a relative narrow variation between 
+ 1 O%O and + 17%0 (0 = + 13%0). This means that the lith- 
ium isotope composition of litoral bivalvia is distinctively 
lighter than ocean water. 

4.1. Foraminifera 

Holocene foraminifera from Walfish-Ridge show a lith- 
ium content of 2.7 ppm on average. Their mean lithium 
isotope composition is + 16%0, which is similar to the value 
obtained for recent bivalvia shells. One sample with a @Li- 
value of +25%0 is extremely light. Pliocene foraminifera 
from the Indian Ocean and the Mediterranean Sea with + 17 
to +23%a possess a slightly lighter isotope composition, ex- 
cept one sample with + 13%0. 

Foraminifera up to an age of 57 Ma (Fig. 3) vary within 
a large range of 38%0 (between -9%0 and +29%a). A varia- 
tion in the same order of magnitude has been reported re- 
cently for four Pleistocene foraminifera samples by You and 
Chan (1996). An especially heavy isotope signature has 
been found in the Middle Eocene at 45 Ma. Low S6Li- 
values occur as well in the Upper Miocene at 11 Ma, in the 
Oligocene at 32 Ma, and in the Upper Paleocene at 57 Ma. 
Light lithium isotope compositions are observed in the 
Lower Miocene at 19 Ma, the Upper Eocene at 39 Ma, and 
near the Eozcene-Paleocene-boundary at 52 Ma. For better 
visualisation and for compensation of analytical errors a 
smoothed curve has been calculated. Smoothing was done 
by the method of “distance weighted least squares.” The 
resulting curve is characterised by four minima and four 
maxima. The periodicity, i.e., the distance between two max- 
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ima or minima following each other, is in the order of 
15 Ma. 

4.2. Carbonate Ooze 

With a total range of 37%0 (+6%0 to +43%0) in GhLi, 
carbonate oozes are characterized by variations similar to 
foraminifera, except that the means are shifted about 15%0 
towards lighter isotope signatures. Possible reasons for this 
shift might be due to diagenetic effects or an admixture of 
lithium from the shale fraction during dissolution of the 
samples. As shown by Chan et al. ( 1994), the clay-minerals 
of You et al. (1995) often show relatively light isotope 
composition which is in accordance with our own data of 
hemipelagic sediments from the Sea of Japan (Fig. 5). 
Therefore, b6Li values derived from bulk carbonate sedi- 
ments should be regarded with caution and will be excluded 
when discussing changes in the paleo-ocean chemistry. 

Especially low G’Li can be found between 41 and 57 Ma 
and for samples older than 76 Ma. The Eocene/Oligocene- 
Boundary (40 Ma) is marked by very light isotope signatures 
as well as the Cretaceous/Tertiary-Boundary (65 Ma). 
Smoothing reduces the mean variation of the dataset to 25%0. 

4.3. Pbanerozoic Limestones 

Phanerozoic limestones contain 0.4 to 2.7 ppm lithium (0 
= 1 ppm). This is in contradiction to previously published 
data which give 5 ppm as mean lithium concentration of 
limestones (e.g., Heier and Billings, 1970; Ohrdorf, 1968). 
These earlier data rely on bulk rock analyses, in which lith- 
ium from clay-mineral impurities, oxides, or organic matter 
is incorporated. The trace element contents analysed in this 
study represent the lithium content of the carbonates only. 

The S’Li of Phanerozoic limestones varies between 
+ 12%0 and +34%~ (0 = +22%0). For the Cenomane lime- 
stone, replicate analyses yield a mean of +34%0, whereas 
the mixture of Cretaceous limestones has a lower S6Li of 
+25%0. The heaviest lithium isotope compositions have been 
found for Jurassic limestones: The “Korallenoolith” 
(Malm) has a b6Li of + 17%0, and the mixture of Jurassic 
limestones show a value of + 12%0. A secondary vein calcite 
from the “Korallenoolith” locality is -O.~%C, distinctively 
heavier than the surrounding limestone. Triassic limestones 
are very close to each other and have a mean b6Li of +22%0. 
The mixture of Devonian limestones with +31%0 is again 
very light. 

5. DISCUSSION 

In order to understand the possible causes of the variations 
in lithium isotope composition observed in foraminifera, car- 
bonate oozes and limestones, the following processes have 
to be taken into consideration: 

1) vital effects 
2) temperature dependent lithium isotope fractionations 
3) sample contaminations 
4) diagenesis 
5) lithium isotope variations of the paleo-ocean 

5.1. Vital Effects 

The more or less constant offset in S6Li of + 13%~ of 
recent marine bivalvia and Holocene foraminifera relative 
to modem ocean water may be regarded as evidence for a 
kinetic metabolic fractionation of lithium isotopes during 
biogene carbonate precipitation (“vital-effect”). Neverthe- 
less, we do not argue that vital effects are the major cause for 
the observed large variations in lithium isotope composition. 
Planktonic foraminifera exclusively belong to the class of 
globigerinidae and globorotaliidae. Within these closely re- 
lated families large differences in lithium isotope composi- 
tion in the order of 15%0 are very unlikely. Instead only 
small vital effects should be expected if there are any at all. 

5.2. Temperature-Dependent Fractionations 

The only evidence for a temperature dependence of the 
lithium concentration has been provided for brachiopode 
shells (Delaney et al., 1989). Delaney ( 1986) found no 
correlation between lithium content in foraminifera and am- 
bient water temperature. Whether or not the isotope signature 
will be effected by such a process is still unknown. Neverthe- 
less, it appears very unlikely that the small differences in 
the temperature of ocean waters might be responsible for 
the large lithium isotope variations observed in foraminifera. 

5.3. Sample Contamination 

A lithium contamination of the samples by small amounts 
of clay minerals, organic material, and/or coatings of oxide 
minerals and baryte might be a potential source of error. 
Aggressive sample treatment with complexing and reducing 
agents to remove these impurities, as practised by Boyle 
( 198 1) and Lea and Boyle ( 199 1 ), was not applied; instead 
specific trace elements were used as contamination indica- 
tors: Literature data for Al, K, Rb, Sr, and Mn given by 
Bender et al. (1975), Boyle (1983), Delaney et al. (1985), 
Denison et al. (1994), Milliman (1974), and Puechmaille 
(1994) as mean values for foraminifera were taken as pri- 
mary element contents. Concentrations distinctly deviating 
from these values were considered to indicate sample impuri- 
ties. Correlation of S6Li or lithium concentration with Mn 
gives further evidence for lithium contamination from Mn 
oxide coatings. Likewise, correlations of Al, K, and Rb with 
Li or @Li point to the admixture of clay-mineral-lithium. 
Following this approach thirteen samples have been removed 
from the database and are not considered in the following 
discussion. 

5.4. Carbonate Diagenesis 

During compaction and consolidation of carbonate sedi- 
ments a recrystallisation of the original biogene carbonate 
structure may occur. This alteration generally takes place in 
equilibrium with ocean water and pore fluids, respectively. 
As is well known Sr and Na may already be influenced 
during early stages of carbonate diagenesis (e.g., Morse and 
Mackenzie, 1990). Thus, in order to minimize the risk of 
alterations due to diagenetic overprint, only morphologically 
well-preserved foraminifera shells were chosen for analysis. 
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Fig. 3. GhLi of foraminifera up to an age of 57 Ma (Sites 253, 
363, 548, 752, and 762). The curve was smoothed with DWLS 
(“distance weighted least squares”). On the right axis phases of 
global plate reorganisations and mountain-building, in connection 
with increased MOR-spreading activity, are marked with arrows 
(Rampino and Caldeira, 1993). 

In cases where signs of alteration were revealed during visual 
inspection of the formaminifera under the stereomicroscope, 
the sample was discarded. In order to get better control of 
the degree of alteration, Na, Mg, Sr, B, and Mn contents as 
well as oxygen and carbon isotope compositions of the sam- 
ples were determined (Fig. 4). The foraminifera samples 
analysed in this study have a mean lithium concentration of 
1.2 ppm (range: 0.5 to 2.6 ppm) which is close to 0.9 ppm 
given by Delaney (1986). Delaney (1986) subjected her 
samples to a radical cleaning procedure and we interpret the 
slightly lower lithium concentrations reported by Delaney 
( 1986) as being due to a loss of loosely bound lithium from 
the upper layers of the carbonates during the action of com- 
plexing chemicals. We take the general agreement between 
both datasets as evidence that the original lithium concentra- 
tion and lithium isotope signature of foraminifera has not 
been completely overprinted by diagenesis. 

Lithium, Na, Rb, Sr, B contents, and 6 “0 of foraminifera 
are decreasing during the Tertiary, whereas Mn concentra- 
tions are increasing (see Fig. 5). 66Li is positively correlated 
with Li (I = 0.52), Na, and B, which might be interpreted 
as evidence for a diagenetic control of the lithium isotope 
composition. However, there is no correlation between 66Li 
and S”O. 

More pronounced correlations are observed, however, 
among Li, Sr, and Mn in the carbonate oozes. Additionally, 
there is a positive correlation between S6Li and S”O and a 
negative one with B, which could not be found in the fora- 
minifera data. Obviously carbonate oozes are more affected 
by diagenesis than foraminifera. This seems to be due to 

the fine-grained nature of carbonate particles being more 
sensitive to alteration. The Phanerozoic limestones, which 
have been selected to obtain more detailed information about 
how lithium contents and lithium isotope ratios might be 
altered during diagenesis show no trend, which can be related 
to age-dependent diagenetic reactions. 

In summary there are some evidences available that fora- 
minifera retain their primary S6Li signal. We, therefore, ten- 
tatively conclude that the lithium isotope signatures are not 
seriously affected by diagenetic alteration, even if partial loss 
of lithium occured. @Li-values of bulk carbonates, however, 
should be interpreted with caution, because they are more 
dependent on intense recrystallisation and exchange reac- 
tions with porewaters. Eventually, this may cause a shift in 
the lithium isotope signal. 

5.5. Variations in Paleo-Ocean Chemistry 

We first consider the lithium isotope composition of im- 
portant geological reservoirs based on our own analyses and 
data from Chan and Edmond (1988), Chan et al. (1992, 
1993, 1994), You and Chan (1996), and You et al. (1995) 
(see Fig. 5). Fresh oceanic basalts have a mean S6Li of 32%0 
(Chan et al., 1992, 1993; K. Mengel, unpubl. data). For 
submarine hydrothermal-solutions a h6Li between +24%0 
and +33%0 (0 = 27%0) has been reported from the East- 
Pacific Rise, the Mid-Atlantic Ridge, and from the Guaymas- 
Basin (Chan et al., 1993, 1994). The slightly heavier isotope 
composition in some samples may be caused by retrograde 
reactions with increasing water/rock ratios and decreasing 
temperatures near the vents. Spilitised basalts have a mean 
S6Li of +19%0 relative to ocean water (Chan et al., 1992, 
1993; K. Mengel, unpubl. data). Assuming that MORBs 
lose 50% of their primary lithium content during HT-alter- 
ation and that the residual lithium retains its original isotope 
signature, the fractionation factor effective during spilitisa- 
tion (a;=) can be estimated as 1.013 which is somewhat 
smaller compared to the fractionation factor of 1.019 given 
by Chan and Edmond (1988). @Li of freshwater in rivers 
and lakes varies between +4 and +18%0 (Chan et al., 1992; 
own unpublished results). For the following considerations 
a global mean value of +9%0 was assumed. For hemipelagic 
marine sediments from the Nankai-Basin and the Guaymas 
Basin (DSDP Site 477), Chan et al. ( 1994) and You et al. 
( 1995) observed 6’jLi values between +28%0 and +38%a (8 
= +30%0). Taking this value together with own unpublished 
results for hemipelagic sediments from the Sea of Japan 
(ODP Leg 127) we adopt a mean value of +28%0 for marine 
sediments. 

Assuming that the lithium isotope signature of the conti- 
nental crust is similar to the b6Li of the mantle (+32%0) 
and taking a S6Li of the river input of +9%0 into account, 
it is possible to estimate the lithium isotope ratio of river 
particulate matter (=RPM). According to Chester ( 1990) 
the annual lithium flux in the form of RPM should be about 
four times higher than the dissolved lithium flux. Then a 
fi6Li value of 38%0 for RPM can be estimated. Such a light 
value can be expected due to ion-exchange-reactions during 
weathering, where 6Li is preferentially enriched in the weath- 
ering residuum. Figure 6 summarizes the mean lithium iso- 
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Fig. 4. Isotope and trace element profiles of Quatemary and Tertiary foraminifera samples 

tope composition of the sources and sinks in the global lith- 
ium isotope cycle and gives an estimate of the respective 
fractionation factors. 

Our investigations showed that foraminifera will preserve 

their original lithium isotope signature after deposition. This 
conclusion implies that fossil foraminifera represent the lith- 
ium isotope composition of the ocean water at the time of 
their formation. Table 4 summarizes the geological processes 



2688 J. Hoefs and M. Sywall 

-20 -10 0 10 20 30 40 50 60 

Spilitised Basalts 

Marine Shales 

Foraminifm 

Bivalvia 

MOR - Hydm. 
thermal Fhddx 

Rivers and Lakes 

Marine 
POE waters 

ocean water 

-: 
1 

!O 

I I 

h 

I 
60 

Fig. 5. Range of natural lithium isotope compositions in igneous 
rocks, sediments, MOR-hydrothermal fluids, and freshwater based 
on our own analyses and data from Ghan et al. (1988, 1992, 1993, 
1994) and You et al. (1995). Single outliers are marked 
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having a characteristic imprint on the lithium isotope compo- 
sition of ocean water. High temperature ocean water/basalt 
interactions cause a decrease in the lithium content of basalts 
and an increase in the lithium concentration of the ocean. 
Lithium liberated during this high-temperature process and 

Fluvial input 

Table 4. Processes which affect the Li-isotope composition 
of ocean water (+ means an increase in @Li, - means a decrease 
in PLi). 

Geolonical orocess S6Li (ocean) 

hydrothermal alter. (HT) 
continental weathering 
hydrothermal alter. (LT) 
authieenic clav formation 

++ 
+ 
_ 

-- 

supplied to the ocean should have an isotopic composition 
similar to that of the basalts. On the other hand, river water 
with a mean isotope composition of 9.0760 (see Fig. 5) has 
a considerably smaller effect on the lithium isotope composi- 
tion of ocean water than the high temperature flux. 

These two processes thus supply the ocean with lithium 
being enriched in 6Li. As required by a steady-state ocean, 
appropriate sink reactions must provide a mechanism for the 
preferential removal of the light lithium isotope. Although 
until today very few data are available about lithium isotopic 
compositions in shales and soils, there is strong evidence for 
a fractionation of lithium isotopes during weathering and 
clay mineral diagenesis. According to early experiments by 
Taylor and Urey ( 1938) and estimates based on model con- 
siderations, fractionation processes must be in the order of 
20%0 with a preferential enrichment of 6Li in the solid phase. 
Thus, the most efficient process to remove 6Li from the 
ocean is authigenic clay mineral formation followed by low- 
temperature alteration processes of the oceanic crust. 

Finally, we will examine the question whether or not vari- 
ations in the rates of these four flux reactions in the geologic 
past might be able to balance the observed lithium isotope 
variations of about 15%0. There is abundant evidence that 
hydrothermal activity at the ridges and erosion rates have 
varied considerably during the Earth’s history, whereas there 
is little evidence that rates of clay mineral formation and low- 
temperature ocean crust alteration varied throughout time. 
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HT-Alteratlon 
T > 250°C 

Dissolved 
River Load 4 

+ 9 %0 

Contgptal 

= 32%0 

Fresh MOR - 
BaSaltS 

Ocean Water 
a I1r = 1.014 _ S ilitised 

0% 
)* ii salts 

+32%o + 19%0 

LT-Alteratlon 
‘Vital& ect’ T< 250°C 
a’cc= 1.014 a’dia= 1.016 

Recent Marine Pela ic 
Carbonates Marine !!! hales 4 
+14%0 +28%0 Continental Detritus 

clwbollh Clay Ylneral +36%0 
AccunNation Dlagends 

Fig. 6. Lithium isotope balance of ocean water and estimated lithium isotope fractionation factors. 
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Therefore, we consider variations in the two lithium sources 
only to be responsible for changes in the lithium budget. 

An increase of the rive&e lithium flux should lead to a 
decrease in ocean water @‘Li and the reverse effect will be 
observed when the fluvial lithium input becomes smaller. 
An increase of the HT-lithium flux may lead to an increase 
in ocean water @Li. Thus, in a steady-state ocean, HT input 
rates and fluvial input rates behave antagonistic, i.e., high 
HT input rates in conjunction with low fluvial fluxes induce 
the largest shifts in the lithium isotope ratios of ocean water. 
In contrast, simultaneous decreases in HT flux rates and 
increases in fluvial-flux rates or vice versa possibly may 
compensate each other leaving ocean water S’Li unaffected. 

In this connection we have also to consider the conse- 
quences of these reactions for the lithium concentration of 
ocean water. As has been argued by Holland ( 1984), Dela- 
ney (1986), and Delaney et al. (1989) a shift in lithium 
concentration during the Phanerozoic exceeding the factor 
of 2 can be regarded as unlikely. Given a lithium concentra- 
tion of 175 ppb for modern ocean water this would corre- 
spond to 90 ppb for the lower limit and 3.50 ppb for the 
upper limit for a non-steady-state ocean, being equivalent to 
a variation in the HT inputs and fluviatile inputs between 
+ 100% and -50%. Such changes in the two lithium sources 
lead to shifts of 15%a in ShLi. 

If the changes in lithium isotope ratios observed in plank- 
tonic foraminifera are induced by variations in the global 
ocean water composition, then correlations can be predicted 
between the lithium isotope curve, production rates of oce- 
anic crust, phases of global plate reorganisations, and periods 
of intense mountain-building. From these parameters, phases 
of enhanced submarine hydrothermal activity associated 
with tectonic seafloor rearrangements at 2, 17, 25, 40, and 
53 Ma (Rampino and Caldeira, 1993) indeed coincide with 
high S6Li-values in foraminifera. We also compared our lith- 
ium isotope curve with published 6°C S’*O, S34S, or 87Srl 
?Sr seawater curves, but there seems to be no further corre- 
spondence. Future investigations have, of course, to verify 
these preliminary conclusions. 
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