other planetary bodies where fluid flow es-
tablishes gradients in redox potential, as long
as there are sources of required nutrients,
water, and carbon.
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A 3000-Year Climatic Record
from Biogenic Silica Oxygen

Isotopes in an Equatorial
High-Altitude Lake

M. Rietti-Shati, A. Shemesh,* W. Karlen

A record of oxygen isotopes in biogenic opal, 4200 to 1200 calibrated years
before the present, from a high-altitude proglacial lake on Mount Kenya, East
Africa, exhibits short-term fluctuations on a time scale of centuries as well as
long-term variations. The short-term fluctuations are attributed to changes in
the glacier meltwater input, and the long-term variations are related to changes
in lake temperature. The record indicates that the climate was warm in Equa-
torial East Africa from 2300 to 1500 years before the present.

The Holocene, although relatively more sta-
ble than the Late Pleistocene, was also sub-
ject to abrupt climatic changes (/, 2). Small,

‘low-latitude glaciers are especially sensitive

980

to such climatic changes (3). Mount Kenya,
in East Africa, is a dormant volcano that
contains several small glaciers and lakes lo-
cated at an elevation of 4200 to 5200 m (Fig.
1). In 1978 two ice cores were retrieved from
the col (4870 m) between the Lewis and
Gregory glaciers on Mount Kenya (Fig. 1).
However, the lack of a clear relation between
air temperature and the isotopic composition
of the ice hampered detection of climatic
signals (4). Karlen and Rosqvist (5) investi-
gated the sediments from Hausberg Tarn, a
proglacial lake, to study glacier fluctuations
on Mount Kenya (0°10’S 37°20'E; Fig. 1).
X-ray radiography of the cores, together with
changes in organic content, indicates that
there has been a succession of glacier advanc-
es and retreats during the past 4000 years (5).
These findings are qualitative because the
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high-altitude lakes in East Africa are void of
the carbonate material (6) that is commonly
used for isotopic studies of climate change.
On the other hand, these lakes contain bio-
genic opal that is suitable for isotopic analy-
sis. Here we report oxygen isotope measure-
ments of biogenic opal from Hausberg Tarn.

The climate of East Africa is affected by
the seasonal position of the intertropical con-
vergence zone and regional factors associated
with lakes, topography, and maritime influ-
ence (7). The lower tropospheric flow over
East Africa comes predominantly from the
southeast, and, because of the topographic
control, maximum rainfall occurs at interme-
diate elevations (2500 to 3000 m) on the
southern and eastern flanks of Mount Kenya
(5). Above 4500 m, most of the annual pre-
cipitation (700 to 800 mm) falls as snow.
Temperatures average about 0°C (4, 5) and
are lowest in March and April and highest in
July and August.

We obtained a 180-cm-long sediment core
from Hausberg Tarn in 1996 (Fig. 1). The top
part of the core, containing the most recent
sediment was too soft, and could not be re-
trieved by our coring device. The lake (area,
12,000 m?; 10 m at the deepest part) is located
near the moraines of Cesar and Joseph Glaciers
(Fig. 1) and its sediments contain both authi-
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genic opal produced by diatoms and allochtho-
nous material derived from the surrounding
steep mountain slopes (5). Diatoms are photo-
synthetic algae that secrete opal (SiO,nH,0) as
an internal shell with a known isotopic fraction-
ation between the opal and the water. The tem-
perature dependency of the opal-water fraction-
ation is given by
°C = 11.02 — 2.04(3'%0, — 8"0,, — 40)
(1)
where ¢ is the water temperature and 3'%0
and 3'80, are the isotopic compositions of
opal and water, respectively (8§—11). Thus,
the measurement of 3'80; provides informa-
tion both about the lake temperature and
about the 8'80_, of the lake in the past (12).

In 1997 we analyzed water samples from
the lake, from surrounding streams, and from
rainwater collected at Mackinder camp (lo-
cated at an altitude of 4200 m) to determine
the composition of the water flowing to the
lake today. The isotopic composition of all
water samples was measured by standard
techniques for 8!80 and 32H. Bight '*C ac-
celerator mass spectrometry dates on bulk
organic matter of the core (/3) indicate that
the average sediment accumulation was 0.62
mm/year (Fig. 2A).

The 380 values of the lake’s surface and
deep water are both —6.3 per mil and indicate
that the lake is not stratified. Therefore, dia-
tom 8'80,; values represent the whole water
volume despite the fact that most of the fossil
diatoms are bottom dwellers. Although Haus-
berg Tarn has an outlet to Oblong Tarn (Fig.
1), whose 880, value is —6.4 per mil, it has
no visible inlet. The lake 3'80,, is similar to
the 380, value of the Lewis Glacier melt-
water stream (—6.2 per mil) and also to the
overall average 8'80 of the Lewis Glacier ice
cores (4) (10-m-long cores). Because of their
geographic proximity and similar altitude
(Fig. 1), we assume that the Cesar and Josef
Glaciers have 880 values similar to that of
the Lewis Glacier. The rainwater 8'#0 val-
ues obtained from Mackinder camp (4200 m)
are —0.6 and —1.4 per mil. Thus, we con-
clude that Hausberg Tarn is a through-flow
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lake replenished primarily by high-altitude
glacier meltwater, rather than by rainfall, and
that evaporation has a negligible effect. The
3180, value of a small stream close to Haus-
berg Tarn, —3.5 per mil, suggests that this
source does not make a significant contribu-
tion to the water budget of the lake.

The diatom 8'20; record (Fig. 2B) ranges
from 4200 to 1200 years before the present
(calibrated; cal yr B.P.) (13). It shows short-
term fluctuations on the order of about 2 per
mil on a time scale of centuries. A five-point
running average shows that the lower part of
the record (4200 to 2500 cal yr B.P.; average
3'80_, of 34.5 per mil) has a 3'8%0,; value
higher by about 2 per mil relative to the upper
part (2100 to 1500 cal yr B.P.), whereas the
uppermost part (1500 to 1200 cal yr B.P.) has
intermediate 3'%0; values that are close to
those of 2500 to 2200 cal yr B.P. The isotopic
shifts centered at 2200 and 1500 cal yr B.P.
occur during intervals shorter than 300 years.

The surface lake temperature was about
7°C during summer 1997. This value, along
with the lake 3'%0, value of —6.3 per mil,
cannot be used for the interpretation of our
3!80,; measurements in terms of absolute
temperature and 8'80,, because the top of the
core is 1200 years older than the present-day
water and calibration of lacustrine opal-water
fractionation has not yet been performed.
Therefore, we discuss the record in terms of
relative temperature and 3'%0_, variations
rather than absolute values.

The isotopic changes in diatom 3'#0,; can
be interpreted as changes in lake water temper-
ature or as changes in 8'%0,, or both. The
high-frequency fluctuations cannot be attribut-
ed solely to temperature variations, because this
would require that a change of more than 5°C
(Eq. 1), and in one case 10°C, occurred within
50 to 100 years. Therefore, some part of these
fluctuations must be due to short-term changes
in the 8'80 of the meltwater input. The most
plausible explanation for the short-term deplet-
ed 3'%0, values is melting of the top 1 to 2 m
of the glacier ice, because the 3!80 values in the
upper part of the Lewis ice cores (4) are vari-
able and depleted by up to 5 per mil relative to
the subsurface (—10 per mil in the upper 1 m
and —5 per mil in the subsurface).

Our 880 record is characterized by two
rather different isotopic states, 4200 to 2300
cal yr B.P. and 2100 to 1500 cal yr B.P. The
shift between these two states may represent
either a change in the average 3'%0 value of
the glacier ice, which determines the 3'%0,
value of the lake inflow, or a change in
surface temperatures on Mount Kenya.

A decrease in 3'%0 of 1 per mil can be
interpreted as either a 0.9°C decrease in the
temperature of precipitation formation or a
2°C increase in the temperature of the source
(14, 15). If the latter were the cause of the
Mount Kenya glacier 3'80 depletion, a warm-
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ing of 4°C in the moisture source, the Indian
Ocean surface water, would have been expect-
ed to occur before 2300 yr B.P. However, re-
cent studies do not support this scenario. Alk-
enone paleothermometry (/6) of sediment cores
recovered from the tropical Indian Ocean (20°N
to 20°S) reveals a minor cooling trend of about
0.5°C from 5000 to 1000 yr B.P. Possible
warming of the surface water of the Arabian
Sea is suggested by weakening of the southwest
monsoon-induced upwelling since 5000 cal yr
B.P. (17) but the Arabian Sea is not considered
the main source of moisture for the precipita-
tion on Mount Kenya.

The most prominent feature of the ice cores

recovered in Mount Kenya (4) is the homoge-
neity of 3!80 values below the surface of the
glacier. It is caused by melting and percolation
(3) and reflects the long-term averaging of these
effects. The present Lewis Glacier contains ice
of the past 500 years. Therefore it can be as-
sumed that the average 3180 value of glaciers is
inert and cannot change over periods of a few
centuries. We conclude that the shift to more
depleted 3'80,; values between 2300 and 2000
cal yr B.P. occurred during an interval that was
too short to allow for any major change in the
average 880 value of the glacier. Thus, accord-
ing to Eq. 1, the shift to the more depleted
values indicates a warming phase of up to 4°C
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on Mount Kenya. The 8'80, temperature sig-
nal could have been enhanced by the contribu-
tion of more depleted meltwater because of
increased melting of the top part of the glacier.

The climatic transition around 2200 4C
cal yr B.P. in our record (Fig. 2B) is also
apparent in records from the equatorial part
of Lake Victoria (18) (0°05'0"N, 32°48'2"E)
and a high-altitude mire on Mount Satima,
Kenya (19) (0°18'S, 36°35'E; 3670 m). A
warm period occurring at the same time in-
terval (about 2400 to 1250 calendar yr B.P.)
has been recorded by glacier recessions on
Mount Kenya (5) and in the northeastern St.
Elias Mountains in southern Yukon Territory
and Alaska and in Swedish Lapland (7).

This work demonstrates that sedimentary
records of 8'80 from high-altitude lakes
complement ice-core data and provide a
unique isotopic archive related to climatic
changes.
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Magnetic Field Effect on
Picosecond Electron Transfer

P. Gilch, F. Pollinger-Dammer, C. Musewald,
M. E. Michel-Beyerle,* U. E. Steiner

The recombination dynamics of a transition metal redox system monitored by
femtosecond pump-probe spectroscopy are shown to be sensitive to high
magnetic fields at times shorter than 10 picoseconds. The effect, based on
coherent population beats of different spin states, is quantitatively accounted
for and allows direct access to spin relaxation rates far beyond the time
resolution of the fastest electron paramagnetic resonance technique. The pres-
ence of this ultrafast magnetic field effect helps in understanding complex
reaction schemes in transition metal chemistry, which occur in a wide range of
fields, such as bioinorganic chemistry and catalysis.

Magnetic field effects on the kinetics of
radical pair (RP) recombination processes
are well-established phenomena in molec-
ular photochemistry (7). These effects are
based on the principle of spin conservation
in elementary chemical reactions and on the
hyperfine and Zeeman interactions that af-
fect the spin states of the RP. The hyperfine
interaction in organic RPs induces transi-
tions between the RP’s spin states (one
singlet S and three triplet states 7', 7, and
T_). In an external magnetic field the Zee-
man splitting removes the degeneracy of
two triplet levels (I, and T_) with the
singlet state, thus reducing singlet-triplet
mixing (2). The saturation field of such
effects is determined by the magnitude of
the hyperfine interaction, which is ~0.005
T (1 T = 10* gauss) in organic RPs. This
field range also determines the time scale
for these effects to evolve, which is ~10 ns
(3, 4). In this regime, magnetic field effects
have been successfully used to separate
spin processes and elementary chemical
processes such as electron transfer (ET)
and bond formation (5-7).

Here, we report an ultrafast magnetic
field effect on the recombination of an RP
containing a transition metal component
that occurs in less than 10 ps in fields of
several teslas. Using femtosecond pump-
probe spectroscopy and an optical super-
conducting magnet (§) we investigated the
RP generated from ethylferrocene (Fc) and
oxazine 1 in its first excited singlet state
(Ox**) in acetonitrile solution (9) at 298
K. Analogous to the closely related N,N-
dimethylmethylferrocene—methylene blue
photo-redox system (10), 10x™* accepts an
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electron from the neutral Fc. At high con-
centrations of Fc, the forward ET measured
in stimulated emission from 'Ox** is ul-
trafast (time constant ~200 fs) and follows
essentially monoexponential kinetics. For
energetic reasons the resulting RP
(Ox®- - -Fc™*) can only recombine to form
the singlet ground states of the reactants.

The recombination monitored by the re-
covery of Ox™ shows multiexponential ki-
netics in zero field (Fig. 1). The dominant
process proceeds with a time constant of
~1 ps, a sizeable fraction decays with a
time constant of ~13 ps, and a small, long-
lived contribution has a characteristic time
of ~130 ps that is responsible for the offset
in Fig. 1. This rather complex behavior can
be attributed to the transition metal compo-
nent (Fc*®) in the RP. Replacing it by the
cation of N,N-dimethylaniline results in a
nearly monoexponential decay independent
of magnetic fields (Fig. 2).

Magnetic fields of several teslas affect the
recombination of the Fc*®-containing RP
(Fig. 1). The general effect at short times is to
slow down the recombination. With increas-
ing magnetic field the effect increases and its
onset moves to earlier times. For the largest
field applied, the magnetic field effect reach-
es its maximum at 2 ps. At longer times a
cross-over behavior is observed, implying
that, in contrast to the behavior at short times,
increasing magnetic fields accelerate the re-
combination.

Qualitatively, the observed effects are ac-
counted for by the following reaction
scheme:

1(Ox*"... Fo)

k,
1(OX'~~~ FC"") ET

3(Ox".-- Fc*") 3__/:&
kq

1(Ox*.- Fc)
Generation of the RP by the singlet precur-
sor (Ox**- - -Fc) yields a singlet-correlat-
ed RP (Ox® - ‘Fc™*®), which can recom-
bine (rate constant k..) to form the ground-
state reactants. Alternatively, the RP may
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