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without migrational lags because of the pres- 

Climate Variability in ence (8). The of last refugial interglacial populations in the in adjacent the vicinity 1-249 

Northwest Greece During the record was characterized by an early peak in 
Olea, a significant expansion of Carpinus 
betulus, and the absence of Fagus. This veg- 

Last Interglacial etation signature is diagnostic, allowing dif- 
ferentiation from all other forest periods rec- 

M. R. Frogley,'*t P. C. Tzedakisft 1. H. E.  eato on^ ognized in 1-249 (11). The new 1-284 record 
(Fig. 2) shows the same palynological fea- 

Isotopic and palynological data over the period 115,000 to 135,000 years ago tures, strengthening correlation of the last 
from a lacustrine sequence in northwest Greece show distinct oscillations interglacial interval in both cores, but at sig- 
during the intervals leading into and out of the full interglacial, whereas in nificantly higher resolution (- 175 years). 
between, changes were less pronounced but included a brief fluctuation. After Stable isotopic measurements of fine- 
peak interglacial conditions, temperatures decreased and precipitation in- grained ( 4 0  pm) calcite were canied out at 
creased in a series of steps. These data suggest that Eemian climate variability intervals of approximately every 90 years 
was similar to that of the Holocene both in terms of amplitude and, possibly, (Fig. 3). The endogenic nature of the calcite 
of pacing. was confirmed by means of detailed scanning 

electron microscopy analyses (7). Ioannina is 
The last interglacial (Eemian) provides a the pollen record and chronology of an adja- effectively a hydrologically closed basin, and 
measure of natural climate variability during cent core (1-249) previously analyzed from the factors influencing the S180 and 613C 
intervals of minimum ice volume that can be the same basin. 1-249 spans the last 430,000 values of the lake waters are relatively well 
compared with Holocene and, potentially, fu- years and has been correlated with other long understood (12). In general, we regard higher 
ture changes. Results from both marine (1,2) pollen sequences from Europe and from the 6180 values as indicative of lower precipita- 
and terrestrial (3-6) records have been mixed marine oxygen isotope record (8,9). Six geo- tion or higher evaporation (that is, lower PIE 
about the extent of climate instability during magnetic excursions have been recognized in ratios). Higher SI3C values are regarded as 
this interval, possibly because of differences the top 200 m of 1-284, including the globally indicative of lower precipitation, higher or- 
in their sensitivity and resolution. Here we recognized Blake Event, which has a mean ganic productivity, or both (13). 
present a multiproxy climate record spanning age of 122 + 10 thousand years (ka) (10). The combined data (Fig. 3) show that 
the penultimate deglaciation and last intergla- The top part of the core was also dated by conditions at the end of the penultimate gla- 
cial at 90- to 175-year resolution from a means of 12 accelerator mass spectrometry cial period were characterized by dominance 
lacustrine sequence from Ioannina, northwest (AMS) radiocarbon determinations derived of open vegetation as well as relatively high 
Greece. This detailed record enables us to from shells of freshwater molluscs. isotopic values, suggesting a low PIE ratio. A 
resolve high-frequency events and to address The pollen record reflects the immediate transitional interval of abrupt climate 
the character of climate change through the response of tree populations to climate changes changes occurred between 98.5 and 96.7 m 
last interglacial in this area, as well as the 

Fig. 1. Chronological framework 
for the top 200 m of the 1-284 
sequence. (W) Correlation points 
with the chronology of 1-249 
(see text for details). (0) Cali- 
brated AMS radiocarbon deter- I Laschamps minations. (A) Mean ages of mag- 

I 
netic polarity went. (10,24). Sug- 
gested correlations with marine 
oxygen isotope stages (22) are 
given. 
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intervals immediately before and after. 0 
The 1-284 core (39"45'N, 20°51'E, 472.69 

10-3 
m above sea-level, 3 19 m overall length) was 
drilled from the Ioannina basin in 1989. The *O- 

site is situated on the western flank of the 30-  
Pindus Mountain Range, -60 km from the 40-  
Ionian coast in the region of Epirus. Lake 
Pamvotis is thought to have occupied the 50-  

basin since Plio-Pleistocene times, although 60-  

today it has been substantially reduced in area 70-  
by artificial drainage. Continual subsidence 
of the basin floor has resulted in the accumu- 

80-  

lation of great thicknesses of lacustrine sedi- 3 90- 

ments, consisting mostly of calcareous silts 100- 
and clays. $ 110- 

The age model for the top 200 m of the 
sequence (7) (Fig. 1) was developed by using 20- 

magnetic susceptibility profiles to link with 130- 

140- 
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(-130 to 127.5 lta), starting with an in- lowed by a shift toward drier enr~ironillents deciduous Qlterczls values and a change 
crease in P.E and an exaansion of decidu- and more oaen vegetation. At 96.7 m toward more negatiye 8180 yalues signal a - .- .- 

ous Qzlei.czrs populations. This was fol- (127.5 l a )  a second, more extensive peak in reestablishment of wetter conditions and 
the beginning of the full interglacial. 

At 96.2 in (126.8 Ita) arboreal pollen (AP) 
frequencies rise (to 96%); including an in- 

*a*+ 
crease of Meditel~anean eleinents (Olerr. Pis- 

& tncin; Plzillj~rea, eyergreen Querclls), and 
Q 

4% 
Deprn +9~'$*45 +e+ 

8'" values shift to around -4.8%0. The 
(m) S' o co~nbination of ~ r o x i e s  ~ o i n t  to a walnler 

cliillate wit11 mild winters and drier (summer 
drought) conditions. At 95.3 m (- 126.1 ka) 
deciduous Qllercia frequencies decrease and 
8180 values increase fiirther to -4.3%0, sug- 
gesting increased aridity. These values persist 
to 93.5 m (-124.7 la) ,  where a stepwise 
increase in moisture availability is indicated 
by a decrease in 8180 yalues back to about 
-4.8%0. Caiyin~ts Oetitlzls frequencies rise 
significantly and Mediterranean elements de- 
crease (Olen virtually disappears). signaling a 
drop in winter temperatures and an increase 
in sulnnlzr precipitation. From around 90.7 in 
(122.6 lta) moisture availability increased 
abiuptly, as signaled by a drop in 8'" yalues 
(to around -5.2%0) and 8°C values (to 
around - 1.2%0). Mediterranean elenlents dis- 
appear and deciduous Querczrs yalues rise at 
the expense of C betzrlcrs Abies and Beflrln 
frequencies also increase. The data all point 
to a decrease in both winter and suinmer 

Fig. 2. Pollen diagram showing percentages o f  selected taxa. The basic calculation sum comprised 
al l  pollen o f  nonaquatic vascular plants w i th  a mean count o f  338 t 3 4  pollen grains (minimum: temperatures and an increase in precipitation. 

300; maximum: 479). AP: arboreal pollen; NAP: nonarboreal pollen; Ostrya carp.: Ostrya carpinifolia; 88.9 88.3 '11(-121 120.4 
Car~ inus  orient.: Car~ inus  orientalis: Cheno~od./Amaranth.: Cheno~odiaceaeIAmaranthaceae. [An- all illcrease in h 'baceo~ls  frequellcies and 
aly;t: P. C. ~zedak is j  ilonarboreal pollell (XAP) concentrations 

Fig 3. Pollen percent- 
ages of selected pollen 
taxa and groups. Med- 
iterranean elements: ev- 
ergreen Quercus, Olea, 
Pistacia, Phillyrea. Also 
shown are NAP con- 
centrations as an in- 
dicator of herbaceous 
biomass; a three-point 
moving average is used 
t o  reduce inherent vari- 
ability in the data. Sta- 
ble isotopic results of 
8180 and 613C (%a, 

relative t o  Vienna Pee 
Dee belemnite) are also 
included. All curves are 
plotted against depth 
(left-hand axis) and 
t ime (right-hand axis) 
(25). Dashed horizontal 
lines represent the tran- 
sition between differ- 
ent environmental con- 
ditions as determined 
by the 6180 record. 
These transitions cor- 
respond t o  the position 
of pollen zones pro- 
duced by numerical zo- 
nation techniques (constrained cluster analysis and optimal splitting) run on the entire pollen data set. Shaded band highlights the climatic fluctuation 
between -121 and 120.4 ka (see text). Supplemental pollen and isotopic data are available at www.sciencemag.org/feature/data/1042020.shl. 
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suggests a s1101-t expallsion of open vegeta- 
tion. The lack of a inarlted response in the 
isotopic record during this event is puzzling. 
but could be attributed to synchronous drops 
In teinperature and precipitation that pro- 
duced little change in the P!E ratio. After this; 
AP frequencies increase again, although not 
quite reaching pre-88.9 nl values. Above 
-85.65 in (-118.1 ka). an increase in ?il'O 
values and NAP frequencies suggests in- 
creased aridity. A return to an oscillatory 
climate is observed after 84 in (- 116.7 lta). 

The Ioailnina data show that the amplitude 
of changes during the full intel.glacia1 was 
smaller than that of the late-glaclal inteival 
and of the transition to the stadial. The late- 
glacial is a polyphase interval in which tem- 
perahlre and moisture availability oscillated 
abruptly. It contains an interstadia1 (- 130 to 
128.5 ka) followed by a stadial (-128.5 to 
127.5 ka) and bears similarities to the two- 
step deglaciation obsewed in the inarme 
record (14). The transitional period (-  1 16.7 
to 116 ka) at the end of the fill1 interglacial 
also shows significant climate instability. a 
feature found in other European Eeinian iso- 
topic records (6). 

By coinparison, changes within the inter- 
glacial proper (127.5 to 116.7 lta) are less 
pronounced (Fig. 3 ) ;  but iilclude a brief fluc- 
hlation expressed as an increase in open veg- 
etation between -121 and 120.4 lta. Similar 
changes have been identified in other records 
from Greece (15) and southern France (5 .  16)  
and all occurred at the saine point in the 
illterglacial vegetation succession (that is. af- 
ter the disappearance of ther~nophilous ele- 
ments and the reexpansion of Betzlla and 
Pinus). These changes may also be correlated 
with an event between 122 and 121 ka in 
certain North Atlantic marine sequences (2). 
which has been interpreted as evidence for a 
possible weakening of the the~mol~aline cir- 
culation. Holvever. lack of detailed chrono- 
logical control for the terrestrial sequences 
means that synchroneity between the North 
Atlantic and soutl~ern Europe callnot easily 
be demonstrated. 

After peak interglacial collditioils at Ioan- 
nina. temperatures decreased and precipita- 
tion increased. This trend has been discerned 
across several \vesten1 and central European 
Eemian sites ( 3 ) ,  although changes have gen- 
erally been considered gradual. However. the 
Ioannilla record suggests that change oc- 
cu i~ed  by a progression of distinct. though 
subdued. steps at 126.1 (increasingly wanner, 
drier). 124.7, and 122.6 ka (increasingly cool- 
er, wetter). In the absence of any litllological 
changes. n.e do not consider these steps as 
artifacts of randoin changes in sedimentation 
rates. Moreover, transitioils in the isotopic 
curves coincide with changes in the pollen 
record, thereby suggesting the crossing of 
iinpoi-tant environmelltal thresholds. 

Evidence for extensive Holocene anthro- 
pogenic act~vity at Ioanllina complicates at- 
tempts to coinpare directly the climate of the 
Eeinlan and the Holocene. Nel ertheless. the 
climate variability during the last interglacial 
at Ioanlnna appears to be similar to that see11 
in Holocene records elsewhere (1 7). Between 
130 and 116.7 ka, climate shlfts including 
transitions, steps: and the fluctuation oc- 
c u i ~ e d  with a inean paclng of 1477 i 639 
years (1542 -+ 709 years d~lring the fill1 
interglacial). This patten1 resembles the 
1470 i- 500 year cyclicity in southward ad- 
vection of ice-bearing waters into the subpo- 
lar Noith Atlantic d ~ r i n g  the Holocene and Last 
Glacial (IS). In vlew of the ~u~certaiilty in o ~ r  
age model. this apparent slinllarlty may ha1 e to 
be vie\\ ed with caution. although both data sets 
suggest that the frequency of change was 
higher in the earlier part of each intergla- 
cial. In addition, the large standard devia- 
tion raises doubts over the true periodic 
nature of these clilnate shifts. The origin of 
the Holocene variability has been attributed 
to a coupled ocean-atmosphere process (18) 
or solar activity (19). However, whereas 
the North Atlantic Holoceile records show a 
series of abrupt oscillations lasting only 
100 to 200 years. the Ioannina Eemian 
record, apart from one fluctuation, indi- 
cates a series of shifts leading to the estab- 
lishment of different climate conditions. It 
is possible that such shifts may not be a 
result of quasi-periodic forcing inecha- 
nisms, but may arise from a ilollliilear re- 
sponse to changes 111 insolation and repre- 
sent the crossings between preferred cll- 
mate states. The trallsltions between re- 
glmes may be cl~aracterlzed by increased 
instability; expressions of which could be 
temporary increases in ice rafting in the 
North Atlantic. 

The oscillatiilg phase seen at the eild of 
the Eelnlan inteival at Ioannina does not have 
any obvious Holocelle analog. On the basis of 
the Eerniail age inodel presented here, the 
onset of instab~lity appears to have occui~ed 
-10.800 years after the beginning of the full 
interglacial. n8hich is similar in leagth to the 
duration of the Holoceile thus far. However, 
estimates for the duration of the last intergla- 
cial on land call vary widely (20). Improved 
chronological colltrol of this interval is nec- 
essary if we are to understaild the tilniilg and 
pattein of natural clilnate variability during 
the closing stages of an interglacial. 
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Iron Isotope Biosignatures 
Brian L. ~eard, ' *  Clark M. johnson,' Lea Cox,' Henry Sun,' 

Kenneth H. Fdealson,' Carmen Aguilar3 

The 56Fe/s4Fe of Fe-bearing phases precipitated in sedimentary environments 
varies by 2.5 per mil (Ss6Fe values of +0.9 to -1.6 per mil). In contrast, the 
s6Fe/s4Fe of Fe-bearing phases in igneous rocks from Earth and the moon does 
not vary measurably (Ss6Fe = 0.0 = 0.3 per mil). Experiments with dissimilatory 
Fe-reducing bacteria of the genus Shewanella algae grown on a ferrihydrite 
substrate indicate that the S56Fe of ferrous Fe in solution is isotopically lighter 
than the ferrihydrite substrate by 1.3 per mil. Therefore, the range in Ss6Fe 
values of sedimentary rocks may reflect biogenic fractionation, and the isotopic 
composition of Fe may be used to trace the distribution of microorganisms in 
modern and ancient Earth. 

Fractioilation of light stable isotopes such as 
C. 0. N, and S is controlled by iilorgallic 
processes related to telnperahlre cllallges and 
phase transitions. and by biological processes 
( I ) .  This dual coiltrol can inake it difficult to 
illteiyret the origin of isotopic differences in 
roclts. For exainple. excursioils in 6°C x.al- 
ues in deep-sea sediineilts can be inteiyreted 
as a functio~l of changes ill the productivity of 
the oceans or the paitial pressure of C 0 2  of 
the atmosphere (2 ) .  Ill coatrast. interalediate- 
Inass eleinellts such as Fe may not be frac- 
tionated substantially by iilorgallic processes 
because the relative inass difference between 
Fe isotopes is less than that of C. 0 .  K. or S 
isotopes. However, biological processes may 
produce ineasurable Fe-isotopic fractionation 
because the lnetabolic processing of Fe in- 
1.olx.e~ a iluinber of steps. such as transport 
across inelllbrailes and uptalce by enzymes 
( 3 ) ,  that may fractionate isotopes. 

Few studies have docuinented biological 
fractionation of transition metal elelnellts ( 4 )  
because of the difficulty of ineasurillg pre- 
cisely the isotopic ratios of trailsitioll inetals 
(j). T11ennal ionization inass spectroinetiy 
(TIXIS) can produce high-precisioa isotope 
ratio ineasurelllellts of these inetals and, in 
the case of Fe. is not subject to large inter- 
ferences by Ar-coataiaing species (for exam- 
ple. "Ar"0 and JOAr'JK), as is inducti\~ely 
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coupled plasina inass spectrometly. Howev- 
er, TIMS produces large ~nass-dependent iso- 
tope fractionations during the course of a 
measurement. n-l~icll inust be corrected be- 
fore the natural isotopic colnpositioil of a 
salnple can be deternlined. Previous atteinpts 
to coiTect inst~-umental, mass-dependent iso- 
topic fractionation of Fe used an enlpirical 
approach that produced data with a l a  preci- 
sion of only 2 to 3 per inil for 6Fe '54Fe  (6). 
an unceitainty that exceeds the range in na- 
ture. Here we used a inixed double spike to 
correct for iilstrunlental Inass bias (7-9). 
\\'it11 the use of this technique, it is possible to 
inalte Fe isotope ratio measurements that are 
precise to 2 0 . 2  to 0.3 per inil ( lm)  for 56Fe' 
"Fe. \t7e report Fe-isotopic ratios in conven- 
tiollal per inil notation: 

6"Fe = [('6Fe''4Fe) ,,,,,,, 
("Fe '4~e) ,~ , ,  - 11 X 1000 

where ('"2, "Fe),.,, is the average 5hFe ' 
"Fe measured for 15 tersestrial igneous 
roclts. railgiilg in colllposition from peridotite 
to rhyolite. and five high-Ti luilar basalts. 
The average '"Fe."Fe measured for the 
Earth-moo11 systein is 15.7028 (7 ) .  Tei~estri-  
a1 and luilar roclts colllprise an isotopically 
hoinogenous iglleous iron rese i~oir  that is 
thought to represent the bullc isotopic coin- 
position of Earth and the moon. 

TKO sets of experiinellts were perfor~ned 
to deter~nine the magnitude of Fe-isotopic 
fractionation that might be produced by mi- 
croorgaaisms. Experilnellt l ,  run in duplicate 
at the University of \Visconsin-Mil~va~~l~ee 
(U.\V.-bIiln-aulcee), used S, t rk i re istrains 
BChf 8 and BrY) gron-11 on a ferrihydrite 
substrate in an LhI growth nledi~lnl (10). 
After inoculation of the fenihydrite + growth 

medi~ulll solution with the cells, the bacteria 
were allowed to reduce Fe for 8 hours. One 
1x11 was contailled in a 10,000 inolecular 
n e k h t  dialysis bag (ferrihydrite .+ cells + 
gron8th medium) suspellded 111 a 100-in1 flaslc 
of LbI ~ 1 0 x 4  th n~ediuin. \xlnch allowed the " 

ferrihydrite and cells to be removed from the 
groxvth medium. The other rLm was done in a 
100-in1 flask, followed by separation of the 
ferrihydrite a i d  cells from the gron-th medi- 
11111 + hydrolyzed Fe(II), by filtration. Fer- 
rous iron in the growth ~nediuin solution was 
precipitated by adding ultrapure ammonia. to 
increase the pH to 9 to 10 ilninediately after 
the solution ivas exposed to the atmosphere. 
and then alloxved to sit for 3 to 5 days. 
Abiological coiltrol experiineilts x-ere l-ua in 
parallel: addition of alnlllollia did not precip- 
itate any iron. confirming that 110 substailtial 
ainount of f e l~ous  Fe was generated. The 
aininoilia precipitation procedure effectively 
removes the Fe(I1) fro111 the growth inediuin 
as a ferric oxyhydroxide, n~llich was centri- 
f i~ged and washed three tiines in doubly dis- 
tilled H,O. The precipitate was dissolx.ed in 6 
11 HC1. after n-hich folloned chemical pro- 
cessillg and isotopic analysis nit11 the 1112th- 
ods of (7. 8).  

Experilllent 2. perfor~ned at the Jet Pro- 
pulsion Laboratory (JPL). used S. nlgne BrY 
grown on ferrihydrite in an LB grov-th ine- 
diunl (11). Three runs were made. 11arx.esting 
Fe 13, 15. and 23 days after inoculation, 
which produced Fe(1I) coiltellts of 5.5, 11.1, 
and 35.6 paits per lnillion (ppln) Fe, respec- 
tively (12). Each solution was sterilized n-ith 
a 0 . 2 - I J , ~  filter. Reacted ferrihydrite from 
11111s 2 and 3 n-as saved for Fe isotope anal- 
ysis. Splits (50 1111) of the Fe(I1) solutioils 
Tere evaporated to dlyness and the organic 
lnaterial colnbusted in quartz crucibles in a 
muffle fi~rnace at 700iC for 8 hours. The 
relnainiilg solids were dissolved in 6 Ic.1 HC1 
and processed for Fe isotope ailalysis as in (7. 
8 ) .  X parallel set of 50-ml aliquots fro111 each 
I-tIn was processed, for colnparison n.it11 the 
salnples that were combusted, where Fe {vas 
llar\pested as an oxyllydroside usiilg 10 1111 of 
30'6 HZO, in aininoilia to bring the pH to 9 to 
10. The precipitated Fe oxyhydroxide n-as 
treated in the saine inailller as in the U.\V.- 
r\Iilwaultee experiments. The JPL experi- 
lllellts also illcluded an abiological control. 
n811ich xvas harvested by the H,02 - ainino- 
nia precipitation technique. as well as by the 
evaporation and colnbustion technique. 

The high levels of Fe(1I) that are produced 
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