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method presented by Schrag and DePaolo 
(4). The  change in 61",,v caused by chang- 
es in cimtillental ice volulne through the 
Pleistoce~le represents a periodic boundary 
condition for the sediment-pore fluid sys- 
tem. This variation diffi~ses c1owl1 from the 
sea floor, leaving a profile of S1" versus 
depth in the pore fluid that is a record of 
the SIQ history of the overlying seawater. 
The S'"O,,,, during the LGM can be recon- 
structed with the use of a numerical rnodel 
to calculate the attenuation of the signal as 
long as high-precision, high-resolution pore 
fluid data are available. 

Pore fluids were sampled during Leg 154 
of the Ocean Drilling Program (ODP) from - - 
Slte 925, drllled at a water depth of 3041 m 
on the Ceara Rise (4"12'N, 43'29'W) (5). 
The oxygen isotope data (6) identify a peak 
in 6180 between 20 and 35 m below the sea 

Pore Fluid Constraints on the Temperature floor (Fig. 1).  The  6180 values are constant 
at -0.02 per mil in the first 7 In. From 10 

and Oxygen Isotopic Composition to 20 m, the sl" values increase to 0.18 

of the Glacial Ocean per mil, followed by a plateau from 20 to 
35 m. Below 35 111, the 6'" values decrease 

Daniel P. Schrag, Gretchen Hampt, David W. Murray to a lnil~imuln of - 1.75 per mil at a depth 
of 569 m. 

Pore fluids from the upper 60 meters of sediment 3000 meters below the surface of 
the tropical Atlantic indicate that the oxygen isotopic composition (6180) of seawater 
at this site during the last glacial maximum was 0.8 t 0.1 per mil higher than it is today. 
Combined with the S 1 8 0  change in benthic foraminifera from this region, the elevated 
ratio indicates that the temperature of deep water in the tropical Atlantic Ocean was 
4°C colder during the last glacial maximum. Extrapolation from this site to a global 
average suggests that the ice volume contribution to the change in S 1 8 0  of foraminifera 
is 1.0 per mil, which partially reconciles the foraminiferal oxygen isotope record of 
tropical sea surface temperatures with estimates from Barbados corals and terrestrial 
climate proxies. 

Pleistocene oxveen lsotooe records of fora- , L, 

millifera 111 deep sea sedinlents reflect 
changes 111 ocean temperature and in the 
oxygen isotopic composition of seawater 
(6180,,) over glacial cycles. Cooli~lg during 
glacial episodes illcreases the mass-depen- 
dent fractio~lation of oxygen isotopes be- 
tween water and calcite, resulting in higher 
S1'O values of carbonate microfossils. The 

per rnll ( I ) ,  1s an illlporta~lt step toward 
ullderstaniiirig Pleistocene clinlate change. 

The  generally accepted estimate for the 
contribution of ice volume to the change in 
6'" of foraminifera1 calcite is 1.3 per lnil 
(2 ,  3),  which implies that the deep ocean 
was 2°C cooler during the LGM. We sug- 
gest a revision of this estimate based on  
measurements of deep sea pore fluids using a 

We modeled the data by using the peri- 
odic change in 61"0,, with time at the 
sediment-water interface given by benthic 
6180 records for ODP Site 677 (7) a ~ l d  
Core V19-30 (8). We assumed that the 
relative contributions of tenlperature and 
S1",_ to the benthic 6'" records were 
collstallt with tlllle and adjusted the ampll- 
tude of those records in multiple calcula- 
tions with glacial-interglacial c l~a~lges in 
S1"O,,, of 0.7, 1.0, and 1.3 per mil. The  
decrease In S1"O,,, over the last 20,000 
years was calculated from the Barbados sea 
level curve (2 ,  9) .  The  effects of sedlmen- 
ration (-30 cm per 1000 years at Site 925) 
and chemical reaction were not considered 
because they are too slow over the time 
period to affect the calculations. We used 
diff~~sion coefficients from measured values 
of the self-dlff~~sio~~ of water (1 0) (adjusted 
for tortuosity ilsing the square of the mea- 
sured porosity) and a bottom-water temper- 
ature of 3°C (1 1 ). The diffusion coefficient 

growth of large ice sheets on c o ~ ~ t i ~ ~ e n t s  
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&creases the "0/'~0 ratio of seawater, also ~ i ~ .  1. oxygen isotope data 6 1 8 0  (per mil SMOW) 
resulting in higher 8'" values for carbon- on pore fluids [relative to -2.0 -1 5 -1 0 -0.5 0.0 0.5 6 1 8 0  (per mil SMOW) 

0~ ate m~crofossils. Determil~il~g how much standard tnean ocean water 
each of these components colltributes to (SMOW)] from S~te 925, 
the total change in 6180 of forarninlfera plotted versus depth, Error 
since the last glacial maximum (LGM), for data I n  the upper 60 
which for bellthic foraminifera averages 1.7 represent One  standard z "@ 

deviat~on of four replicate 2 
measurements. c, 300- 
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was corrected for down-hole temperature 
increases, although the effect of tempera- 
ture on the diffusion coefficient is negligi- 
ble in this setting. On the basis of measured 
values, the S180 of the pore fluid at the 
lower boundary of 200 m was fixed at -0.75 
per mil; the reconstructed glacial-intergla- 
cia1 change in S180Sw is not sensitive to 
slight changes in this lower boundary con- 
dition or to replacement with a constant- 
flux boundary. The best fit to the data, 
obtained by visual assessment, yields a gla- 
cial-interglacial change in SISOS,v between 
0.7 and 0.8 per mil (Fig. 2). Changing the 
diffusivitv does not im~rove the fit. A hieh- u 

er diffusivity shifts the peak deeper in the 
hole and increases the attenuation of the 
signal; a lower diffusivity reduces the atten- 
uation of the glacial-interglacial signal and 
implies a glacial-interglacial change in 
S'SO,,v even smaller than 0.7 per mil. If 
upward advection is added to the system, 
the peak in the pore fluid S180-depth pro- 
file is shifted upward, and the amplitude of 
the peak is attenuated, allowing for larger 
changes in S180, ,  (Fig. 3). However, the 
S180 gradient down to 570 m implies that 
advection, if present, is below 0.05 mm 

If we assume that the temperature of 
bottom water was constant from 115,000 to 
20,000 years ago and that changes in the 
benthic S180 record reflect only changes in 
S1sO,w, again of magnitude 0.7, 1.0, and 1.3 
per mil, as suggested by Shackleton (12) ,  
then a glacial-interglacial change in S180,,,, 
of 0.9 per mil accounts for the data. The 
results are insensitive to changes in SISOSw 
before 115,000 years ago. If the SISOs,,, val- 
ue is allowed to drop 0.1 per mil below the 
modern d e e ~  water value at 6000 vears 
before preseAt, followed by an increase to 

the present value, then the model provides 
a better fit to the constant values in the 
upper 10 m, and a glacial-interglacial 
change in S180s ,  of 0.8 per mil accounts for 
the data. 

Overall, we estimate that the data are 
consistent with a glacial-interglacial change 
in S1"O,,v of 0.8 2 0.1 per mil. The glacial- 
interglacial difference in S180 values of 
benthic foraminifera in the region of Site 
925 is 1.8 per mil (13). If the ice volume 
comoonent of that difference is 0.8 uer mil, 
then the temperature in this region was 4°C 
colder during the LGM (14). As the mod- 
ern Dotentla1 temDerature 3 km below the 
ocean surface is 3"C, the deep water in the 
tropical Atlantic cooled during the LGM to 
within 1°C of its freezing point. Our deter- 
mination for the change in SISO,w is signif- 
icantlv different from the value of 1.3 uer 
mil based on Pleistocene corals from  aria- 
dos (2,  15). The likely source of error in 
that determination is the assumption that 
the change in sea surface temperature at 
Barbados was negligible during initial stag- 
es of deglaciation (15). Although this as- 
sumption is consistent with the findings of 
CLIMAP (16), a recent study reports that 
sea surface temperatures at Barbados, as re 
corded in coral skeletons, were 4.5" to 6°C 
colder during the LGM (3). If this conclu- 
sion is correct, even if it applies only to sea 
surface temueratures around Barbados. then 
it is likely ;hat temperature contribukes to 
the observed change in S180 of Barbados - 
corals and that the maximum value of 1.3 
per mil is higher than the true ice volume 
contribution to the Pleistocene oxygen iso- 
tope record. 

These results, which make no assumo- 
tions about the relative importance of dif- 
ferent water masses or about the global 

mean value of 6180, , ,  emphasize that spa- 
tial variability is an important component 
of the problem. Previous studies have as- 
sumed that a determination of the glacial- 
interglacial change in S180,,,, at a single 
location such as Barbados represents a glob- 
al average (2, 17). At present, the Atlantic 
is more than 1.5"C warmer at a depth of 
3000 m than are the Pacific and Indian 
oceans 11 8) and therefore could have toler- 
ated suistakially more cooling during the 
LGM. If Antarctic Bottom Water (AABW) 
replaced North Atlantic Deep Water 
(NADW) as the Atlantic's dominant 
source of deep water during the LGM, as 
suggested by tracer studies (1 9), the temper- 
ature (and salinitv) contrast between the 
ocean basins would be greatly reduced. This 
switch in the dominant source of deep wa- 
ter for the Atlantic also helps to explain 
why we obtain a small change in SISO,,v for 
the deep Atlantic [the S180 of AABW in'  
the modern ocean is about 0.5 per mil lower 
than that of NADW ( I ) ,  although one 
cannot assume this difference was constant 
through the LGM]. 

It is difficult to extrapolate from these 
results for a single site to a global mean 
estimate for the change in S180, ,  (that is, 
the global effect of ice volume on the " 

oceans). However, because these results in- 
dicate that deep water in the Atlantic 
Ocean cooled to about - 1 "C. a conserva- 
tive assumption wo~~ld  be that the Indian 
and Pacific oceans were at least as cold as 
the Atlantic during the LGM. The modern 
mean temperature for the Indian and Pacific 
oceans at a depth of 3 km is 1.5"C, so the 
basins were about 2.5"C cooler during the 
LGM. This cooling implies that 1.1 per mil 
of the 1.7 per mil change in benthic forami- 
nifera in the Indian and Pacific oceans is 

6180 (per mil SMOW) 

-1.0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 

A 6180 (per mil SMOW) 

-1.0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 

B 6lBO (per mil SMOW) 

-1.0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 

Fig. 2. Comparison of pore fluid data and model 
calculations for different glacial-interglacial chang- 
es in 6'80s, with no advection. The best fit to the 
data is obtained for a change in SI80,, of 0.7 to 
0.8 per mil. 

Fig. 3. Comparison of 
pore fluid data and mod- 
el calculations for dif- 
ferent glacial-interglacial 
changes in 6180s, with 
two different advection 
velocities: (A) 0.05 mm 
year-' and (B) 0.10 mm 
year-'. For advection 
greater than 0.05 mm 
year-', the model curves 
do not reproduce the 
SI80-depth gradient that 
persists to t h e  base of 
the hole. 
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attributable to a change in S180,,,,. This 
estimate yields a volume-weighted average 
for all oceans of 1.0 per mil, rather than 1.3 
per mil, and requires the average S l80  value 
of continental ice during the LGM to be 
-32 per mil rather than -42 per mil, con- 
sistent with estimates for the isotopic com- 
position of continental ice during the LGM 
(20). 

A n  alternative method for relating the 
0.8 ? 0.1 per mil change in the tropical 
Atlantic to the global mean is to estimate 
how changes in the proportion of NADW 
and AABW would have affected the S180,, 
at Site 925 (21). O n  the basis of carbon 
isotopes in foraminifera from deep sea sed- 
iment (13) and the distribution of pre- 
formed phosphate in the modern ocean 
(22), the ratio of NADW to AABW in the 
region of Site 925 changed from 40:60 dur- 
ing the LGM to 90: 10 today. If the differ- 
ence between S l80  values of AABW and 
NADW was the same during the LGM, the 
circulation changes at Site 925 during the 
LGM reduced the S180, ,  by 0.25 per mil. 
This reduction implies a mean ocean 
change of 1.05 per mil, in good agreement 
with the estimate based on deep water tem- 
perature changes. 

A lower glacial-interglacial change in 
S180,,,, makes planktonic foraminifera1 
S180 records consistent with greater cool- 
ing of the tropics during the LGM. By 
assuming an ice-volume comvonent of 1.3 
per m i 1 , - ~ ~ ~ 0  records of planl;tonic forami- 
nifera yield tropical sea surface tempera- 
tures that are at most 2°C colder during the 
LGM ( I ) ,  consistent with estimates from 
C1,IMAP based on biodiversitv (1 6) .  If the , .  . 
buildup of continental ice affects the car- 
bonate oxygen isotope record for the LGM 
by only 1.0 per mil as a global average and 
by as little as 0.8 per mil for deep water in 
the Atlantic Ocean, then S l80  records of 
tropical planktonic foraminifera can yield 
from 3' to 5OC of cooling since the LGM. 
Although it remains uncertain how the 
S180 of surface waters changed during the 
LGM as a result of changes in evavoration 

u 

and precipitation, reducing the ice-volume 
component helps to reconcile tropical 
planktonic foraminiferal S l80  records with 
the coral S l80  and Sr/Ca measurements (3) 
and with terrestrial climate proxies, includ- 
ing snow-line elevations (23), noble gases in 
ground water ( 2 4 ) ,  and pollen records (25). 
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Nuclear Encoding of a Chloroplast RNA 
Polymerase Sigma Subunit in a Red Alga 

Kan Tanaka, Kosuke Oikawa, Niji Ohta, Haruko Kuroiwa, 
Tsuneyoshi Kuroiwa, Hideo Takahashi* 

A chloroplast RNA polymerase sigma factor is encoded by a nuclear gene, sigA, in the 
red alga Cyanidium caldarium RK-1. The encoded protein functions as an RNA poly- 
merase sigma factor in vitro and it is localized to the chloroplast in vivo. SigA shows high 
sequence similarity to the sigma factors of cyanobacteria, which is indicative of the 
ancestral endosymbiotic event and subsequent transfer of the sigA gene to the nuclear 
genome. 

DNA sequence and phylogenetic analyses 
indicate that chloroolasts are close relatives 
of free-living cyanobacteria and are derived 
from an endosymbiotic event. Chloroplast 
RNA polymerase is closely related to that of 
cyanobacteria (1). Chloroplast genomes of 
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several plant species encode RNA polymer- 
ase subunits corresponding to a, @, and @' 
of the eubacterial core enzyme (2). Howev- 
er, although the a subunit, a protein impor- 
tant for transcriotion initiation and oromot- 
er selectivity ( 3 ) ,  has been found in-chloro- 
plasts (4), the corresponding gene has not 
been found in the chloroplast genome. 

The unicellular red alga Cyanidium cal- 
darium RK-1 is an acidoohillic eukarvote 
with a small genome [13'mega-base ;airs 
(Mbp)] (5). The cells contain a nucleus, a 
mitochondrion, and a chloroplast, each with 

Bunkyo ku, ~ o k y o  11 3, Japan ~ t s  own genome. The chloroplast RNA poly- 
*To whom correspondence should be addressed merase and a subunlt of a related red alga, 
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