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(derivative-like) and 2.7 eV (absorption band), 
which are similar to those in dsordered films 
(14), the RR P3HT EA spectrum also contains 
strong oscillation with zero crossing at 2.75 eV 
(Fig. 4). Such oscillation was previously seen in 
a-sexithienyl microcrystallites and analyzed in 
terms of a charge-transfer exciton near the con- 
tinuum level (29). Th~s  may be a prerequisite 
for the formation of Franz-Keldysh band-edge 
oscillation, such as in EA of single-crystal poly- 
diacetylene (30). We also found that this oscil- 
lation gradually disappears upon aging of the 
film, due to reduced electron coherence caused 
by the oxygen attack on the polymer chains 
(Fig. 4). 

In conclusion, we studied and compared 
long-lived photoexcitations in RR and RRa 
P3AT films. In RR P3AT films, where lamellae 
are formed, the increased interplane interchain 
interaction, t ,  delocalizes the traditional ID 
charged polarons onto adjacent chains, acquir- 
ing 2D electronic properties. The most promi- 
nent optical signature of the delocalized polaron 
excitation is a strong red-shifted absorption 
band in the mid-IR range (DP,) that may be 
used to directly measure t ,  in polymer films by 
optical means. In addition, the relatively weak 
transitions of the delocalized polaron excitation 
in the visible and NIR spectral range may help 
to achieve laser action in nanocrystalline poly- 
mer devices using current injection, by reduc- 
ing the optical loss at wavelengths near the 
exciton-stimulated emission band; so far, this 
has been an acute problem in the field of plastic 
lasers. Moreover, although the absorption spec- 
trum of delocalized polaron excitation ap- 
proaches that of free camers in more conven- 
tional 3D semiconductors, it still contains a 
low-frequency spectral gap of -60 meV, which 
is due to the polaronic relaxation and which 
may be reflected in the relatively low canier 
mobility in these films. A fhther increase oft, 
will close the gap, destabilize the delocalized 
polaron excitation, and enhance camer mobility 
by additional orders of magnitudes. All organic 
electronic and optoelectronic applications of 
nanocrystalline T-conjugated polymers may 
then become a reality 
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Cool Glacial Temperatures and 

Changes in Moisture Source 


Recorded in Oman Groundwaters 

Constanze E. Weyhenmeyer,' Stephen J. Burns,' 

H. Niklaus Waber,' Werner Aeschbach-Hertig,' Rolf Kipfer,' 
H. Hugo L o o ~ l i , ~  Albert Matter' 

Concentrations of atmospheric noble gases (neon, argon, krypton, and xenon) 
dissolved in groundwaters from northern Oman indicate that the average 
ground temperature during the Late Pleistocene (15,000 to 24,000 years before 
present) was 6.5" 2 0.6"C lower than that of today. Stable oxygen and 
hydrogen isotopic groundwater data show that the origin of atmospheric 
water vapor changed from a primarily southern, Indian Ocean source during 
the Late Pleistocene to a dominantly northern, Mediterranean source today. 
The reduced northern water vapor source is consistent with a drier Last 
Glacial Maximum through much of northern Africa and Arabia. 

Large discrepancies exist in estimates of tropi- 
cal glacial-interglacial temperature changes 
during the Pleistocene-Holocene transition (1- 
4). These discrepancies are an obstacle to pro- 
ducing predictive general circulation models 
(GCMs) of climate. Reconstructions of sea sur- 
face temperature (SST) based on transfer func- 
tion analyses of planktonic foraminifera1 as- 
semblages originally indicated that there was 
less than a 2°C change in tropical SST between 
the Last Glacial Maximum (LGM) and the 
Holocene (5-8). Alkenones in deep-sea sedi- 
ments suggest only a slightly larger glacial- 
interglacial increase in SST of 2" to 3OC (9, 10). 
More recent studies of SriCa ratios and 6180 
(11) records of corals, however, indicate that 

' Institute of Geology, University of Bern, CH-3012 Bern, 
Switzerland. *Environmental Physics, EAWAGIETH, CH-
8600 Duebendorf. Switzerland. 31nstitute of Physics. 
University of Bern, CH-3012 Bern, Switzerland. 

tropicallSST was as much as 5°C cooler during 
the LGM than today (12). The coral records are 
more consistent with available continental pa- 
leoclimate studies on vegetation, snow lines, 
tropical ice cores, and groundwater, which in- 
dicate an even larger tropical Pleistocene-Holo- 
cene temperature increase of 5" to 8OC (13-20). 

SST maps for the LGM are commonly 
used as boundary conditions for atmospher- 
ic circulation models of climate change or 
as an independent test for GCM simulations 
(2, 3). Atmospheric circulation models that 
use CLIMAP SST distributions as bound- 
ary conditions generally predict little con- 
tinental glacial-interglacial temperature 
changes for tropical regions (2), which is 
inconsistent with most available geological 
proxies. More recent simulations with mod- 
ified SST fields (3) and coupled atmo-
sphere-ocean GCMs (4) that include ocean 
dynamics (e.g., thermohaline circulation 
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and upwelling) predict substantially larger 
tropical glacial-interglacial temperature 
changes, with temperature increases of up 
to 5" to 7°C for the continental interiors of 
the tropics, although with considerable spa- 
tial variability. Because the magnitude to 
which the tropics cooled during the LGM 
has important implications for their role in 
global climatic changes, resolving the dis- 
crepancies between various computer sim- 
ulations and geological proxies is a key 
issue in paleoclimate research. At present, 
the preponderance of geological data indi- 
cating substantially cooler tropical and sub- 
tropical temperatures during the LGM 
come from the Americas, an area that is 
strongly influenced by changes in North 
Atlantic circulation and particularly in 
North Atlantic Deep Water formation. 
More paleotemperature records from differ- 
ent geographical regions are needed to as- 
sess the magnitude and global extent of 
glacial-interglacial temperature changes. 

We present a paleoclimate record from 
oman, southeastern Arabia, which extends the 
global tropical paleotemperature database to an 
area lacking any previous continental tempera- 
ture record for the Late Pleistocene. Paleotem- 
perature estimates are based on measurements 
of Ne, Ar, Kr, and Xe dissolved in I4C-dated 
groundwater (21). Stable isotope analyses of 
the groundwater (SI80 and S2H) (22) yield 
additional information on the Late Pleistocene 
moisture sources and tropical atmospheric cir- 
culation (23). The coastal aquifer of the Al 
Khwad Fan, located in northern Oman 
(230301N, 58OE) (Fig. I), covers an area of 
about 250 lan2. The aquifer consists of an allu- 
vial, ophiolitic gravel sequence greater than 
400 m thick, underlain by the Semail ophiolite. 
At present, recharge in the catchment occurs 
mainly during the winter months as a result of 
Mediterranean frontal systems passing through 
the area from the northwest. A secondary 
source is local convective storm cells that form 
during the very hot summers. Tropical cyclones 
occasionally approach the area, originating ei- 
ther in the southeastern Arabian Sea or in the 
Bay of Bengal (24,25). Because of the strong 
offshore monsoonal airstream that parallels the 
southeastern Arabian coast during the summer 
and winter, however, these southem air masses 
normally do not reach the Arabian coast and 
thus do not contribute substantially to the 
present-day recharge. The southwest summer 
monsoon that accounts for most of the precip- 
itation in southem Oman also does not reach the 
study area in northern Oman. 

Three aquifers can be distinguished in the 
Al Khwad Fan catchment on the basis of geo- 
chemical and isotopic data from more than 50 
wells: a deep aquifer below 300-m depth con- 
taining old groundwater, an intermediate aqui- 
fer between 50 and 300 m containing mixed 
groundwater, and a shallow aquifer filled with 

recently infiltrated groundwater (26). The low 
I4C activities recorded for the deep groundwa- 
ter indicate infiltration during the Late Pleisto- 
cene sometime around the LGM [2 1,000 years 
before present (yr B.P.)]. Calculated I4C resi- 
dence times of the deep groundwater range 
from 15,000 to 24,000 yr B.P. when corrected 
for carbonate chemisby (27) and changes in 
atmospheric 14C concentrations through time 
(28). Although hydrologically heterogeneous, 
the A1 Khwad Fan catchment is geochemically 
rather homogeneous with a dominant ophiolitic 
host-rock composition (bedrock and gravels) so 
that all groundwaters have very low concentra- 
tions of calcium and dissolved inorganic car- 
bon. As a result, the modeled I4C residence 
times were found to be relatively insensitive to 
the choice of correction model and to changes 
in input parameters (e.g., soil CO,), yielding an 
overall uncertainty of individual ages of + 1000 
years. Infiltration within the past 50 years is 
indicated for groundwater samples from the 
shallow aquifer, which are all tritium CH) bear- 
ing with associated I4C activities close to mod- 
em atmospheric input. Chemical and isotopic 
data of groundwater samples from the interme- 
diate aquifer indicate complex mixtures of Late 
Pleistocene and modem groundwater together 
with variable, but generally small (<5%) 
amounts of seawater from the coastal saline 
intrusion wedge. 

Eleven wells were selected and resampled 
for noble gas analyses, on the basis of the 
groundwater chemistry and isotope data. No- 
ble gas temperatures (NGT) were calculated 
from the measured concentrations of Ne, Ar, 
Kr, and Xe dissolved in the groundwater with 
a weighted least-square fitting technique and 
a model for excess air fractionation (29). 

The average NGT calculated for the three 
Holocene samples from the upper aquifer is 
33.5" 2 1.7"C (30). These estimated infiltration 
temperatures closely agree with measured 
groundwater temperatures (30) and the average 
annual ground temperature at the water table 
(33" t 0.3"C) as determined from borehole 
temperature measurements from more than 50 

wells in the study area (26). The three Pleisto- 
cene groundwater samples yield consistent 
NGTs between 26" and 27"C, with an average 
of 26.6" t 0.6"C, about 6.5" 2 0.6"C lower 
than the average annual ground temperature at 
the water table today (Fig. 2). 

A glacial-interglacial temperature in- 
crease of 6.5" + 0.6"C lies in the upper range 
of previously published estimates from the 
tropical regions. However, several continen- 
tal records, mostly from the Americas, indi- 
cate a tropical and subtropical glacial-inter- 
glacial temperature increase of similar mag- 
nitude. Pollen records from Mexico, Panama, 
and Colombia, for example, suggest a tem- 
perature increase of 5" to8"C, and changes in 
vegetation zones in the Colombian and Ecua- 
dorian Andes indicate a warming of similar 
magnitude if today's lapse rate is used for 
temperature conversions (13, 15, 16). Noble 
gas studies of groundwater from tropical Bra- 
zil, Namibia, and Nigeria also support a gla- 
cial-interglacial temperature increase of 5" to 
8°C (19,20). Although, fhere has been recent 
discussion of the exact temperature conver- 
sion of stable isotope records from tropical 
ice cores (18), records from the equatorial 
Andes provide additional evidence for sub- 
stantially cooler tropical temperatures during 
the Late Pleistocene (1 7). Because most con- 
tinental paleotemperature records come from 
tropical Central and South America, the ques- 
tion remains of whether such large glacial- 
interglacial temperature change was also the 
case for tropical continental regions more 
distant from the North Atlantic region. The 
Oman record provides evidence for a large 
continental glacial-interglacial temperature 
difference outside the Americas, thus adding 
support for a global extent of substantially 
cooler tropical and subtropical temperatures 
around the LGM. 

The only other available Late Pleistocene 
temperature estimates for the Arabian region 
come from studies of sediments from the Indian 
Ocean. These studies suggest that during the 
LGM, mean annual SST for the Bay of Bengal 
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Fig. 1. Map showing the location 
of the Al Khwad Fan aquifer, in- 
cluding a generalized sketch of 
the present-day wind pattern 
during summer (July and Au- 
gust). The southwest (SW) mon- 
soon reaches only the southern 
coastal areas of Oman and does 
not affect the northern regions. 
Water vapor carried to the study 
area by the northwesterly winds 
is the main source for present- 
day recharge. 
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was only 1" to 2°C lower than modem values, 
whereas the Arabian Sea was interpreted to be 
as warm or even warmer during the LGM than 
it is today (8,  10). Such a large discrepancy 
between our continental and the marine records 
appears at fust improbable. Marine records 
from the Arabian Sea, however, are strongly 
influenced by upwelling, induced by the south-
west summer monsoon (8, 31-33). Upwelling 
brings cold, nutrient-rich deep water to the sur-
face, resulting in a cooling of several degrees. 
During summer, long-term average SST is as 
low as 23" to 24OC along the coasts of Africa 
and Arabia, as compared with 27" to 28°C in 
areas that are not affectedby upwelling (24). It 
is generally thought that as a result of a south-
ward movement of the Intertropical Conver-
gence Zone (ITCZ), the summer southwest 
monsoon was weakened whereas the drywinter 
northeast monsoon was intensified during the 

Fig. 2. Calculated noble gas tem-
peratures versus corrected 14C 
groundwater ages for the three 
different aquifers. Groundwater 
samples from the intermediate 
aquifer are a mixture between 
modern and Pleistocene ground-
water, as determined from the 
groundwater chemistry. The sol-
id line indicates the present-day 
average annual ground tempera-
ture at the water table, 33" + 
0.3"C. Data point labels corre-
spond t o  well identification 
numbers (30). 

LGM (8,31, 32). As a result, upwelling off the 
coasts of Oman and Somalia was presumably 
substantially reduced during the Late Pleisto-
cene, resulting in relatively warmer SST in the 
westem Arabian Sea. Thus, the glacial-intergla-
cia1 changes in upwelling intensity would 
dampen the overall glacial-interglacial temper-
ature change in marine records from parts of the 
Arabian Sea. Although changes in upwelling 
intensity alone cannot completely resolve the 
discrepancies between marine and continental 
records of the Arabian Sea region, such changes 
in ocean dynamics need to be considered when 
comparingthe different climate change proxies 
from this area. 

Results from stable isotope analyses from 
the A1 Khwad Fan groundwaters suggest that, 
in addition to the general cooling during the 
Late Pleistocene, there was also a change in 
the source of water vapor recharging the 
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6180 versus I ~ ~ H .The 6'H = 5.3 6"0 + 2.7 
southem local meteoric (n = 196; F = o.g/ 
water line (dashed Line) A1 Khwad Fan Apuifer:
was determined from 

LLJ -
24 -

Late Pleistocene 
groundwater 

bman goundwater line -20 $ ,,/ 1 ' , 
as a reference for mod- ' Southern Local Meteoric Water Line 

em infiltrated around- , 6'H = 6.9 6"O - 3.4 , 

2 3 r , ~ r ~ - ~ ~ ~ ~ ~ 1 ~ 7 - r ~ 7 m - r ~ ~ ~ ~ ~ 

0 5,000 10,000 15,000 20,000 25 

Corrected 14Cages (yr BP) 

measurements of pre- : 
0 -cipitation from southem 

tropical cyclones reach-
ing the study area OC- : 
casionally (26). The -
crosses represent data g -
from 1% Late Holocene - : 
(<I000 years) ground- ? -lo 1 
water samples from the -
Al Khwad Fan and sur-

-15 -rounding catchments, 
~rovidinethe northem 

water in the aGa. The , 
range of isotope values - 2 5 1 . 1 . . I . , . I . 7 
reflects the range of re- -5 -4 -3 -2 -1 0 1 

charge altitude between F "0 (per mil) 

Pleistocene groundwater
* Modern groundwater 
+ Mixed groundwater 

+ Regional modern 
ground 
from surrounding 
catchments 

0 and 2000 meters 
above sea level, with the more depleted values indicating high-altitude recharge. 

aquifer. Late Pleistocene groundwater sam-
ples from the A1 Khwad Fan are depleted in 
deuterium by several per mil but show no 
substantial change in 6180 when compared 
with modem infiltration waters (34). Thus, 
the Pleistocene groundwater samples do not 
fall on the modem local groundwater line 
(Fig. 3). This isotopic shift could theoretical-
ly be the result of either of two processes: 
increased evaporation or changes in the 
source of local water vapor (23). Because 
concentrations of conservative elements (i.e., 
C1, Na, and Br) in the Pleistocene groundwa-
ter samples are very similar to those in the 
Holocene groundwater, changes in evapora-
tion rates are an unlikely explanation for the 
observed isotopic offset. Rather, a change in 
the dominant water vapor source is the most 
likely cause. Previous work on rainwater al-
lowed us to identify two separate local mete-
oric water lines for northern Oman (26). 
These meteoric water lines reflect two differ-
ent principal water vapor sources for precip-
itation in the area: a northern, Mediterranean 
vapor source and a southern, Indian Ocean 
source. The Late Pleistocene groundwater 
samples from the A1 Khwad Fan fall directly 
on the southern local meteoric water line 
(Fig. 3), indicating a dominantly southern, 
Indian Ocean water vapor source for ground-
water recharge during the Late Pleistocene. 
Because during the LGM the ITCZ was far-
ther south than it is today, the study area was 
presumably not affected by the southwest 
monsoon, and thus an intensification of pre-
cipitation from this southern water vapor 
source appears unlikely. Instead, the ob-
served isotope shift in the Late Pleistocene 
groundwater samples is probably the result of 
a weakening or disappearance of the northern 
water vapor source that recharges the aquifer 
today. A reduced northern water vapor source 
during the Late Pleistocene is consistent with 
continental groundwater, lake, and pollen 
records, all of which suggest that the LGM was 
substantiallydrier through much of Arabia, Af-
rica, and southern Europe compared with the 
present day (20, 35-37). As a result of a h e r  
LGM climate over the northwestern continental 
regions, the northwestern air masses that pro-
vide mbst of the modem-day precipitation to 
northern Oman would not have carried enough 
moisture to produce substantial amounts of pre-
cipitation during this time. 

Final questions concerning Late Pleistocene 
groundwater in the A1 Khwad Fan are why the 
aquifer was recharged during A drier climate 
period and why the aquifer was not flushed 
during the subsequentHolocene wet period that 
occurred throughout Africa, Arabia, and Asia 
between about 6000 and 10,000 yr B.P. (35-
38). A change in sea level is a potential mech-
anism for preservation of the deep coastal 
groundwater. During the LGM, sea level was 
about 120 m below that of the present (39), 
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resulting in substantially increased hydraulic 
gradients on the coastal plain. The more distant 
outlets of the groundwater flow, combined with 
greater hydraulic gradients, likely resulted in 
much deeper circulation of fresh water than at 
present. When sea level rose during the Pleis- 
tocene-~olocene transition, hydraulic gradients 
greatly decreased, and the Pleistocene ground- 
water in the lower parts of the aquifer was 
disconnected from the active flow system 
above. The reduced hydraulic gradients and 
resulting shallower groundwater circulation 
also prevented flushing of this part of the aqui- 
fer during the subsequent early to mid Holo- 
cene wet period. 
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The dynamics of multiple Plasmodium infections in asymptomatic children living 
under intense malaria transmission pressure provide evidence for a density-de- 
pendent regulation that transcends species as well as genotype. This regulation, in 
combination with species- and genotype-specific immune responses, results in 
nonindependent, sequential episodes of infection with each species. 

In malaria-endemic regions, humans com-
monly harbor chronic Plasmodium infections 
consisting of complex mixtures of different 
species ( I )  and genotypes of parasites (2). 
Longitudinal studies of animal malaria infec- 
tions have shown that infection dynamics are 
affected by cross-species immunity, resulting 
in within-host interactions between species 
[reviewed in (3)]. Direct evidence for the 
action of cross-species immunity in human 

malaria infections has been lacking. Consec- 
utive experimental infections with different 
species and genotypes indicated that immu- 
nity to human malaria is species- and geno- 
type-specific (4). Data on the dynamics of 
simultaneous multispecies (5) and multigeno- 
type coinfections ( 6 )are available from only 
a few experiments. In some instances of 
mixed infections of P. falciparurn and P. 
vivax, replacement of one species with anoth- 
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