
(24). Given that Rhizobium-plant interac-
tions may be modified pathogen-host rela-
tionships (25), it is interesting to note that 
NodRm-IV(S) is essentially a modified 
chitin tetramer. The optical and mechani-
cal accessibility of root hairs, together with 
the possible use of bacterial genetics to 
modifi signal molecules, will provide new 
opportunities to study the mechanism of 
action of these oligosaccharide signals. 
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Paleotemperatures in the Southwestern United 
States Derived from Noble Gases in Ground Water 

M. Stute, P. Schlosser, J. F. Clark, W. S. Broecker 
A paleotemperature record basedon measurementsof atmospheric noble gases dissolved 
in ground water of the Carrizo aquifer (Texas) shows that the annual mean temperature 
in the southwestern United States during the last glacial maximum was about 5°C lower 
than the present-day value. In combinationwith evidencefor fluctuations in mountainsnow 
lines, this cooling indicates that the glacial lapse rate was approximatelythe same as it is 
today. In contrast, measurements on deep-sea sediments indicate that surface temper-
atures in the ocean basins adjacent to our study area decreased by only about 2°C. This 
difference between continental and oceanic records poses questions concerning our 
current understanding of paleoclimate and climate-controlling processes. 

Paleoclimate records for the oceans and in both the Northern Hemisphere and the 
the continents during the last glacial max- Southern Hemisphere dropped by about 
imum are inconsistent. The observation 950 m during the peak of the last glacial 
that the 0°C isotherm on mountains from suggests that the temperature was lowered 
almost all geographic settings and latitudes by 4.2" to 6.5"C at elevations between 3 

and 5 km ( 1 ) .  On the other hand. ~aleo-~, , . 
M, StUte,Lamont-Doherty Geological Observatory of 'Iimatic derived from Oxygen 
Columbia University Palisades, NY 10964. isotope measurements (on foraminifera) 
P. Schlosser, J. F: Clark, W. S. Broecker, Lamont- and faunal abundances indicate that most 
Dohert~Geological Obse'"at0~ of Columbia Unlver- Of the low-latitude ocean surface cooled by
s~ty,Pal~sades,NY 10964, and Department of Geolog-
~calSc~ences,Columb~aUn~vers~ty,New York, NY less than 20C- process has yet been 
10027 identified that could cause marked hlgh-
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altitude cooling in low latitudes if the sea 
surface cools by only 2°C (2). Therefore, 
either the ~aleoclimaterecords or our un-
derstanding of key climate processes appears 
to be wrong. 

Whereas reconstructed faunal distribu-
tions in deep-sea sediments and oxygen 
isotope measurements are reasonably good 
tools for studies of the oceans' paleotemper-
atures (3, 4), the situation for the conti-
nents is more complicated, because the 
paleothermometers that have been used are 
less accurate. Precipitation and temperature 
reconstructions for continents, for exam-
ple, have used pollen data ( 3 ,  beetle and 
land snail data (6) ,  periglacial features (7 ) ,  
oxygen and hydrogen isotope ratios in lake 
sediments ( 8 ) ,  soil carbonates (9), cave 
deposits (JO), tree rings (I I ) ,  ground water 
(12). and various other methods. Although. , ,  

the data are in qualitative agreement (all 
data indicate that most of the continents 

" 
0 5 10 15 20 25 30 

Temperature ( O C )  

Fig. 1. Temperature dependence of the noble 
gas solublllt~esIn dlst~lledwater expressed as 
the Bunsen coeff~cient(33-35) 

Fig. 2. Map of the area of 
lnvest~gationIn south Tex-
as wlth sampllng locat~ons. 
The x and y axes lnd~cate 
longitude and lat~tude,re-
spectively. Closed circles 
represent noble gas data: 
crosses, 14C data (21). 
Also indicated is the aver-
age direction of flow as de-
fined by 14Cand hydraulic 
age gradients and the di-
rection of maximum incli-
nation of the Carrizo sand-
stone. 

were colder during glacial time), these ap-
roaches suffer from major uncertainties 

stemming from the assumptions that must 
be made to convert the observations to 
temperatures. 

Measurements of atmospheric noble gas-
es dissolved in eround water offer a tool for

L z  

estimations of continental paleotempera-
tures that can overcome many of the weak-
nesses of indirect paleotemperature indica-
tors. The physical principle of the noble gas 
thermometer is the temDerature d e ~ e n -
dence of the solubility of noble gases (Fig. 
l ) ,  especially Ar, Kr, and Xe, in water. 
Laboratorv measurements of the solubilitv 
of the individual noble gases as a function 
of temperature allow the observed noble gas 
concentration in a ground-water sample to 
be converted into a temperature at which 
the water was equilibrated with the atmo-
sphere (13-15). Equilibration takes place 
during percolation of precipitation water 
throueh the unsaturated soil zone from the" 

surface to the water table in the recharge 
area of the aquifer. Ground water is then 
often isolated from the atmosphere and 
migrates to the discharge area, carrying 
information on  past climate in the concen-
trations of the dissolved atmospheric noble 
gases. The  potential of atmospheric noble 
gases dissolved in ground water as a paleo-
thermometer was recognized in the early 
1970s ( 1 3 ,  and pilot studies have demon-
strated that paleotemperature records can 
be obtained with this method in carefully 
selected aquifers (with well-known hydro-
geology, simple chemistry, and low disper-
sion and mixing rates) (16-1 9). The  avail-
able data clearlv show that a temDerature 
shift between the last glacial and ;he pre-
sent interglacial is documented in the noble 
gas pattern of old ground water (16-19). 
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However, most of these studies are charac-
terized by incomplete records, insufficient 
spatial resolution, or large errors in the 
noble gas temperatures that are due to 
analytical problems. 

The advantage of the noble gas ther-
mometer, as compared to the other paleo-
thermometers, is that it is based on  physical 
principles and measures an annual mean 
temperature with high accuracy. It averages 
the seasonal variations and smoothes out 
variabilitv occurrine on  time scales of some 
years to about a thousand years. Because of 
intrinsic characteristics such as mixing pro-
cesses, the noble gas method cannot resolve 
paleoclimate signals on time scales of sev-
eral years to several hundred years. Howev-
er, the noble gas record can be used to 
"calibrate" high-resolution records ob-
tained bv other methods that have weak-
nesses in the accuracy of the absolute tem-
perature determination. 

T o  establish a detailed ~a leo tem~era ture  
record for the southwestern United States, 
we used the noble gas method on  the 
well-studied Carrizo aauifer in  Texas. The 
Canizo sandstone in Atascosa and Mc-
Mullen counties (Fig. 2; approximate loca-
tion, 98"301W, 29'00'N) is a confined, 
massive, medium-grained sandstone aquifer 
of Eocene age. The  sandstone crops out 
across the northwestern comer of Atascosa 
County at an elevation of about 200 m 
above sea level and dips to the southeast 
with a more or less constant slope of about 
20 m per kilometer (Fig. 3A). Rainfall 
recharges the aquifer at the outcrop, and 
the ground-water flow is driven gravitation-
ally down the structural-depositional dip 
into the deeper subsurface layers (20). A 
systematic hydrochemical evolution occurs 
along the flow path: the concentrations of 
total dissolved solids gradually increase, and 
waters rich in calcium. sodium. bicarbon-
ate, and chloride change to waters rich in 
sodium bicarbonate (20). In deeper parts of 
the aquifer, some ground water leaks up-
ward into overlying layers. Just south of the 
border between Atascosa and McMullen 
counties (after a flow distance of about 75 
km), cross-formational leakage along major 
faults causes mixing with ground water of 
deeper origin. 

Noble gas samples were obtained from 
22 wells (Figs. 2 and 3A), providing more 
or less even coverage across the sampled 
portion of the aquifer. The wells were 
chosen on  the basis of earlier 14Cmeasure-
ments (21 )  and hydrodynamic modeling 
(22). The "C ages were found to increase 
linearly from the recharge area at the north-
ern border line of Atascosa Countv toward 
the southeast, where ages of more than 
28,000 years were observed (Fig. 3B). Ex-
cept for one well, the composition of the 
Carrizo waters has not changed significantly 



during the last 30 years (23); thus, the 
climate signal in the aquifer should not 
have been disturbed by leaking wells or 
high withdrawal rates. Therefore, it seemed 
justifiable to use the 14C data (21) to 
provide a chronology for our paleotemper-
atures, although the data were not collected 
simultaneously. 

We measured the noble gas contents of 
the waters at the Institute of Environmental 
Physics, University of Heidelberg, Germa-
ny, using a specially designed mass spectro-
metric system (17, 24). Measurement preci-
sion was about 23.4% for He, k2.1% for 
Ne, 21.7% for Ar, 2 1.6% for Kr, and 

Fig. 3. (A) Vertical section along the above 
described flow line including topography and 
location of the well screens within the Carrizo 
sandstone. (B) 14C ages as a function of dis-
tance from the recharge area. The slope of the 
linear fit corresponds to a flow velocity of about 
2 miyear. (C) Noble gas temperatures as a 
function of distance from the recharge area. 
The open circles represent samples influenced 
by mixing as a result of a leaky well casing (25 
km) or originating from a deeper layer (18 km). 
The noble gas paleotemperatures are plotted 
as a function of distance from the recharge 
area, which serves as a measure of age. The 
northern edge of the Carrizo outcrop in 
Atascosa County (Fig. 2) is set to zero. The 
direction of the distance vector (162") is identi-
cal to the direction of the ground-water flow as 
defined by 14C and hydraulic age gradients 
(21, 22) and the direction of maximum inclina-
tion of the Carrizo sandstone (20). The noble 
gas temperature is 5.2"C lower for the last 
glacial maximum and 2.5"C lower for the middle 
Wisconsin period (22,500 to 33,500 years ago) 
than today. 

2 1.4% for Xe. We calculated noble gas 
paleotemperatures (Fig. 3C) from Ne, Kr, 
and Xe concentrations after correcting for 
excess air (25). The Ar data were omitted 
for the paleotemperature calculations be-
cause of analytical problems (26). After sub-
traction of the excess air, the noble gas tem-
peratures reflect the mean annual temperature 
of the ground air at the water table (27), 
which for the continental United States (ex-
cept in extremely warm, cold, or dry regions) 
is about 1°C higher than the mean annual 
temperature of the air (28). The analytical 
uncertainty of the noble gas temperatures 
(Fig. 3C) was k0.5"C ( l u  error). 

The noble gas temperatures show a sys-
tematic trend with age in the aquifer except 
for one sample (which will be omitted from 
consideration) at about 18 km from the 
recharge area. This well is deeper than the 
surrounding wells and might contain signif-
icantly older water from the underlying aqui-
fer (20). The scatter of the data ooints 
around ;he curve in Fig. 3C does not eiceed 
the accuracv of measurement (20.5"C).

round-water samples taken in the re-
charge area show an average noble gas 
temperature of 20.6" 2 0.6"C. This value is 
1.2"C lower than the present annual mean 
ground temperature in the recharge area, 
2 1.8"C {annual mean air temperature of 
20.7" and 20.9"C measured at two meteo-
rological stations near the recharge area 
[Hondoand Floresville (29)]plus 1°C aver-
age ground temperature-air temperature 
difference (28)). However, noble gas tem-
peratures represent a mean value over sev-
eral decades to a few hundred years. A small 
deviation between the temperature record-
ed by the noble gases dissolved in the 
ground water and the currently observed 
ground temperatures is not surprising in 
view of slieht variations in the mean annual-
air temperature (30). There is a clear mini-
mum in the noble gas temperature record 
(15.4" to 16.2"C) at a distance of about 35 
km from the recharge area. Between 50 and 
70 km from the recharge area, a plateau was 
observed (average noble gas temperature of 
18.1" 2 0.6'0. Toward the end of the 
record (distance from the recharge area >70 
km) there was a sienificant increase toward-
values similar to those in the outcrop area. 

If we convert the distance into an age 
using the I4C data (Fig. 3B), the noble gas 
temperature minimum corresponds to an 
age between 12,000 and 17,000 years ago 
and the plateau to an age between 20,000 
and 30,000 years ago. The two noble gas 
temperatures at the high end of the age 
scale most likely reflect temperatures well 
beyond 30,000 years ago because the corre-
sponding 14Cactivities fall below the detec-
tion limit and because the two wells are 
located in the fault zone, where mixing 
with older formation water probably occurs. 

Considering uncertainties in the determi-
nation of 14C ages (31), we interpret the 
noble gas temperature minimum as repre-
sentative for the last glacial maximum 
(LGM), which probably occurred about 
18,000 (I4C)years ago, and the plateau as 
representative for the middle Wisconsin 
period (22,500 to 33,500 years ago (31. 

The data thus suggest that the annual 
mean temperature in southern Texas was 
about 5°C lower during the LGM and about 
2.5"C lower during the middle Wisconsin 
period than in the Holocene. The noble gas 
temperature record established here is qual-
itatively consistent with eight earlier mea-
surements for the Carrizo aquifer (32). 

There are few estimates of paleotemper-
atures for south Texas with which to com-
pare our data, mainly because of the scar-
city of well-preserved pollen records in that 
area. However, an LGM summer tempera-
ture about 5°C lower than today was esti-
mated from geological and hydrological 
studies on the Llano Estacado and from 
pollen analyses in the Boriack Bog near 
Austin (5). 

The recharge area of the Carrizo aquifer 
is located at 200 m above sea level, at a 
distance of 200 km from the Gulf of Mexico 
and 750 km from high mountains. The Gulf 
of Mexico is characterized by a small tem-
perature drop between the last glacial and 
the present interglacial, whereas the retreat 
of the snow lines indicates higher tempera-
ture variations for the mountains. The tem-
perature shift of 5°C between Holocene and 
LGM, as derived from noble gas concentra-
tions, resembles closely the temperature 
change in the high mountains obtained 
from the snow line lowering and pollen 
assemblages. These data indicate that the 
southwestern United States was uniformly 
cooler and that the lapse rate remained 
unchanged during the LGM. However, sea 
surface temDeratures in the Gulf of Mexico 
are characterized by a small temperature 
drop, 2"C, between the last glacial and the 
present interglacial. Model calculations in-
dicate that these differences are not consis-
tent with the 5°C temperature change on 
the adjacent continents. Our noble gas 
temoeratures strenethen the estimates of-
cooler continental paleotemperatures dur-
inn the LGM. The inconsistencv of the 
oceanic and continental paleorecords indi-
cates that there are still gaps in our under-
standing of fundamental climate processes. 
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Geothermal Evidence from Canada for a Cold 
Period Before Recent Climatic Warming 

Kelin Wang and Trevor J. Lewis 
Three deep boreholes in a small area in Quebec, each having two high-accuracy tem-
perature logs separated by 22 years, allow reliable determination of the ground surface 
temperature history during the past few centuries. The temperature logs show that the 
recent climatic warming was preceded by a cold period near the end of the 19th century 
inthis area. The presenceof such acold period is also suggested by boreholetemperature 
data from other areas in Canada. 

W h e t h e r  the climatic warming during the 
past hundred years is caused entirely by 
human activities is uncertain. Earlv instru-
mental observations indicate that' surface 
air temperatures were low near the end of 
the 19th century ( I ,  2),  but the scarcity of 
meteorological stations before 1880 pre-
cludes a meaningful global analysis (3). 
However, the presence of a cold period in 
various parts of the world at that time has 
also been suggested by some but not all 
studies using proxy methods ( 4 4 ) .  These 
data suggest that the recent warming might 
be partially or mostly a return from a cold 
period. In this report, we describe geother-
mal evidence from Quebec and other areas 
in Canada for the presence of a cold period 
before warming near the end of the 19th 
century. The estimation of ground surface 
temperature (GST) histories from precise 
borehole temperature measurements was 
first attempted in 1969 (7) and 1971 (8), 
but its im~or tancehad not been widelv 
appreciated until Lachenbruch and Mar-
shall (9) provided evidence from the Alas-
kan Arctic for climatic warming during the 
past several decades. Recent developments 
include the use of a model that realisticallv 
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simulates lithologic layers in  the crust and 
flexible inversion methods (10-1 2)  and es-
timation of G S T  over a vast area (13). 
Compared to proxy methods, this tech-
nique involves simple physics (heat con-
duction) and is not subject to uncertainties 
related to calibration. However, the esti-
mated GST history is necessarily a highly 
smoothed version of the real one and pro-
vides an interesting contrast with tempera-
ture records that are based on  proxies. 

In 1990, we relogged 12 boreholes that 
had been logged in 1968 as part of a 
detailed geothermal study (14) near Lac 
Dufault, Quebec (Fig. I ) ,  in an Archean 
volcanic belt of the Superior Province of 
the Canadian Shield. Repeat temperature 
logs, especially those separated by more 
than 20 years, are desirable for three rea-
sons. (i) They better constrain the GST 
estimation because not only the curvatures 
in each temperature profile, but also the 
temperature changes with time at given 
depths, contain information on  the past 
GST. (ii) They help to identify transients 
in subsurface temperatures that are due to 
climatic changes as opposed to curvatures 
in the temperature profiles caused by terrain 
effects and conductivity variations. (iii) 
They allow accurate identification of dis-
turbances by water flow. Three of the 12 
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