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very high sulphate concentrations (Fig. 1). Thus, differences in 
P cycling between fresh waters and salt waters may also influence 
the switch in nutrient limitation. 

A further implication of our findings is a possible effect of 
anthropogenic S pollution on P cycling in lakes. Our data 
indicate that aquatic systems with low sulphate concentrations 
have low RPR under either oxic or anoxic conditions; systems 
with only slightly elevated sulphate concentrations have sig
nificantly elevated RPR, particularly under anoxic conditions 
(Fig. 1 ). Work on the relationship between sulphate loading and 
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ROOTH1 proposed that the Younger Dryas cold episode, which 
chilled the North Atlantic region from 11,000 to 10,000 yr BP, was 
initiated by a diversion of meltwater from the Mississippi drainage 
to the St Lawrence drainage system. The link between these events 
is postulated to be a turnoff, during the Younger Dryas cold 
episode, of the North Atlantic's conveyor-belt circulation system 
which currently supplies an enormous amount of heat to the 
atmosphere over the North Atlantic region2

• This turnoff is 
attributed to a reduction in surface-water salinity, and hence also 
in density, of the waters in the region where North Atlantic Deep 
Water (NADW) now forms. Here we present oxygen isotope and 
accelerator radiocarbon measurements on planktonic foraminifera 
from Orca Basin core EN32-PC4 which reveal a significant reduc
tion in meltwater flow through the Mississippi River to the Gulf 
of Mexico from about 11,200 to 10,000 radiocarbon years ago. 
This finding is consistent with the record for Lake Agassiz which 
indicates that the meltwater from the southwestern margin of the 
Laurentide Ice Sheet was diverted to the northern Atlantic Ocean 
through the St Lawrence valley during the interval from -11,000 
to 10,000 years before present (yr BP). 

318 

P release has yet to prove the mechanism behind this relation
ship. If sediment P release were controlled largely by sulphur, 
our view of the lakes that are being affected by atmospheric 
S pollution could be altered. It is believed generally that 
lakes with well-buffered watersheds are insensitive to the effects 
of atmospheric S pollution. However, because changing 
atmospheric S inputs can alter the sulfate concentration in 
surface waters22 independent of acid neutralization in the water
shed, the P cycle of even so-called 'insensitive' lakes may be 
affected. D 
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Evidence for these diversions of meltwater comes from 
changes in the level of proglacial Lake Agassiz, which acted as 
a 'clearinghouse' for runoff from a 2 x 106 km2 area along the 
southwestern side of the Laurentide Ice Sheee. Before 
11,000 yr BP, the meltwater reaching Lake Agassiz overflowed 
to the Gulf of Mexico through the Mississippi River drainage 
system (Fig. la). By -11,000 yr BP the Laurentide Ice Sheet 
had retreated far enough to open a series of channels leading 
to the Lake Superior basin, creating a diversion of the Agassiz 

TABLE 1 Key radiocarbon dates of wood 

Moorhead low-water phase of Lake Agassiz* 

10,960±300 (W-723) 
10,820 ± 190 (T AM-1) 
10,680 ± 190 (GSC-677) 
10,550 ± 200 (Y -411) 

10,340 ± 170 0-5213) 
10,200 ± 80 (GSC-1909) 
10,080 ± 280 (W-900) 
10,050 ± 300 (W-1005) 

Marquette glacial advance into Superior basint 
10,250 ± 250 (W-1541) 10,100 ± 100 (WIS-409) 
10,230 ± 300 (W-3896) 9,850 ± 300 (W-3866) 
10,230 ± 500 (W-1414) 9,780 ± 250 (W-3904) 
10,220 ± 215 (DAL-338) 9,730 ± 140 0-5082) 
10,200 ± 500 (M-359) 9,545 ± 225 (DAL-340) 
10,100 ± 250 (WIS-409) 

Emerson high-water phase of Lake Agassizt 

10,000 ± 280 (GSC-1428) 
10,000 ± 150 (GSC-870) 

9,990 ± 160 (GSC-391) 
9,940 ± 160 0-3880) 
9,930±280 (W-388) 
9,900 ± 400 (W-993) 

9,890 ± 300 0-4853) 
9,880 ± 225 (GX-3696) 
9,820 ± 300 (W-1361) 
9,810 ± 300 (W-1360) 
9,700 ± 140 (GAC-797) 

These dates (yr BP) were used to establish the chronology for the routing 
of meltwater from Lake Agassiz drainage basin during the Younger Dryas 
cold episode. The sample numbers are given in brackets. 

* Low-water phase during which meltwater flowed east to the northern 
Atlantic Ocean. 

t Glacial advance that dammed eastern overflow from Lake Agassiz. 
t High-water phase during which meltwater flowed south to Gulf of Mexico. 
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FIG. 1 a, Map showing Laurentide Ice 
Sheet and routing of overflow from the 
Lake Agassiz basin (dashed outline) to 
the Gulf of Mexico just before the 
Younger Dryas22

·
23

; b, Routing of over
flow from Lake Agassiz through the 
Great Lakes to the St Lawrence and 
northern Atlantic during the Younger 
Dryas24

. 

water eastward through the Great Lakes and the St Lawrence 
valley to the northern Atlantic (Fig. 1 b). Thus, during the 
Younger Dryas, meltwater and precipitation from the Lake 
Agassiz basin, the discharge of which is estimated4 to have been 
-30,000 m3 s - 1

, was diverted to the northern Atlantic Ocean 
from its previous route to the Gulf of Mexico. This diversion 
caused the level of Lake Agassiz to drop by ?40 m, creating 
the Moorhead low-water phase5

. Radiocarbon dates of material 
from the portions of the floor of Lake Agassiz exposed during 
the Moorhead low-water phase range from 10,960 to 10,050 
radiocarbon years (Table 1 ). 

Drainage from Lake Agassiz was routed back to the Mis
sissippi River and Gulf of Mexico beginning -10,000 years ago, 
when ice of the Marquette glacial advance once again dammed 
the eastern overflow channels that had linked Lake Agassiz with 
the St Lawrence during the time corresponding to the Younger 
Dryas. Lake Agassiz again rose at this time to its Mississippi 
outlet initiating the Emerson high-water phase. Radiocarbon 
dates related to both the ice advance in the Superior basin and 
the Emerson high-water phase are shown in Table 1. Eleven 
radiocarbon ages for the ice re-advance range from 10,250 to 
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9,545 yr and average 10,020 yr. Eleven radiocarbon ages for the 
Emerson high-water phase of Lake Agassiz range from 10,000 
to 9,700 yr. 

An appropriate independent test for these reconstructions of 
drainage history is to date meltwater influx episodes to the Gulf 
of Mexico, recorded in the sedimentary record as negative values 
in the 8180 of planktonic foraminifera 12

•
13

. Because of bioturba
tion effects however, necessary resolution is not attainable for 
sediments that accumulate at rates of 8 em per 103 yr. The Orca 
Basin, located on the continental rise off Louisiana, not only 
offers high sedimentation rates (50 em per 103 yr) but also anoxic 
conditions and hence a lack of sediment mixing 14

-
17

• There is 14
•
15 

a major negative 8 180 spike in Orca Basin core EN32-PC6. 
Accelerator radiocarbon dating of this core conducted on plank
tonic foraminifera 18 revealed what seemed to be a sedimentation 
hiatus covering the time interval of the Younger Dryas. A more 
recent radiocarbon age of 10,910± 160 yr (or 10,500 yr after 
correction for the -400-yr age for surface water 2: C02 ) for a 
new sample of mixed planktonic foraminifera from 436-437 em 
depth in EN32-PC6, however, supports the contention that 
accumulation was continuous 17

. 
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Because of our original susp1c1on that a hiatus existed in 
EN32-PC6 we turned to a companion core, EN32-PC4, and 
determined the oxygen isotopic composition of both the white 
and pink variety of Globigerinoides ruber (Fig. 2). The isotope 
record was radiocarbon dated using the accelerator 14C method 
(Table 2 and Fig. 2). Both 180 records show the meltwater 
anomaly 12

-
15

• The white G. ruber record shows a sharp increase 
(- 3%'.) in 8 180 at -11,000 yr BP which is consistent with the 
cessation of meltwater flow expected from a diversion of the 
Lake Agassiz water. This increase is followed by a sharp 
decrease (-2%) in 8 180 at - 10,000 yr BP which is consistent 
with the rejuvenation of meltwater flow when the Lake Agassiz 
discharge was returned to the Mississippi River system. 

Had we stopped with the analysis of the white variety of G. 
ruber we would have concluded that the evidence from the Gulf 
of Mexico is in full agreement with the expectation based on 
the Lake Agassiz record. The analyses of pink forms of G. ruber, 
however, complicates the situation. Although they show the 
major 8 180 increase corresponding to the eastward diversion 
11,000 yr BP, they show no decrease at l 0,000 yr BP. Rather, the 
8 180 value remains nearly constant from 11,000 yr BP to present . 
Another puzzling contrast between these two records is that the 
8 180 value for the white form of G. ruber is 1% higher than 
that for the pink form during glacial and Younger Dryas times, 
whereas the two forms yield similar values before and after 
Younger Dryas time. These differences are not easily explained. 
Net-tow 19 plankton sampling and isotope20 studies suggest that 
the pink form of G. ruber lives only during summer months, 
whereas the white form lives throughout the year. As the largest 
meltwater flux to the Gulf of Mexico would certainly have been 
during the summer months, this would be the least probable 
time for the Orca Basin to have been free of meltwater effects. 

The important question here is whether the difference between 
the records invalidates our claim for verification of the cessation 
event. For example, a strong winter cooling ( -6 oc) during the 
Younger Dryas would explain the trough in the 8 180 record in 
white forms of G. ruber. In this case no increase in meltwater 
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FIG. 2 Oxygen isotope changes in two varieties of Globigennoides ruber 
(white and pink, left and right, respectively) from EN32-PC4 during latest 
Quaternary are plotted against depth. Ages shown are accelerator radiocar
bon ages. Both varieties show a major 'meltwater spike' from -320-200 em. 
G. ruber (white variety) shows increased 8180 1% relative to PDB standard 
values at the beginning of the Younger Dryas cold episode, consistently 
high values during the episode ( -11,000-10,000 yr BP), and a sudden 
decrease at 10.000 yr BP termed the 'cessation event'. 
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TABLE 2 Radiocarbon dates of mixed planktonic shells 

Corrected 
Sample Depth 14C age 14C age* 

No. (em) (yr) (yr) 

F120 94-96 9,100 ± 190 8,700 
F81 144-146 10,490 ± 90 10,100 
F82 150-152 10,700 ± 130 10,300 
F83 164-166 11,030 ± 90 10,600 
F84 192- 196 11,510 ± 100 11,100 
F85 214-216 12,450 ± 90 12,000 
F121 288-290 12,900 ± 150 12,500 

These are the ages, determined by accelerator mass spectrometry at 
ETH Zurich, of mixed planktonic shells from Orca Basin core EN32-PC4 
(26° 56.1' N, 91 • 21. 7' W; 2,260 m). 

* Corrected for air -sea ~ 14C difference. 

flow down the Mississippi 10,000 yr BP would be required. 
Indeed, faunal data have been interpreted as indicating a cooling 
of the Gulf of Mexico during the Younger Dryas cold episode 17

. 

However, no support for a large cooling has been found in the 
pollen record for the southeastern United States (see ref. 21 for 
a summary). 

Although it is unclear how much of the change in the 8t 80 
observed in the white form of G. ruber is due to reintroduction 
of meltwater and how much to a temperature increase, the 
chronology of the oxygen isotope record in the Gulf of Mexico 
seems to be in harmony with that for the record of Lake Agassiz. 
Although further tests of this hypothesis are required, the fact 
that the Younger Dryas interval is bracketed by dramatic oxygen 
isotope changes in the Gulf of Mexico is strong support for the 
proposal that a major influx in meltwater to the northern Atlantic 
ocean was responsible for the Younger Dryas cold episode. 

Independent oxygen-isotope evidence from the Bay of Biscay 
(France) for benthic foraminifera 25 and a new coral-based 
chronology for the sea level during the time interval 15,000-
9,000 yr BP

26 suggest that the Younger Dryas interval was one 
of reduced meltwater flow relative to the warm intervals before 
and after this event. The problem is that as meltwater from other 
sectors of the Laurentide Ice Sheet and from the Scandinavian 
Ice Sheet entered the Northern Atlantic at all times, it might be 
claimed that the increase in fresh-water input to the northern 
Atl antic at the onset of the Younger Dryas cold episode caused 
by the diversion of meltwater from the Mississippi to the St 
Lawrence was largely offset by a reduction in meltwater input 
from these other sectors. A further issue regarding the Rooth 
hypothesis is that the re-diversion of meltwater from the Mis
sissippi to the St Lawrence after 10,000 yr BP failed to produce 
a cold event comparable to the Younger Dryas. Although 
we do not have satisfactory answers to these questions, we feel 
that the cadmium- and carbon-isotope data for benthic 
foraminifera27 clearly show that the Atlantic conveyor-belt sys
tem did shut down during the Younger Dryas time. Taken 
together with meltwater-routine chronology we feel that the case 
for a diversion trigger remains strong. 0 
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THE non-invasive measurement of vascular dynamics and elasticity 
is critical in understanding haemodynamic conditions of cardiovas
cular diseases such as hypertension and atherosclerosis 1• Although 
there are numerous invasive and in vitro techniques2 for such 
measurements, until now non-invasive methods have been limited3

• 

We have now obtained stroboscopic NMR images4
•
5 of the carotid 

arteries of 80-g rats. The change in the cross-sectional area of 
arteries of diameter -600-800 JLm was correlated with the change 
in absolute blood pressure. These are the first microimages6-9 of 
a dynamic system and enable the direct visualization of compliance, 
the non-invasive measurement of .Young's modulus, the direct 
determination of the local effects of vasoconstrictors and vaso
dilators and the mapping of the entire cardiac cycle. 

Figure 1 (left panel) shows a large-field-of-view (FOV) spin
echo NMR image of the left side of the neck of an 80-g rat, 
whereas the images shown in the middle and right panels corre
spond to systole and diastole, respectively. The carotid artery 
at systole appears dark (corresponding to the absence of signal) 
because the blood that was excited during slice selection had 
flowed out of the slice by the time the echo was obtained. Fresh 

FIG. 1 Spin-echo NMR images of the left side of 
the neck of an 80-g rat. Left. Field of view (FOV) Large FOV 
33.9 x 33.9 mm; middle. FOV 8.5 x 8.5 mm; this 
image corresponds to systole. Right. FOV 8.5 x 
8.5 mm; image corresponds to diastole. 
METHODS. Female Sprague-Dawley rats (80 g) 
were anaesthetized with ethyl carbamate 
(urethane, Sigma) in 0.85% saline (w/v) by injecting 
850 mg of the solution per kg (body weight) 
intraperitoneally, and then injecting 850 mg per kg 
subcutaneously behind the neck. The rats were 
intubated and a water-filled capillary (10 mm x 
1.35 mm o.d.) was inserted near the carotid artery 
as a marker for vertical positioning. The incision 
was sutured and electrocardiograph leads were 
placed on the upper abdomen, away from the 
surface coil, with the resultant electrocardiogram producing a V3 -like trace. 
The rat was placed head-down in a specially designed plastic rodent holder 
that was affixed to the probe. The temperature of the rats decreased to 
31 oc and stabilized at that level. They breathed 60% 0 2 and 40% N2 . The 
NMR images were obtained using a Bruker AM 360 equipped with an NMR 
microscope accessory. The probe circuit was modified to accommodate a 
1.4-cm-diameter single-turn surface coil. A 2-ms lobeless sine pulse was 
used for the slice-selective 90°-and 180° pulses. The water line-width was 
shimmed on the desired slice to -100Hz. The gradient strengths for the 
33.9x33.9x0.8-mm FOV were 0.69, 0.74 and 1.8gausscm-1 for the 
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unexcited blood had taken its place, thereby affording great 
contrast. The image at diastole is an extreme example of a 
complete loss of contrast that occurs when the blood flow is so 
slow that it is difficult to distinguish between the blood in the 
artery and the water in the surrounding tissue. This effect was 
observed only rarely (more representative images at diastole are 
shown in Fig. 3), and the echo time (TE) could be adjusted to 
change the intensity of the blood signal in the artery. 

Data such as these shown in Fig. 1 were analysed by drawing 
expanded plots, the contours of which correspond to the grey 
levels in the image. Representative plots are shown in Fig. 2. 
Each of the areas of these plots was measured independently 
by three individuals, using a planimer. The averages of the three 
normalized measurements for two rats are shown in Fig. 3. The 
error bars correspond to the standard error of the three separate 
measurements. The error is small near systole ( -2%) and larger 
near diastole ( -8%) because of the flow effects mentioned 
above. 

The cross-sectional areas of the carotid artery at the extremes 
of systole and diastole can be correlated with the absolute blood 
pressure to determine the distensibility, related to the compli
ance, of the carotid artery. Compliance is defined as the volume 
change per unit of pressure; our measurements, however, recor
ded a change in the cross-sectional area. We have assumed that 
the length of the carotid artery did not change appreciably 
during the heart cycle, an assumption that is valid in view of 
separate measurements of the transverse and longitudinal 
Young's modulus (see below). The distensibility is calculated by: 

(Asystole- Adiastole) / Adiastole X 
1 

OO% 

P...,ystole- pdiastole 

where Psystoie and ?diastole are the absolute blood pressures at 
systole and diastole, respectively, and Asystole and Adiastole are 

Systole Diastole 

Trachea 

Carotid artery 

read-out (x), phase encode (y) and slice select (z) directions, respectively. 
For the 8.5 x8.5 x0.8-mm FOV the gradient strengths were 2.77.1.48 and 
1.8 gauss em-'. respectively. The images consisted of two scans at each 
of 64 phase-encode increments surrounding the echo maximum. The pixel 
size in the phase-encode direction was 132 ,..m, and 33 ,..m in the read 
direction before zero filling. The data matrix was zero filled to 512 x 512 
before Fourier transformation; no signal enhancement or digital filtering was 
applied to the data. Slice thickness was -800 ,..m. The repetition time ( T") 
was 6 s and the echo time ( TE) was 20 ms. 
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