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Climatic Control of Riverine and
Seawater Uranium-Isotope Ratios
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lain Matthews

The large variation in the ratio of uranium-234 to uranium-238 (?34U/238U) in
rivers is not well understood, but may provide information about past weath-
ering and rainfall and is important because it controls seawater (*3*U/?38U).
Here, we demonstrate the importance of physical weathering and rainfall for
(®3#U/?38U), using rivers from South Island, New Zealand. These data allow
interpretation of an existing speleothem (23#U/238U) record and suggest that
New Zealand glacier advance 13,000 years ago was influenced by increased
rainfall rather than by Younger Dryas-like cooling. A model of seawater (23*U/
238(J) during glacial cycles indicates that rejection of corals based on modern
(22*U/?28U) = <0.01 is not merited and may reject the highest quality ages.

The energetic alpha decay of 233U makes
its great-granddaughter, 23*U, relatively
mobile and causes variability in the ratio of
activities of 23#U and 233U (**U/?*%U) in
the surface-Earth environment (/). Rivers,
for instance, have (?*#U/?38U) varying from
<1 to >3 (2). These surface-water ratios
are recorded in precipitates such as river-
ine tufas or cave carbonates and are rou-
tinely measured during U/Th dating (3-5).
Resulting (***U/?*3*8U) records may con-
tain information about past rainfall and
continental weathering that could be deci-
phered if the controls on the ratio were
fully understood.
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One example of such a record is Net-
tlebed Cave in New Zealand (Fig. 1). A
speleothem from this location contains a
sharp change of initial (23#U/?*8U) 13 thou-
sand years ago (ka) (3). This change is
synchronous with the advance of some gla-
ciers in New Zealand and, particularly,
with the formation of the Waiho Loop mo-
raine (6). The Waiho Loop advance is con-
troversial because it suggests cooling of the
Southern Hemisphere climate at the same
time as Younger Dryas cooling in the
Northern Hemisphere. Such Southern
Hemisphere cooling differs from that seen
in Antarctic ice cores and would complicate
the idea of a bipolar seesaw as the cause for
millennial climate changes (7).

Carbonate (>3*U/?*8U) ratios are used rou-
tinely to assess the quality of coral U/Th ages
(8) and, more recently, to correct for alpha-
recoil processes (9, 10). Such an approach
relies on a known history of (?3*U/?*8U) in
seawater. Understanding the controls on
surface-water (>**U/?38U) allows an assess-

REPORTS

on a Nonius KappaCCD instrument equipped with
monochromatized Mo K radiation (A = 0.71073
R). Crystal system monoclinic; space group P21/n
with a = 17.6670 = 2 A, b = 10.18800 * 10 A,
c = 234380 + 2 A, B = 110.6080 = 6°, V =
3,948.69 = 7 A3, four molecules per unit cell,
formular weight 647.41, calculated density 1.089
Mg/m3. Data were collected at 100 K (range from
3.0° to 27.5). A total of 69,748 reflections were
collected (9,000 unique, R, . = 0.04); R, = 0.0313

int

for 7,739 reflections with /| > 20 (1), weighted
Rz = 0.0874 for all reflections. More crystallo-
graphic data are available at the Cambridge Crys-
tallographic Data Centre, CCDC number 242267.

26. P. Jutzi, N. Burford, Chem. Rev. 99, 969 (1999).

27. A.Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 88, 899
(1988).

28. We thank the Deutsche Forschungsgemeinschaft and
the University of Bielefeld for financial support.

3 May 2004; accepted 23 June 2004

Published online 1 July 2004;
10.1126/science.1099879

Include this information when citing this paper.

ment of the magnitude of possible changes in
this seawater (>>*U/?*3U) history.

The South Island of New Zealand pro-
vides an ideal region to quantify the con-
trols on surface water (>3*U/?*3U) because
it features considerable and independent
variation in rainfall and physical weather-
ing, with a reasonably constant rock chem-
istry (/7). Rainfall is very asymmetric, with
extremely high levels (up to 12,000 mm/
year) on the western flanks of the Southern
Alps and levels as low as 400 mm/year to
the east (Fig. 1). Physical weathering also
varies substantially because tectonic uplift
rates range from zero to as high as 17
mm/year (Fig. 1) (/2, 13). Higher uplift
causes more rapid physical erosion and
higher river sediment loading, commonly
dominated by landslide-derived material
(14). In general, catchments on the South
Island are small, so rivers flow through a
narrow range of rainfall and uplift environ-
ments. The rocks of the South Island have a
rather uniform bulk chemistry and com-
prise predominantly Mesozoic silicates
(15). Groundwater solute contributions also
tend to be low (16, 17), so that complica-
tions due to high or variable groundwater
input are avoided (I8, 19).

We collected a suite of 27 river-water
samples from the South Island (Fig. 1) in
March 2001 and analyzed them for U con-
centration and isotope ratios (20, 27). The
size and shape of the catchment for each of
these samples were calculated from a hy-
drologically accurate digital elevation mod-
el (DEM) (22) (Fig. 1). This DEM also
allows an estimate of the average rainfall
and average uplift rate for each catchment
by using digitized versions of available
rainfall (23) and uplift maps (12, 24). A
single groundwater sample was also ana-
lyzed to assess the possibility of an impor-
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tant contribution to riverine U from this
source. A seawater sample was analyzed to
confirm analytical accuracy and allow data
comparison with other laboratories.

New Zealand rivers exhibit a very wide
range of (2**U/?*%U), from 1.09 to 4.61 (Fig.
2 and table S1) (25). This range spans that
previously measured in rivers from elsewhere
and includes values further from secular equi-
librium than have previously been reported.
The wide range of values cannot be explained
by changes in rock chemistry because the
chemistry and grain size of the source rock
for all rivers is similar (15). The high values
also cannot be caused by groundwater input

Fig. 1. (A) Digital ele-
vation model of South

166E
-40S

168E

as has been suggested in other regions (78,
19), because the measured groundwater has,
as expected (16, 17), a low U concentration
(2.7 parts per thousand) and also a reasonably
low (3**U/?*8U) of 1.42. The high and vari-
able (*3*U/?*8U) must therefore be controlled
by variations in the rate of mechanical ero-
sion and rainfall.

Riverine (***U/?*8U) on the dry eastern
side of the South Island correlates strongly
with uplift rate (Fig. 2). This correlation is
not dependent on samples from a single river
or region and indicates a first-order control
on the (33*U/?*8U) ratio of surface waters by
the rate of uplift-induced physical weather-

170E 172E 174E

168E

ing. The rivers with the highest (3**U/?38U)
are those draining uplifting fault scarps from
the zone of high uplift in the north of the
South Island. In this zone, bare rock is being
eroded as the Kaikoura Range is being creat-
ed (24). For example, the Kowhai River has
a value of 4.60 and its catchment is uplifting
at an average rate of ~7 mm/year. By con-
trast, in the southern region where there is
virtually no tectonic motion (<1 mm/year),
the Clutha River exhibits values of <1.10. At
intermediate uplift rates, such as those of the
Clarence River catchment (~3 mm/year),
(3*#U/?380) is intermediate, at ~2.60. The
short recoil distance of 2**U (~500 to 1000
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Island, New Zealand,
with sample locations
marked in purple and
major faults shown in
black. The location of
Nettlebed Cave is la-
beled NBC. All other
three-letter  location
names are tabulated in
table S1. (B) Drainage
network and catch-
ments areas for each
sample. (C) Contour
map of the average
yearly rainfall (23). (D)
Uplift rates, based on
the models of (72) and
(24) and adapted to
account for more re-
cent studies (47). Al-
though the precision
of this model is limit-
ed, the relative varia-
tion in uplift rates cor-
relates well with the
observed spatial var-
iation of denudation
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A) (26) means that only a small fraction of
234U is recoiled. This fraction increases lin-
early as grain radius decreases, so that reduc-
tion of grain size during physical weathering
increases the 234U release. Such physical
weathering will also liberate 234U from
decay-damaged lattice sites within the min-
eral grains (27) to further increase (**4U/
238U). The New Zealand river data represent
the first convincing evidence for the strong
control that physical weathering exerts on
surface water (2*4U/?38U).

Rivers draining the wet western side of
the South Island also show a correlation with
uplift rate (Fig. 2). The most striking feature
of these rivers, however, is that they all have
considerably lower (33*U/?33U) than those
draining to the east (Fig. 2). This is true even
when comparing catchments with similar av-
erage uplift rates. The relation with rainfall
reflects the constant rate of 2>*U recoil from
mineral grains (26). In regions of high rain-
fall, recoil 2*#U will be washed away rapidly,
whereas in regions of lower rainfall, it will
have time to accumulate, resulting in higher
234U concentrations in the water. This leads
to the expectation that excess 2**U levels in
rivers should have a reciprocal relation to
rainfall (i.e., a doubling of rainfall should
lead to a halving of the 23*U excess). Such a
relation is consistent with the New Zealand
river data, although the relation is somewhat

masked because rainfall is only a secondary
control on (334U/?380).

These modern river data indicate that a
temporal change of (***U/?*%U) in catch-
ment waters will result from a change ei-
ther in the rate of physical weathering or in
rainfall. Substrates that capture past drain-
age chemistry, such as tufas or near-surface
cave carbonates, therefore provide a record
of past weathering and/or rainfall. The
abrupt change in (>**U/?*3U) observed at
13 ka in the Nettlebed Cave Speleothem (3)
can be interpreted in this context. This
record shows a reasonably consistent value
of 1.43 during the last glacial and a sudden
change at 13 ka to values of ~1.37 (3). This
abrupt shift is unlikely to represent a
change in uplift rate and, because the loca-
tion of Nettlebed Cave was not glaciated
during the last glacial, changes in physical
weathering due to ice grinding cannot be
invoked. The shift is therefore very likely
to be caused by an increase in rainfall. The
continuous (*3*U/?3*8U) values observed in
the Nettlebed record on either side of this
shift indicate a single change in rainfall
at 13 ka rather than a millennial-style
oscillation. This shift, therefore, probably
represents a response of the climate to
global deglaciation, perhaps due to the
poleward movement of wind systems as
the planet warms.

Fig. 2. Filled diamonds A 5.0
show samples from
the east coast, with
crosses from the west
coast. Error bars are all
20. (A) Plot of (234U/ -

- 4 East Coast
4.0 — ¥ West Coast
R? = 0.73, East coast only

20 40 6.0 8.0

Uplift (mm/yr)

238U) against uplift

rate. Solid and dashed 2 3.0

best-fit lines are for &

the east (R* = 73)and =

west coast data, re- § 20

spectively. (B) Plot of _

the same data, but

with uplift rate nor-

malized to rainfall and 10 =

a best-fit line 2through

all the data (R? = 64). 00
B 50

(234U /238U)

& East Coast
4.0 ~ + West Coast
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The timing of advance of some New
Zealand glaciers dated at 13 ka (6) is not
consistent with other Southern Hemisphere
records, particularly those in the Antarctic
ice cores, which show earlier cooling
(~13.8 ka) followed by warming during the
Younger Dryas (at ~13 ka) (28). Glacier
growth is controlled by both temperature
and moisture supply, so that an increase in
rainfall at constant temperature can explain
the advance at 13 ka. Such an interpretation
is consistent with other data from the Net-
tlebed speleothem, particularly the 3'%0
record (29) which, although complicated,
can be interpreted as showing cooling at
13.8 ka rather than at 13.0 ka. Pollen
records provide somewhat conflicting evi-
dence for change at this time, with some
showing little evidence for change (30) and
others showing early cooling at ~13.7 ka
(31-33). Three pollen records in the vicin-
ity of the Waiho Loop location suggest an
increase in precipitation, but the chronolo-
gy is not as precise as the U/Th ages of the
Nettlebed speleothem (34). A strong rainfall
control of glacial advance at 13 ka suggests
that cooling during a Younger Dryas-like
event is not likely to have been as important
in the mid-latitudes of the South Pacific as in
areas of the Northern Hemisphere.

Understanding the controls on surface wa-
ter (>**U/?*8U) helps to interpret speleothem
and tufa records from other regions and con-
firms the interpretation of a change in fluid
regime suggested for the Soreq Cave, Israel
(4). Care will be needed, however, in areas
where major groundwater contributions to
surface water are found because of the high
and variable (>**U/?*8U) in groundwaters.

The observation of a strong climatic
control on riverine (2*#U/?*3U) also has im-
plications for the value of seawater (>**U/
2380) during glacial cycles. Such changes in
seawater (>34U/?3*8U) were first proposed
by Esat and Yokoyama (35) on the basis of
coral data but have remained controversial
because of scatter of the coral data and the
lack of a viable forcing mechanism. Exist-
ing coral data (Fig. 3) from the period 0 to
10 ka have an average initial (>3*U/?*8U) of
1.146 (n = 67), compared with a value of
1.139 for the period 10 to 70 ka (n = 29).
The scatter of values within both intervals
cannot be explained by changes in seawater
and indicates that diagenesis must have
affected at least some of the corals. The
difference between the average values,
however, suggests an ~0.007 change in
seawater (>34U/?*8U) between the glacial
and interglacial. The possibility that such a
difference can result from changes in rain-
fall and weathering during a glacial cycle
can be investigated with the New Zealand
river data as a guide. Two simple models
were constructed based on a model used

853



854

REPORTS

Fig. 3. A compilation of

existing mass spectro-
metric initial  (3*U/
238) for corals of the
past 140,000 years,
compared with two
models of possible
changes in  ocean

15

F1.4

1.3

(Nsez /Nvee) 191y

(33*U/%8U) based on
New Zealand river

1.2

data. Thick dashed lines
show the average coral
values for the Holocene
(1.146; n = 67) and for
70to 20ka (1.139;n =
29). The blue lines
show a possible aver-
age riverine input (up-

1.17 4

per panel) and ocean
response (lower panel)
to a periodic release of
high (*34U/?38U) during
deglaciation. The red

Seawater (234U/238U)

lines show the expect-
ed riverine forcing and 0
ocean response for a
change in rainfall ex-
pected during different global climate states.

previously to understand the longer-term
history of seawater (>**U/?33U) (36).

The first model tests the effect of chang-
es in physical weathering. The most impor-
tant change in such weathering during a
glacial cycle is that induced by subglacial
grinding during glacials. We model this
effect by assuming that 10,000-year degla-
ciations release pulses of high (?3#U/?38U)
from freshly ground rock. We assume that a
percentage of global rivers equivalent to
the fraction of continent uncovered at the
end of the glacial (~15%) had increased
(*34U/?38U) as a result of such subglacial
grinding. The maximum possible value for
these rivers based on the New Zealand data
is 4.6, which predicts a seawater cycle in
(***U/?*8U) of amplitude 0.013, about twice
that suggested by the average coral data. To
generate the average glacial-interglacial differ-
ence observed in corals requires that rivers
draining deglaciated crust had an average
(34U/2%8U) of ~3.0, well within the range
observed for New Zealand rivers. Such a
change would suggest a global average river
(***U/?*8U) during deglaciation ~0.27 higher
than at other times. This analysis implies that
the amplitude of seawater (>**U/?*8U) change
suggested by coral data can be generated by
changes in physical weathering.

The second model tests the expected sea-
water response to rainfall variability. The
hydrological cycle during the glacial is
thought to be ~70% of its Holocene strength.
Assuming the expected reciprocal relation-
ship between 23*U excess and rainfall sug-
gests a glacial riverine 23*U excess 42% high-
er than during the Holocene. Scaling this
change to climate using the SPECMAP curve

60
Age (ka)

80 100 120 140

(37) suggests a seawater (>**U/>38U) change
of amplitude of ~4%o, with a low at ~70 ka
and a high in the early Holocene (Fig. 3) (38).
It is probable that both effects—weathering
and rainfall—played a role in controlling sea-
water (>**U/?*8U) during glacial cycles.

The two models indicate that seawater
(334U/?38U) was likely to have been lower
than today by as much as 0.01 at times
during the past 80,000 years. With mea-
surement precision on (?**U/?*%U) now
routinely in the per mil range, there is a
growing tendency to reject all corals with
initial (>**U/?*8U) more than a few per mil
different from the modern value. The new
river data and modeling presented here sug-
gest that this criterion is in error and may,
in fact, lead to the rejection of those corals
that have remained a closed system.
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