
fit to the compiled data (Fig. 1A) is 3.4. This 

Evolution of the Continents and value is lower than the T ~ I U  ratio based on 
the Pb isotope comuosition o f  MORB, -3.75 
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Temporal evolution of depleted mantle thorium-uranium-niobium systematics 
constrain the amount of continental crust present through Earth's history 
(through the niobium/thorium ratio) and date formation of a globally oxidizing 
atmosphere and hydrosphere at approximately 2.0 billion years ago (through 
the niobium/uranium ratio). Increase in  the niobium/thorium ratio shows in- 
volvement of hydrated lithosphere in differentiation of Earth since approxi- 
mately 3.8 billion years ago. After approximately 2.0 billion years ago, the 
decreasing mantle thorium/uranium ratio portrays mainly preferential recy- 
cling of uranium in an oxidizing atmosphere and hydrosphere. Net growth rate 
of continental crust has varied over time, and continents are sti l l  growing today. 

The nature and time scales o f  differentiation 
o f  Earth's silicate portion into depleted man- 
tle and continental crust: as well as the effects 
o f  a changing atmosphere on this process, 
remain uncertain ( I ) :  Continental crust is 
highly enriched in many trace elements. In 
general, the degree o f  enrichment follows the 
order o f  compatibility (2);  the most incom- 
patible elements are most strongly enriched 
in the continents. There are a few prominent 
exceptions to this rule (Pb, Ti,  Nb: and Ta) 
and we show that the temporal changes in Th, 
U ,  and Nb distribution between the continen- 
tal crust and the depleted mantle (that portion 
o f  the mantle from which the continents have 
been extracted) can be used to reconstruct 
important aspects o f  Earth's evolution. 

Thorium, U ,  and Nb behave as strongly 
incompatible elements during melting o f  the 
mantle at midocean ridges (2 )  and have sim- 
ilar bulk distribution coefficients (3) .  Large 
differences in ratios o f  Th, U ,  and Nb be- 
tween the depleted mantle and the continental 
crust are therefore not expected. However, 
continental crust o f  all ages has a deficit in 
Nb relative to U and Th, expressed as Nb:U 
and Nb:Th ratios o f  <10 and <5: respective- 
ly (4) .  These ratios are much lower than those 
o f  the undifferentiated: primitive mantle 
(30 i 3 and 8 i 1 )  (5) .  Depleted mantle has 
a complementary overabundance o f  Nb lead- 
ing to a Nb:U ratio o f  44.5 i 2.5 and a Nb/Th 
ratio o f  18.5 i 1.2 (5) .  I f  the temporal evo- 
lution o f  Nb/U and NbITh ratios in depleted 
mantle can be established (1, 5),  the different 
behavior o f  U and T h  versus Nb during for- 
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mation o f  continental crust can be exploited 
to infer the mass o f  continental crust present 
through geological time. 

There is, however, a serious complication 
in this elegant concept: the present-day ThIU 
ratio o f  the depleted mantle is -2.6 ( 6 ) ,  
which is significantly lower than the time- 
integrated ThiU value o f  -3.75 ( 6 )  estimated 
from the Pb isotope composition o f  mid- 
ocean-ridge basalts (MORBs). This observa- 
tion is tenned the second terrestrial Pb para- 
dox ( 6 ) .  It could either be the result o f  a 
temporai change in the ThKJ ratio o f  depleted 
mantle or a result o f  recycling o f  continental 
Pb (derived from crust with a mean Th,U 
ratio o f  -4.2) back into the mantle. Implica- 
tion o f  the first possibility is that the evolu- 
tion o f  NbiU and Nb/Th in depleted mantle 
would have differed and would therefore not 
provide an unequivocal estimate o f  the mass 
o f  continental crust present through time. 

W e  estimated the temporal evolution o f  
these ratios, using suites o f  rocks inferred to 
be derived from the depleted mantle and 
ranging in age from 3.8 billion years (Ga) to 
the present day (Table 1 )  ( 7 ) .  When Th/U 
ratios o f  depleted mantle-derived samples 
are plotted against age (Fig. 1A): the data 
define a smoothly decaying curve that can be 
described by a second-order polynomial fit 

ThiU = 2.62 + 6.36 X 

with r2  = 0.989 and age t in millions o f  years 
(Ma). The calculated present-day ( t  = 0 )  and 
chondritic values (t = 4550 Ma) are 2.55 and 
4.18, respectively, in excellent agreement 
with independently constrained estimates o f  
2.5 to 2.7 and 3.91 to 4.28 (8, 9). The mean 
time-integrated depleted mantle ThIU ratio 
obtained from the second-order polynomial 

( 6 ) .  Solution to the second Pb paradox thus 
involves a mantle with a time-integrated 
ThiU o f  3.4 (as determined above). plus re- 
cycling o f  some continental Pb into the man- 
tle (9).  In theory, T h  and U could have been 
significantly fractionated during formation o f  
continental crust, in which case the TluLJ 
ratio would portray crustal volume through 
time. I f  this were the case, however, the mean 
age o f  the resulting continental crust would 
be younger than 2.0 to 2.2 Ga (10). There- 
fore, evolution o f  Th/U in the depleted man- 
tle must reflect an additional process. Recy- 
cling o f  continental clust has been suggested 
as the most likely reason for decoupling o f  U 
from T h  (11). Staudigel et trl. (12) proposed 
that U would be preferentially recycled into 
the mantle, but only when the atmosphere 
and hydrosphere were sufficiently oxidizing 

Fig. 1. Evolution of Th, U, and Nb ratios of 
ancient depleted-mantle-derived rocks from 
compilation in Table 1. (A) Curve for Th/U 
ratios versus age. Filled circles are data points 
from Table 1, which were used to obtain a 
second-order polynomial fit (given in text). 
Open circles represent target values, which 
were not included for fit calculation (present- 
day E-MORB = 2.44 i 0.16, chondrite aver- 
age = 4.1 ? 0.1). (0) Curve for Nb/Th ratios 
versus age. All data points are connected by a 
smoothed interpolation (smoothing factor of 
50%). (C) Curve for Nb/U ratios versus age. All 
data points are connected by a smoothed in- 
terpolation (smoothing factor 60%). Note the 
dissimilarity in the behavior of Th and U rela- 
tive to Nb. 
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to render it mobile. Under present-day oxi- 
dizing conditions: Th/U ratios o f  river waters 
range between 0.05 and 0.1. This reflects the 
fact that U is more readily leached from 
weathered colltillental crust than is Th, and is 
mainly transpolted in dissolved form (13). By 
contrast, T h  enters the estuaries as suspended 
particle load and as a result, the ThiU ratio o f  
seawater is even lower than that o f  river 
water (13). Under an oxidizing atmosphere U 
is preferentially transported into the open 

higher values than those o f  primitive mantle. 
There are two plausible mechaiiisms capable 
o f  efficiently fractionating Nb from U and 
Th. ( i )  The presence o f  mtile, a stable phase 
in the eclogite assemblage formed by subduc- 
tion o f  oceanic crust. significantly changes 
the bulk distribution coefficient for Nb (14)  
because Nb substitutes for Ti.  Thus. melt in 
equilibrium with rutile has a N b  deficit rela- 
tive to U and Th. (ii) Dehydration o f  the 
subducting slab leads to depletion o f  the oce- 

different topologies (Fig. 2A). The C v A  
curve based on NbiTh ratio agrees well with 
independent C v A  estimates (Fig. 2B): the 
post-Archaean CVA curve o f  Reymer and 
Schubert (15), which is based on geophysical 
considerations, and the CVA curve o f  Kram- 
ers and Tolstikbin (Y), which satisfies both 
terrestrial Pb paradoxes as well as the Nd 
isotope database (16) .  W e  therefore com- 
bined these three proxies to yield a new 
composite CVA curve (solid line in Fig. 2B). 

ocean where it is incorporated into inarine anic crust in some elements (for example U ,  In contrast. i f  the NbN ratio is converted 
sediments and altered oceanic ciust: which Th, and Rb), which are transported to the into a C v A  cunre (Fig. 2A), using the approach 
are eventually subducted. melting environment o f  the overlying mantle described above: it predicts that late Archaean 

In the mantle samples, the temporal evo- wedge. The degree o f  depletion depends on to early Proterozoic continental cnlst was volu- 
lution o f  NbITh and Nb:U ratios differ (Fig. the distribution coefficients between the ec- metrically similar ( I ) :  i f  not more voluminous 
1 ,  B and C ) .  The N'b:Th ratio generally in- logite assemblage and fluid (not melt). Ura- than continental crust today (1 7 ) .  This hypoth- 
creased with time: slowly between the nium and T h  are significantly more mobile esis o f  constant, or even decreasing, cnlstal 
present day and -2 Ga: strongly between 2 than Nb: and thus the fluid will be character- volume since the late Archaean is not supported 
and 3.5 Ga, and very slowly during earliest ized by low Nb/U andNb/Th ratios (14) .  This by other constraints: (i)  it is not recorded in the 
Earth history. This contrasts with the NbiU indicates that growth o f  continental crust estimated Nd isotope evolution o f  depleted 
ratio, which increased s lo~i~ly  during the early must have, at least in pat,  involved subduc- mantle (16); (ii) it fails to account for the 
and middle Archaean and then strongly dur- tion zoneeinduced melting. observed cnlstal age distribution (10); and (iii) 
ing late Archaean and early Proterozoic to a The NbiU and Nb:Th cuwes can be con- the required high recycling rates (comparable 
maximum value o f  -58 at 2.0 Ga. The Nb:U vetted to cuwes o f  crust volume versus age to, or greater than, estimated production rates o f  
ratio then decreased to the present-day value (CVA cunres) by assuming that there was 0% - 1 krn3 a-') would erase the future Pb paradox 
o f  44.5. crust present for chondritic values and 100% (9, 11). 

Thus, 'the NbiU and Nb:Th ratios in de- crust present for the present-day MORB val- The Nb/U ratio o f  the depleted mantle 
pleted mantle both evolved to significantly ues. However, these two proxies yield very therefore not only reflects the volume o f  con- 

Table 1. Compilation o f  Th, U, and N b  data for depleted mantle-derived rocks (error = 1 SD). &,, expresses t he  fractional difference between the ini t ia l  
143Nd/144Nd rat io o f  the rocks and the corresponding value o f  this rat io in t he  chondritic uni form reservoir a t  the t ime  o f  crystallization o f  the rocks, expressed 
in units o f  lo4. Fm., formation. 

Rock type Location 
Data 

source 

E-MORB 
MORB 
Pillow basalt 
Basalt 
Meta-basalt 
Basalt dyke 
Basalt 
Cabbro 
Average* 
Basalt 
Basalt 
Basalt 
Basalt dyke 
Pillow lava 
Average* 
Basalt 
Spinifex kornatiite 
Komati i te + basalt 
Komati i te + basalt 
Basalt, boreholel  
Basalt, borehole 2 
Kornatiite + basalt 
Mafic + ultramafic 
Average* 
Basalt + kornatiite 
Basalt + komati i te 
Basalt 
Spinifex komati i te 
Kornatiite 
Average* 
Tonalite 
Meta-komati i te 

East Pacific 
Indian, Pacific 
Pioneer Fm. 
Avalon arc 
Ogcheon belt 
Tilemsi belt 
Cabal-Cerf 
Cabal-Cerf 

Flin-Flon 
Flin-Flon 
Flin-Flon 
Joruma 
Joruma 

Onega 
Abitibi 
Abitibi 
Abitibi 
Lunnon Fm. 
Lunnon Fm. 
Abitibi 
Superior 

Superior 
Barberton 
Pilbara 
Barberton 
Barberton 

SW-Greenland 
Labrador 

"Averages are of all preceding data with the same age. The 2700 average is from data at 2700, 2710, 2720, and 2730 Ma 
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tinental crust, it is also influenced by the 
preferential recycling of U (over Th and Nb). 
The kink in the Nb:U evolution (Fig. 1C) 
dates the time of formation of an atmosphere 
and hydrosphere that were sufficiently oxi- 
dizing to allow U transport in the form of 
UO,'+ (11, 12). This interpretation is sup- 
ported by the observation that the ThJU ratio 
in cratonic shales increased from -3.5 in the 
Archaean to -4.2 in the Proterozoic and 
-4.6 in the Phanerozoic in spite of a rela- 
tively constant upper-crustal ThJU ratio 
through time (4). 

The evolution of ThIU in depleted mantle 
can be quantitatively assessed using the con- 
straints derived from NbiTh and NbiCT system- 
atics. The evolution of the Tlu'U ratio behveen 
-3.8 and 2.0 Ga is intelpreted to be solely a 
result of extraction of continental cmst. The 

Fig. 2. Curves for crust volume versus age. (A) 
Comparison of crust volumes estimated through 
the Nb/Th ratio (filled circles, connected by solid 
line) and through the Nb/U ratio (open squares, 
connected by dotted line). Estimation is based on 
the assumption that the chondritic values repre- 
sent 0% crust and that present-day MORB aver- 
age represents 100% of present continental crust 
volume. Note that the Nb/U-based estimate pre- 
dicts the former existence of a substantially more 
voluminous continental crust. (B) Comparison of 
crust volumes estimated from geophysical data 
bv Revmer and Schubert (751 (solid diamonds). 

strong decrease in ThiU ratio after 2.0 Ga is 
interpreted to result from preferential U recy- 
cling, superiniposed on extractioli of more con- 
tinental crust. From our parameterization of the 
CvA curve, a hypothetical Tlu'U evolution of 
the depleted mantle can be calculated by equat- 
ing the evolution from a chondritic value of 
4.18 with 0% continental cmst and the Tlu'U 
ratio at 2.0 Ga of 3.64 with -67% continental 
crust present (Fig. 3). This model represents the 
ThIU evolution of depleted mantle in a pemla- 
nently anoxic Earth. The observed ThIU ratio 
and the predicted ratio: based on crust volume 
alone, show agreement behveeli 4.55 and 2.0 
Ga; however, the curves deviate between 2 Ga 
and the present day. If the hypothetical ThlU 
curve is calculated with an anchor point outside 
1.8 to 2.2 Ga, the fit worsens rapidly in the 
section before 2.0 Ga. We therefore conclude 
that this age range (1.8 to 2.2 Ga) reflects 
timing of development of a pandemic oxidizing 
atmosphere. This is supported by the recent 
discovely of laterites 2.0 to 2.2 Ga in age and 
by cessation of deposition of banded-iron for- 
mation (18). 

This model can be indepe~ldently tested 
with Pb isotope systematics of upper continen- 
tal cmst. To satisfy mass-balance consider- 
ations (using a chondiite ratio of 4.1 and a 
present-day depleted-mantle ratio of 2.55), the 
mean TWU ratio of present-day continental 
crust must be -4.5. The hypothetical Tlu'U 
evolution of an anoxic Earth predicts that the 
mean conti~lental crustal TWU ratio was lower 
(<4.25) between 4.55 and 2.0 Ga. The inescap- 
able implication (which is independent of exact 
Th/U ratios) is that the TldU ratio of the conti- 
nental crust has increased between 2.0 Ga and 
the present day. Our model is strengthened by 
the obseniation that post-Archaean samples of 
upper clust show the predicted increase in ini- 
tial 20~b:206Pb  isotope ratios (9). 

The observed present-day depleted mantle 
is enriched in U by -30% compared to the 

hypothetical mantle in an anoxic Earth (with no 
preferential U recycling; Fig. 3). The U re- 
quired for this surplus comesponds to only 
-6% of that hosted in continental crust. The 
amount of U eventually recycled into the de- 
pleted ma~itle therefore only represents a small 
fraction of the total I2 budget that entered the 
oceans (and eventually marine sediments and 
hydrated oceanic lithosphere). Calculatioll of a 
reliable crustal recycling rate from the differ- 
ence in U co~lcentration between the observed 
and the modeled depleted mantle is not possi- 
ble, because U is highly mobile and incompat- 
ible during subduction zone dehydration (14). 
Nevertheless, an important feature of the ob- 
served ThU evolution of the depleted mantle 
(Fig. 3) is that continental recycling increased a 
few hundred million years after the onset of 
formation of a globally oxidizing atmosphere. 
This pattern indicates that an increase in the 
level of free oxygen in the atmosphere acceler- 
ates the rate of continental recycling (erosion 
rates). Although the cause of this phenomenon 
is unknown, it is possible that a change in 
subaerial biological activity could have played 
a major role in enhancing continental weather- 
ing (1 6, 18). 

Continental growth rate has varied sub- 
stantially over geological time. Strong net 
growth is recorded between 3.0 and 2.0 Ga, 
but generally slowed down after 2.0 Ga due 
to increased erosion. Superimposed on this 
pattern is the effect of Proterozoic supercon- 
tinent assembly (Nena. Rodinia, Gondwana) 
resulting in small total colltinelltal circumfer- 
ence, and hence, decreased total subduction 
melt flux at that time. Renewed increase of 
net crustal growth from -250 Ma to the 
present day indicates faster continental 
growth during times of continental dispersal. 
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Geosat radar-altimeter data over southern 
Greenland (7) indicate average thickening be­
tween 2 and 4 cm/year at elevations above 2000 
and 1700 m, respectively, for the period 1978— 
1988 at latitudes less than 72°N. Because of 
limitations associated with the satellite instru­
ments, there are few useful data below eleva­
tions of 2000 m and scarcely any below 
1700 m. Here, we present results from aircraft 
laser-altimeter measurements of elevation 
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change over all of southern Greenland, includ­
ing first estimates for the peripheral regions, 
which represent about 40% of the ice sheet area 
and are likely to be most susceptible to climate 
change. 

In 1993 and 1994, NASA surveyed the 
entire Greenland ice sheet by airborne laser 
altimetry, obtaining surface-elevation pro­
files with root mean square (rms) accuracy of 
10 cm or better (2) along flight lines that 
crossed all the major catchment basins. In 
1998, the 10 flight lines flown in 1993 in the 
south of Greenland were resurveyed with 
about 99% repeat coverage; the flight lines in 
the north will be resurveyed in 1999. 

The airborne topographic mapper (ATM) is 
a conical-scanning laser ranging system with a 
pulse repetition rate of 3 kHz (800 Hz in 1993) 
and a scan rate of 10 Hz (5 Hz), at an off-nadir 
angle of 10°. Aircraft location was determined 
by kinematic global positioning system (GPS) 
techniques, and aircraft heading, pitch, and roll 
were measured by inertial navigation systems. 
At an aircraft altitude of 400 m above the 
surface, the ATM obtained measurements of 
the surface elevations for many 1-m footprints 
within a 140-m-wide swath, with average sep-
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Aircraft laser-altimeter surveys over southern Greenland in 1993 and 1998 
show three areas of thickening by more than 10 centimeters per year in the 
southern part of the region and large areas of thinning, particularly in the east. 
Above 2000 meters elevation the ice sheet is in balance but thinning predom­
inates at lower elevations, with rates exceeding 1 meter per year on east coast 
outlet glaciers. These high thinning rates occur at different latitudes and at 
elevations up to 1500 meters, which suggests that they are caused by increased 
rates of creep thinning rather than by excessive melting. Taken as a whole, the 
surveyed region is in negative balance. 
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