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Long-term wander of the rotation pole can be a significant contributor to second-order 
(time scales of -100 million years) sea-level variations. Numerical predictions based on 
realistic viscoelastic Earth models and paleomagnetically constrained polar motion yield 
global-scale, differential sea-level trends that can be as large as -200 meters. From the 
results presented here, it is argued that the well-documented, second-order, Creta- 
ceous-Tertiary sea-level cycle should be reinterpreted as some combination of a eustatic 
and a regionally varying rotational signal. 

Global-scale, second-order ( 1  ) sea-level 
\7ariat~ons are well documented (2-4); how- 
ever, the geophysical mechanism for these 
variations remains uncertain. One clue is 
that the well-known Cretaceous sea-level 
transgression apparently occurred when the 
inean rate of spreading at midocean ridges 
increased 15). This correlation has led to ~, 

the view (6) that a change in the rate of 
m late creation alters the net volume of 
ocean basins and leads to global (that is, 
eustatic) sea-level fluctuations. But chanees " 
in the spreading rates of tnidocean ridges 
are also linked to subduction-induced sea- 
level variations that can be both e~~stat ic 
(7) and regional (7, ti). Thus, the extent to 
which variations in plate motions have in- 
fluenced eustatic sea-level trends over eeo- " 

logical history is unclear. In this report, we 
argue that a significant portion of long-term 
sea-level variations may be a consequence 
of the resnonse of the solid earth and oceans 
to slow changes In the orientation of Earth's 
rotation vector. 

As a case study, we focus on the last 130 
million vears (Mv) (that is, the Cretaceous , . 
onward): One estimate of global sea-level 
change during this period (Fig. 1) is based 
primarily on data from seismic stratigraphy 
( 2 ,  4). Although ~nterpreted as a measure of 
global sea-level change, the long-term trend 
shown by the curve and others of its kind 
(9) are generally based on data frotn few, 
and relatively localized, geographic regions. 
[Shorter tertn sea-level variations are in- 
ferred from a wider distribution of sites ( 2 ,  
4).] The methodology used to construct the 
curve is also rather contentious (10); ne17- 
ertheless, we use the curve as a workable 
estimate of the size and sense of the second- 
order sea-level cycle over the last 130 hlly. 
The inferred trend is characterized by a 
sea-level rise (transgression) of -100 tn 
during the Cretaceous follou~ed by a gradual 
sea-level fall (regression) to the present. 

Eardley (1 1 ) argued that tidal decelera- 
tion of Earth's rotation rate was sufficient to 
produce a pole-to-equator sea-level change 
of -400 m over the last 100 My and that 
this effect could account for an apparent 
latitudinal dependence in sea-level trends. 
,4 subsequent analysis (12) reduced this 
estitnate to -100 m. A4orner (13) argued 
(qualitatively) that the apparent latitudinal 
dependence in long-term sea-level trends 
may arise from the influence of "rotational 
tilt" [that is, true polar wander (TPW)]. 
Sabadini and colleagues (14) showed that 
relatively rapid episodes of TPW (of - l o  
per million years) [nay influence or control 
third-order sea-level cvcles i 1 ). 

In our study we incorporated geological- 
lv inferred TPLV naths into the auantitative 
analysis. Through cornparison of hot spot 
tracks, paleotnagnetic measurements, and 
kinematic plate reconstructions. TPW 
paths can be reconstructed over geological 
t m e  ( 1  5 ,  16) (Fig. 2). Because there can be 
signif~cant disagreements in the inferred 
TPW path before 130 million years ago 
(Ma) (15. 16), we l~mited our calculat~ons 
to the latter time span. From 120 to 50 Ma 
the rotation nole moved awav from North 
America at -0.4" per millio; years. From 
30 to 0 Ma the  ole reversed direction in 
the hot-spot reference frame. To spec~fy 
coinpletely the rotation vector of Earth 
over the last 130 My, we also required an 
estitnate of the length of day over this tlme 

Fig. 1. A long-term sea-level cuwe inferred from 
Department of Phiiscs, Unlverstii of Toronto, 60 Sant seismlc stratigraphy (4). We adopted the oldest 
George Street, Toronto. M5S 1A7. Canada. datum on the plot as the zero for the reiative sea- 
"To whom corresnondence should be addressed. level fiuctuatlon 

interval. We adopted a geologically inferred 
time series of t~dal  deceleration (17). 

The spatla1 geometry of rotation-in- 
duced changes in sea level has been dis- 
cussed by a number of investigators ( 1  4, 18, 
19). Variat~ons in the rotation rate (Fig. 
3A) induce a latitudinal sea-level ~erturba- 
tion; tidal deceleration Increases sea level at 
high latitudes and decreases it at low lati- 
tudes. TPW-induced sea-level changes are 
tnore complicated (Fig. 3B). In this case, 
the sea-level perturbation is zero on two 
great circles (dashed lines in Fig. 3B): the 
first at 90' from the Instantaneous pole of 
rotation, and the second oriented perpen- 
dicular both to the first great circle and to 
the instantaneous great circle path of the 
pole. These two great circles define four 
quadrants (20). When the local rotation 
pole (that is, the north pole in the North- 
ern Hemisphere and the south pole in the 
Southern Hemsphere) is moving toward a 
quadrant, sea level falls in that quadrant. 
Conversely, when the local rotation pole 
is moving away from a quadrant, sea level 
rises in that quadrant. The great circles of 
zero sea-level change associated with the 
mean motion of the rotation  ole over the 
past 10 My lie roughly on the equator and 
the great circle defined by 5 1 O E  and 23 1 "E 
(Fig. 3C). 

A comparison of Figs. 1, 2, and 3 sug- 
gests that TPLV may have influenced the 
second-order, sea-level cycle over the last 
130 My. The change in the direction of 
TPW at -50 Ma rouehlv coincides with 

u ,  

the reversal in the long-term sea-level trend 
(21). Quadrants contaming sites In North 

Fig. 2. Locatons of the north rotation pole (soiid 
circles) n the hot spot reference frame over the 
iast 130 My [adapted from (1611 superlniposed on 
the present-day coastline geometry. The axes of 
the 95% confidence ellipses associated wlth the 
individuai poie positions are estimated In (1 6) to be 
-5". The pole position is relativeiy unchanged 
from 130 to 120 Ma. 
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Fig. 3. Schematic illus- 
tration of the approxi- A 
mate sea-level spatial changes geometty in- of oBo 
duced by perturbations - - - - - -  - - - - _ _  _ - - - - - -  
in the magnitude (A) or 
orientation (B) of Earth's - -____ 

- - - - _ _ _ _  _ _ _ _ - - - -  rotation vector from time 
b I 

t to t +. The shaded re- v I 

*----- -----__ I t  

gions represent areas of - - _ _ _ _  _ _ _ - - -  t I 

sea-level rise, and the 
unshaded regions repre- 
sent areas that experi- 
ence a sea-level fall. In 
constructing these sim- 
ple figures, we neglected, for the purposes of illustration, the self-gravitation and 
loading effects of the sea-level change (34). In (A), we consider the case of ongoing 
tidal deceleration, and the dashed lines represent small circles of zero sea-level change. Mathematically, the spatial dependence may be expressed 
(approximately) as the surface spherical harmonic of degree two and order zero. The sea-level rise at the pole is roughly twice the magnitude of the equatorial 
sea-level fall. In (B), the dashed lines are great circles of zero sea-level change for the case of a small clockwise shin of the rotation vector. In this case the 
sea-level distribution is given (approximately) by the surface spherical harmonic of degree two and order one, and the maximum sea-level change is obtained 
at 45" from the poles (20). (C) The dotted lines represent great circles of zero TW-induced sea-level variation associated with the mean TPW path over the 
last 10 My. The collection of continents within each quadrant is not significantly altered either by the reorientation of the quadrants over the last 130 My (as 
polar wander proceeded) or by plate motions. Sites used in the seismic stratigraphic analysis (2) of short-term (third-order and higher) sea-level trends are 
shown by solid circles and letters A through D. The letters are used to identify sites considered in Fig. 4. 

America. Euro~e. North Africa. and Aus- 
tralia should' have experienkd some 
amount of TPW-induced sea-level rise from 
130 to 50 Ma (as the local pole moved away 
from these quadrants) followed by a sea- 
level fall since 50 Ma (as the pole changed 
direction in the hot-spot frame), consistent 
with the geological record of sea-level 
change over the same period (Fig. 1). The 
trend would be reversed for sites in the 
remaining two quadrants. 

To auantifv the TPW effect. we comDut- 
ed gravitationally self-consistent sea-level 
change driven by long-term variations in 
the rotation vector (16, 17) of spherically 
symmetric, viscoelastic Earth models (22). 
These models have a realistic elastic struc- 
ture (23), an elastic lithosphere, and isovis- 
cous upper and lower mantle regions (24). 
The lithospheric thickness and the upper 
and lower mantle viscosities. which we de- 
note by LT, VUM, and vLM, respectively, are 
free parameters. The time scale being con- 
sidered (the last 130 My) requires that we 

incorporate plate motions to prescribe the nificantly larger change in the rotational 
evolution of both ocean distribution (25) colatitude (28) of the North American site 
and site locations (26). than, for example, the site in Europe. 

In our initial calculation of second-order 
sea-level variations (Fig. 4), we adopted an 
Earth model previously used to consider 1 2 0 1 0 0 8 0 6 0  4 0 2 0  0 

shorter time scale effects of TPW (14). In 
go ..... 

all cases the contribution to the sea-level ... - .  
: , variation from changes in the rotation rate 80 

(compare the .solid and dotted lines) was 
minor and significantly less than has been 
suggested (1 1, 12). We conclude that 
TPW-induced sea-level effects dominate 
the total sea-level prediction (27). The 
sense of the predicted sea-level perturbation - 
was positive for the North American, Euro- 
pean, and Australian sites and negative for 
the site in Japan. The sea-level fluctuation 
predicted for the North American site is 
-50 m for this particular Earth model. The 
predicted sea-level changes for the Europe- 
an and Australian sites are smaller by about 
a factor of 2. This difference reflects the 
TPW path (Fig. 2), which produces a sig- 

Fig. 4. Predicted rotation-induced sea-level 80- 
change (solid lines) for four sites (A through D) in 
Fig. 3C. In the calculations we adopted the TPW , 40- 
path shown in Fig. 2 and the time seriesof rotation S - 
rate changes described in (1 7). The viscodastic f 20- 
model is adopted from (74); it is characterized by a 3 ,,I 
lithospheric thickness of 100 km, and upper and 1 . 
lower mantle viscosities of 102' and 30 x 102' f -20. 
Pa-s, respectively. The present-day geographic g - 
coordinates of the sites are as follows: curve A, 4- 
35"N, 76"W (North America); curve B, 50°N, 1 OOE 
(Europe); curve C, 40°S, 148"E (Australia); and 40- 
curve D 36"N, 138"E (Japan). However, the pre- , r 

dictions include the influence of continental drift 1 2 0 1 0 0 8 0 8 0 4 0 2 0  0 

on site locations. The dotted line for each curve is Ag. (m) 
analogous to the solid line, except that changes in the rotation rate have been ignored. As in Fig. 1, we 
plot sea-level fluctuations relative to the value at 130 Ma. 

Fig. 5. Predictions of rotation-induced sea-level 
change for the North American site (as in Fig. 4, 
curve 4. The calculations involve a suite of vis- 
coekstic Earth models that systematically vary the 
free parameters of the model specified in FQ. 4 (LT 
= 100 km, vU, = 102' Pa-s, V, = 30 x 102' 
Pa-s). (A) Lithospheric thidvlesses of either 50 km 
(dashed line), 100 km (solid line), or 200 km (dotted 
line). (B) Upper mantle viscosities of either 5 x 102O 
Pa-s (dashed line), 102' Pa-s (soli line), or 2 x 
102' Pa-s (dotted line). (C) Lower mantleviscosities 
of either 10 x 102' Pa-s (dashed line); 30 x 102' 
Pa-s (soli line), or 100 x 1 02' Pa-s (dotted line). 
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In addition to second-order sea-level 
trends, our predictions also include shorter 
time-scale variations. This result confirms 
that TPW may be an important mechanism 
for third-order, regional sea-level cycles 
(14) and has implications for the interpre- 
tation of these curves (29). 

The longer term sea-level trends pre- 
dicted for the sites in North America, 
Europe, and Australia show a significant 
Cretaceous sea-level rise from 130 to 50 
Ma, followed by- a sea-level fall that offsets 
a dominant portion of the earlier trans- 
gression (Fig. 4 ) .  

T h e  predicted amplitude of the differ- 
ential 'second-order signal between the 
North American and Japanese sites ex- 
ceeds 100 m (Fig. 4 ) .  This prediction will 
be dependent on the viscoelastic Earth 
model that is used. There is a growing 
consensus that mantle viscosity increases 
with depth by a factor close to the value 
we adopted in constructing Fig. 4 (30). 
Reasonable variations in either the upper 
or the lower mantle viscosity of the adopt- 
ed model do not produce significant 
changes in the predicted TPW-induced, 
sea-level signal (Fig. 5, B and C) .  The 
predictions are, however, sensitive to vari- 
ations in the adopted lithospheric thick- 
ness (Fig. 5A). Doubling this thickness 
increases the predicted sea-level fluctua- 
tion for the North American site by a 
factor of 2 to -100 m, which is compara- 
ble with the estimated second-order signal 
(Fig. 1) (31). In the case of the thicker 
lithosphere, the differential sea-level sig- 
nal between North America and Japan is 
also doubled to -200 m. 

Our modeling does not include lateral 
variations in Earth structure, and hence the 
appropriate choice for LT in our calcula- 
tions is unclear. A value of LT > 100 km 
would not be unreasonable. For example, 
the North American craton is thought to 
have a thick continental root (32). Further- 
more, many sites used in sea-level analyses 
are on stable continental margins in prox- 
imity to old oceanic lithosphere. 

Our results suggest that TPW-induced 
sea-level changes can contribute signifi- 
cantly to second-order sea-level cycles. Fur- 
thermore, TPW effects cannot be ignored 
when one is comparing or combining sea- 
level data from different geographic regions. 
The often-cited correlation between 
spreading rates and sea-level fluctuations 
(5) is consistent with a sizeable TPW-in- 
duced sea-level signal. Recent modeling 
studies (33) have shown that the observed 
TPW path is consistent with predictions 
obtained by back-advecting seismically in- 
ferred density heterogeneities. Thus, TPW 
speeds (and the associated sea-level fluctu- 
ations) are likely linked to spreading rates, 

which reflect the rate of advection. The 
second-order sea-level cycle since 130 Ma is 
likelv a combination of a TPW-induced 
(quadrant-localized) signal and a eustatic 
trend, for example, one that depends on 
changes in ocean basin volume that may 
arise from variations in spreading rates. A 
careful analysis of sea-level data, which in- 
clude a globally distributed network of sites, 
will be required to distinguish the relative 
importance of each contributor. 
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Catalytic Galactose Oxidase Models: 
Biomimetic Cu(ll)-Phenoxyl-Radical Reactivity 

Yadong Wang, Jennifer L DuBois, Britt Hedman,* 
Keith O. Hodgson,* T. D. P. Stack* 

Biomimetic functional models of the mononuclear copper enzyme galactose oxidase are 
presented 'that catalytically oxidize benzylic and allylic alcohols to aldehydes with 0 2 

under mild conditions. The mechanistic fidelity between the models and the natural 
system is pronounced. Modest structural mimicry proves sufficient to transfer an unusual 
ligand-based radical mechanism, previously unprecedented outside the protein matrix, 
to a simple chemical system. 

A n important goal of bioinorganic chemis
try is the development of small inorganic 
complexes that not only reproduce structural 
and spectroscopic features, but also function 
in a manner similar to their natural counter
parts. Despite much effort, faithful examples 
of catalytically functional models are rare, 
especially when 0 2 is used as the oxidant 
(I). Presented here is a family of functional 
models of galactose oxidase (GOase) that 
catalytically oxidize benzylic and allylic 
alcohols to aldehydes with 0 2 under mild 
conditions. The structural design of the 
models follows directly from the structure 
of the active site of the enzyme, and the 
ligand-based radical mechanism elucidat
ed here parallels that proposed for the 
native system. Considering that a chemi
cal precedent for this radical-based reac-
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tion outside a protein matrix has been 
lacking, the structural, spectroscopic, and 
mechanistic fidelity of these model com
plexes relative to the native system is 
striking. 

GOase (2, 3), a mononuclear copper 
enzyme, couples the oxidation of alcohols 
to aldehydes with the reduction of 0 2 to 
H 2 0 2 (Eq. 1) through an unusual Cu(II) 
phenoxyl-radical active species (2, 4). De
spite the importance of this organic trans
formation, there are few highly efficient, 
environmentally benign synthetic catalysts 
(5). The development of catalytically func
tional GOase models (6) allows this radical 
mechanism (2) to be probed more readily 
and also may lead to efficient catalysts. 

OH OH 
HOvl>CH2OH G Q a s e HO^l^CHO 

o-L^O + 02 ** X^O + H202 (1) 
HOX y 2 HOX J OH OH 

The crystal structure of GOase shows that 
the protein provides four ligands for the 
Cu(II) arranged in an unusual non-square-
planar (nSP) coordination (Fig. 1A) (7): 
two tyrosine phenolates and two histidine 
imidazoles. A fifth exogenous H 2 0 ligand 
occupies an equatorial position in the 
Cu(II) square-pyramidal coordination. An 

interesting feature of this structure is a 
covalent thioether bond formed between a 
cysteine sulfur atom and an aromatic car
bon of the equatorial phenolate ligand. It 
is this modified phenolate ligand that is 
thought to be oxidized to a radical, result
ing in an electron paramagnetic resonance 
(EPR)-silent active form of the enzyme 
(7). The synthetic complexes reported 
here (Fig. IB) possess a nSP Cu(II) N 2 0 2 

coordination geometry and appropriately 
positioned thioether substituents on the 
phenolate moieties (for BSI and BSP) (8). 
The x-ray crystal structure of one cupric 
complex, [Cu(II)BSI], confirms a nSP tet-
radentate ligation (Fig. 1C) (9), and EPR 
spectra of these Cu(II) complexes support 
a nSP geometry in solution as their g\ \ 
values are significantly larger than those 
of the related square-planar Cu(II) com
plexes (10). 

These complexes have spectroscopic 
characteristics similar to those of GOase. 
With respect to reactivity, the most impor
tant is the formation of a room-temperature 
(RT) stable, EPR-silent species upon one-
electron (1 e~) oxidation of each Cu(II) 
complex (11). We recently reported that 
o ̂ -substitution of the phenolate ring in 
these Cu complexes is critical to stabilizing 
their oxidized EPR-silent form (8). Oxida
tion of the Cu(II) complexes requires a 
strong oxidant, because their potentials range 
from +0.80 to +1.1 V (versus a standard 
calomel electrode) (12). In this process, the 
ligand L, not the metal, is oxidized (Eq. 2); 
the copper center remains Cu(II), as estab
lished by the similarity in energy of features 
in Cu K-edge x-ray absorption spectra (XAS) 
for [Cu(II)BDB] and its 1 e" oxidized form— 
in particular, the Is —> 3d pre-edge features at 
8979 eV (Fig. 2) (13-15). 

[CunL] + NO+(BF4 

[CunL(BF4)r + NO (g) (2) 
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