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perovskite phase suggests slow longitudinal
elastic-wave velocities propagating along the
[010] direction. In addition, it is also inferred
that the post-perovskite phase forms a platy
crystal habit parallel to the (010) plane as a
result of the sheet-stacking structure. A
strong preferred orientation of such platy
crystals may develop under the shear flow. A
large S-wave polarization anisotropy (VSH �
VSV) observed in the D� region (1, 2) is
possibly caused by the preferred orientation
of the post-perovskite phase with the (010)
plane being parallel to the horizontal shear
flow, which is introduced by the down-
welling of slabs and upwelling of plumes.
This also provides an explanation for seismic
anisotropy that is found only below the D�
discontinuity in the deep lower mantle.
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Degradation of Terrigenous
Dissolved Organic Carbon in the

Western Arctic Ocean
Dennis A. Hansell,1* David Kadko,1 Nicholas R. Bates2

The largest flux of terrigenous organic carbon into the ocean occurs in dissolved
form by way of rivers. The fate of this material is enigmatic; there are numerous
reports of conservative behavior over continental shelves, but the only knowl-
edge we have about removal is that it occurs on long unknown time scales in
the deep ocean. To investigate the removal process, we evaluated terrigenous
dissolved organic carbon concentration gradients in the Beaufort Gyre of the
western Arctic Ocean, which allowed us to observe the carbon’s slow degra-
dation. Using isotopic tracers of water-mass age, we determined that terrig-
enous dissolved organic carbon is mineralized with a half-life of 7.1� 3.0 years,
thus allowing only 21 to 32% of it to be exported to the North Atlantic Ocean.

Terrigenous dissolved organic carbon (tDOC)
enters the global ocean by way of rivers at a rate
of �0.25 Pg C yr�1 (1), constituting the largest
transfer of reduced carbon from the continents
to the open ocean. The fate of this material once
it is delivered to the ocean remains uncertain.
Studies that use salinity-DOC relationships
across the world’s estuaries and ocean margins
show conservative tDOC behavior (1, 2), sug-
gesting a long-lived material. In contrast, low
concentrations of tDOC tracers in the open
ocean (e.g., lignin and stable isotopic composi-
tions) (3, 4) indicate active removal processes,
but the time and space scales of the processes
remain unknown.

On a per volume basis, the Arctic Ocean
receives the greatest loads of terrestrial fresh
water and organic matter of any ocean. Rivers
draining into the Arctic Ocean comprise �10%
of the global river flux and have high DOC
content (5), typically �600 �M C. This mate-
rial is long lived, such that up to �25% of the
DOC in the surface central Arctic consists of
terrigenous components (6, 7). Previous studies
that have used DOC-salinity relationships in the

eastern Arctic Ocean (e.g., the Eurasian Basin
and its bordering seas) have indicated that
tDOC in fluvial water mixes conservatively
with marine water over the continental margins
(8, 9), yet 	50% of the tDOC entering the
Arctic Ocean survives for export to the North
Atlantic (6, 10).

The gyre circulation of the western Arctic
Ocean (i.e., the Canada Basin and adjacent
continental shelf seas) provides the condi-
tions necessary for observing substantial
tDOC removal over decadal time scales. In
this study, physical and biogeochemical mea-
surements were made from the USCGC
Healy during a spring cruise (5 May to 15
June 2002; sea-ice cover �90%) to the Chuk-
chi Sea as part of the Western Arctic Shelf-
Basin Interactions (SBI) project (11). Thirty-
nine stations, largely on three meridional
sections, were occupied on the Chukchi Sea
shelf and in the adjacent Arctic Ocean basin
(Fig. 1). The parts of the sections that are
located over the continental shelf largely
comprised water of Pacific Ocean origin (by
way of the Bering Strait). Present at the
northern end of the sections, over the deep
Canada Basin, was the polar surface layer
(PSL), an ice-covered, relatively low-salinity
water mass that is a mix of riverine waters (�8
m of meteoric water in the upper 40 m) (12) and
marine waters (13). The upper few hundred
meters of the Arctic Ocean are strongly strati-
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fied. Immediately beneath the PSL are the up-
per halocline waters (UHW) (depth of �40 to
120 m, core-layer salinity of 33.1) of Pacific
Ocean origin and the lower halocline waters
(depth of �130 to 220 m, core-layer salinity of
34.3) of Atlantic Ocean origin.

The Pacific Ocean is the primary source of
marine water to the PSL and UHW (�2.5 

104 km3 yr�1 through the Bering Strait) of the
western Arctic Ocean, and the Mackenzie and
Lena Rivers are the largest sources of fresh
water (249 and 524 km3 yr�1, respectively) (5).
The PSL and UHW over the Canada Basin
circulate within the anticyclonic Beaufort Gyre
(Fig. 1), facilitating long-term retention of those
waters. The circulation and composition of the
PSL in the eastern Arctic differ considerably
from the western Arctic Ocean. In the east, the
Atlantic Ocean serves as the primary marine
source and eastern Eurasian rivers dominate
as the freshwater source (Fig. 1). Eurasian
shelf and river water are transported across
the Arctic Ocean in the Transpolar Drift (14–
16 ) and exported to the North Atlantic by
way of the East Greenland Current. The ab-
sence of a large-scale gyre circulation in the
east precludes the long-term retention of the

PSL that is found in the western Arctic
Ocean, thus constituting the salient circula-
tion difference between the two systems.

Concentrations of total DOC (marine plus
terrigenous) and salinity in the upper 100 m
of the westernmost SBI transect are shown in
Fig. 2. In the surface layer (0 to 40 m),
salinity decreased from �32 on-shelf to 	30
in the PSL, whereas DOC had the opposite
trend, increasing from �70 �M on-shelf to
�80 �M over the basin. These data indicate
that Pacific Ocean water of moderate salinity
and DOC is present on the Chukchi Sea shelf
and that PSL water with lower salinity and
higher DOC (the riverine contribution) (6, 7 )
is present over the deep basin. Underlying the
PSL (Fig. 2; at depths of �40 m), Pacific
Ocean water that had been transported off the
continental shelf was present as UHW. Be-
low this layer were lower halocline and At-
lantic waters characterized by higher salini-
ties (�34) and lower DOC concentrations
(	60 �M) (Fig. 3A).

Plots of DOC versus salinity provide in-
sights on the relationship between Arctic Ocean
hydrography and tDOC (8, 9, 17, 18). Data
from the SBI field study as well as data repre-

Fig. 1. Bathymetric map of the
Arctic (29) with schematic repre-
sentation of surface ocean circu-
lation. The locations of the
mouths of the major rivers
draining into the Arctic Ocean
are indicated. Locations of sam-
pling sites for determination of
the 228Ra/226Ra ratios in the
Transpolar Drift (TPD) and at Ice
Station T3 are indicated by black
and white squares, respectively.
The nominal locations of the
sections occupied in this work
are shown as three white lines at
the edge of the Beaufort Gyre
(BG), located over the Canada
Basin. The location of the Chuk-
chi Sea is indicated by the
dashed circle. The East Green-
land Current (EGC) is indicated.

Fig. 2. Distributions of
DOC (shown by color
contours in �M) and sa-
linity (lined contours) in
the upper 100 m on the
westernmost meridional
section of the SBI pro-
gram. Location is indi-
cated in Fig. 1.

Fig. 3. Property/property plots of salinity ver-
sus relevant variables. (A) DOC data are
shown from this study (open circles; DOC �
–2.60 
 salinity � 154; R 2 � 0.39; N � 96)
and, for comparison, from published data
from the Eurasian Arctic (30) [solid circles;
DOC � –14.82 
 salinity � 596; R 2 � 0.98;
N � 25 (30)]. Regression of the western
Arctic data are for data pairs at salinity
	33.5; higher salinity data are from the
deeper Atlantic layer. (B) 228Ra/226Ra data,
taken from published accounts, are from the
Transpolar Drift (21) (solid circles, Line A)
and from Ice Station T3 (squares, Line B) in
the Beaufort Gyre (22). 228Ra/226Ra ratios
(open circles) measured during SBI in spring
2002 are from the sections shown in Fig. 1 at
the Chukchi shelf break. The SBI 228Ra/226Ra
ratios fall approximately between Lines A and
B. (C) �DICs is a measure of the accumulation
of DIC due to tDOC mineralization, corrected
for mixing. �DICs is estimated from the re-
lationship between DIC and salinity observed
during the spring SBI program in 2002. The
marine end member in the PSL (i.e., Pacific
Ocean water at a salinity of 32.5) has a DIC
concentration of �2150 to 2160 �mol kg�1.
Given the DIC concentration of sea-ice melt
water (�0 �mol kg�1) and fresh water
(�100 �mol kg�1), a plot of DIC versus
salinity would have a regression of 66.28 

salinity – 4.336. However, the observed DIC
versus salinity relationship has a regression
of 55.802 
 salinity – 342.4 (zero-salinity
intercept of 342.4 �mol kg�1). The deviation
between the two mixing regressions
(�DICs � –10.48 
 salinity � 346.7; black
line) indicates accumulation of DIC in the
Beaufort Gyre, corrected for mixing (i.e., an
observed accumulation of �10.5 �M DIC per
unit salinity decrease in the PSL).
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sentative of the eastern Arctic Ocean are shown
together in Fig. 3A. Both data sets demonstrate
linear mixing between fresher, higher DOC wa-
ter and marine, lower DOC water [in the case of
the SBI data, mixing is between high-DOC PSL
water (salinity 	30) and low-DOC Pacific
Ocean water (salinity 33 to 34)]. The prominent
difference between the data sets is the tDOC
concentrations in the freshwater end members
(zero-salinity intercepts of the y axis). In the
eastern Arctic, the intercept indicates a tDOC
concentration (�SD) of 596 � 9 �M (Fig. 3A).
This value is similar to the discharge-weighted
mean DOC concentration in the major rivers
draining into the eastern Arctic shelf seas, sug-
gesting that the tDOC is conservatively mixed
into Arctic Ocean basin waters. In contrast, the
zero-salinity intercept in the western Arctic
Ocean is 154 � 7 �M, or 442 � 11 �M lower
than in the eastern Arctic.

The difference in the zero-salinity inter-
cepts suggests substantial removal of tDOC
in the western Arctic Ocean. To evaluate the
quantity of removal, the concentration of
tDOC in the western Arctic rivers entering
the PSL of the Beaufort Gyre must be estab-
lished. The discharge-weighted mean DOC
concentration in the major rivers draining
into western Arctic shelf seas (Laptev, East
Siberian, Chukchi, and Beaufort Seas) is
�540 �M (19). The Lena and Mackenzie
Rivers (Fig. 1) dominate the western Arctic
Ocean tDOC budget, together representing
83% of the 6 
 1012 gC yr�1 tDOC dis-
charge into the Canada Basin (5). The Lena
River, adding 3.4 
 1012 gC yr�1 as tDOC to
the Arctic Ocean, has a reported tDOC con-
centration of �538 �M (5). The concentra-
tions of tDOC in the Mackenzie River (add-
ing 1.9 
 1012 gC yr�1), the major source of
fresh water in the southern sector of the
Beaufort Gyre (12), appear to be more vari-
able (360 to 730 �M) (5). A survey (from
1993) of DOC in Mackenzie River tributaries
during the summer, when most of the river
discharge occurs and tDOC concentrations
are highest, indicated a tDOC value of 550 �
122 �M (20). Here, a value of 550 � 100 �M

(similar to concentrations measured in both
the Lena and Mackenzie Rivers) (5, 20) is
taken as representative of the tDOC concen-
tration in the western Arctic rivers. With this
value as the initial tDOC concentration, the
zero-salinity tDOC intercept of 154 � 7 �M
in the PSL indicates the removal of 396 � 50
�M tDOC in the PSL of the Canada Basin.

The half-life of tDOC in the western Arc-
tic Ocean has been determined with the use of
the ratio 228Ra/226Ra as an age tracer. The
228Ra/226Ra ratio of seawater is a valuable
tracer for water masses because it provides
information about the time since water mass-
es were last in contact with the continental
shelf (21). High 228Ra/226Ra ratios were re-
ported in the Transpolar Drift near the North
Pole (Fig. 3B), indicating rapid transport (	3
years elapsed time) of surface water from the
Eurasian and Siberian shelves into the central
Arctic Ocean (21). In contrast, low 228Ra/
226Ra ratios in the surface Beaufort Gyre at
Ice Station T3 (22) (Fig. 3B) indicate a much
longer residence time of �20 years (21).
These residence times for the Transpolar
Drift and the Beaufort Gyre bracket the av-
erage residence times of river water in the
surface Arctic that have previously been re-
ported [11 to 15 years for the entire surface
Arctic Ocean (16 ) and 4.1 to 6.5 years for the
riverine component of the PSL in the Eur-
asian Basin (15 )].

The 228Ra/226Ra ratios measured during
the SBI field study at the Chukchi Sea shelf
break (Fig. 3B) largely fall between the ratios
defined by the Transpolar Drift radium data
(Line A, young water) and by the Beaufort
Gyre data at Ice Station T3 (Line B, aged
water). The SBI data indicate three end mem-
bers: (i) high salinity (34 to 35), low 228Ra/
226Ra ratio (old) Atlantic water; (ii) interme-
diate salinity (32.5 to 33.5), high 228Ra/226Ra
ratio (young) Pacific Ocean water, having
recently transited through the shallow Bering
Strait; and (iii) low salinity (	31), interme-
diate 228Ra/226Ra ratio (aged) PSL (Fig. 3B).
The surface water 228Ra/226Ra ratios mea-
sured on the westernmost SBI section (Fig. 4)

showed the anticipated on-to-off–shelf de-
crease in ratio. There was a steep horizontal
gradient in age, from 0 to 1 years over the
shelf to 13 � 1 years for PSL waters sampled
at the southern edge of the Beaufort Gyre
(Fig. 4), indicating the long residence time of
water in the gyre. With a 396 � 50 �M
decrease in the tDOC concentration over that
period, a tDOC half-life of 7.1 � 3.0 years
and a tDOC decay constant of 0.097 � 0.004
yr�1 were calculated.

Comparison of the western Arctic Ocean
DOC-salinity relationship (Fig. 3A; slope �
–2.6) with that expected from conservative
mixing of western Arctic marine and river
waters (slope � –14.7) indicates a cumula-
tive loss of �12.1 �M of tDOC per unit
salinity decrease. Microbial degradation of
tDOC to its mineralization product CO2

should manifest itself as the accumulation of
dissolved inorganic carbon (DIC) in the up-
per ocean layer (air-sea CO2 gas exchange
and vertical diffusion rates are low due to
year-long sea-ice cover and low vertical-
diffusivity rates). We observed an accumula-
tion of �10.5 �M of DIC per unit salinity
decrease (or 87% of the tDOC decrease) in
the PSL relative to that expected from fresh-
ening of Pacific Ocean source water by ice
melt and fresh water (Fig. 3C legend). The
mass balance for carbon (‚DIC  ‚tDOC)
suggests that microbial degradation predom-
inates as the tDOC removal mechanism.

Given the average residence time of river
water in the surface Arctic of 11 to 15 years
(16 ) [or the modeled mean Arctic river water
travel time to Fram Strait of 12 to 14 years
(15)] and the tDOC decay constant deter-
mined here, the 15 
 1012 gC of tDOC
annually entering the Arctic Ocean (5) will be
reduced to between 3.2 
 1012 and 4.9 

1012 gC (21 to 32% of input) before its
subsequent export to the North Atlantic. In
comparison, analysis of DOM fluorescence
indicated that 20 to 50% of Arctic tDOC is
exported in the East Greenland Current (10),
the major conduit of upper-layer Arctic water
to the North Atlantic, whereas lignin analysis
(6 ) indicated that 12 to 41% is exported there.

Understanding the processes that control
either the degradation of tDOC (internal to
the Arctic Ocean) or its preservation (ulti-
mately with export to the North Atlantic
Ocean) is a critical issue, particularly in light
of the recent changes in the hydrological
cycle of the Arctic region. More than half of
the global storage of organic carbon in soils is
found in the Arctic drainage areas (23),
though at present much of the tDOC deliv-
ered to the Arctic Ocean is of modern age
(24 ). Increased Arctic river runoff (25) is
likely to change the flux of organic carbon
into the Arctic Ocean, and contemporaneous
changes in the system’s circulation (26 ),
summertime sea-ice cover and extent (27 )

Fig. 4. 228Ra/226Ra ratios and de-
rived water-mass ages. Observed
and model ratios [the latter giv-
en no loss of 228Ra by radioac-
tivity (zero-age)] as well as the
model ages of surface water
(depth of 7 m) are shown along
the westernmost section sam-
pled (Fig. 1). The expected 228Ra/
226Ra ratio on the section, given
no radioactive decay (zero-age
water), was modeled as a func-
tion of salinity derived from Line
A in Fig. 3B (thus accounting for
rapid offshore mixing, as was
done in aging the water of the
Transpolar Drift) (21). The apparent ages of the water were determined by comparing the modeled
zero-age ratios to the observed ratios.
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(impacting the potential for tDOC photooxi-
dation), and water column stability and halo-
cline development (28) will likely change the
residence time and hence the fate of tDOC in
the region. Further insights developed on the
processes of tDOC removal in the Arctic will
advance our understanding of tDOC sinks at
lower latitudes, where the majority of the
tDOC enters the global ocean.
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Old World Fossil Record of
Modern-Type Hummingbirds

Gerald Mayr

I report on tiny skeletons of stem-group hummingbirds from the early Oligo-
cene of Germany that are of essentially modern appearance and exhibit mor-
phological specializations toward nectarivory and hovering flight. These are the
oldest fossils of modern-type hummingbirds, which had not previously been
reported from theOldWorld. The findings demonstrate that early hummingbird
evolution was not restricted to the New World. They further suggest that
bird–flower coevolution dates back to the early Oligocene and open another
view on the origin of ornithophily in Old World plants.

Today’s hummingbirds (Apodiformes, Tro-
chilidae) exclusively occur in the New
World. Little is known about their early
evolution (1), and the fossil record of the
crown group, the clade that includes the
stem species of the modern taxa and its

descendants, is exceedingly poor, consist-
ing of a small number of bones from the
Quaternary of Central America (2, 3). Al-
though some apodiform birds from the ear-
ly Tertiary of Europe and Asia were recent-
ly shown to be stem-group hummingbirds,
i.e., hummingbirds outside the crown group
(4), these are either very different from the
modern taxa (5, 6) or known from a few
wing elements only (7). Here, I describe a

taxon of stem-group hummingbirds from
the early Oligocene of Germany that is of
essentially modern appearance and exhibits
morphological specializations toward nec-
tarivory and hovering flight.

The classification of the species is Aves
Linnaeus, 1758; Apodiformes Peters, 1940;
Trochilidae Vigors, 1825; Eurotrochilus in-
expectatus gen. et sp. nov. Holotype. SMNS
(Staatliches Museum für Naturkunde, Stutt-
gart, Germany) 80739/4, partial disarticulated
skeleton (Fig. 1). Referred specimen. SMNS
80739/3a�b, partial disarticulated skeleton
on two slabs (Fig. 2). Etymology. Euro, for
Europe, and Trochilus, the type genus of
modern Trochilidae. The specific name is
derived from Latin inexpectatus for unex-
pected and refers to the surprising occurrence
of modern-type hummingbirds in Europe.
Type locality and horizon. Frauenweiler
south of Wiesloch (Baden-Württemberg,
Germany), clay pit of the Bott-Eder GmbH
(“Grube Unterfeld”); Rupelian, early Oligo-
cene (30 to 34 million years ago) (8–10).

Diagnosis. Eurotrochilus inexpectatus
is differentiated from all avian taxa except

Forschungsinstitut Senckenberg, Division of Ornithol-
ogy, Senckenberganlage 25, D-60325 Frankfurt a.M.,
Germany. E-mail: Gerald.Mayr@senckenberg.de

Table 1. Length measurements and ratios of skeletal elements of fossil and extant hummingbirds. Measurements are given in millimeters; P. pretrei,
G. hirsuta, and C. mosquitus are extant taxa.

Humerus Ulna Carpometacarpus Tibiotarsus Tarsometatarsus Sternum
Sternum:
ulna

Humerus:
ulna

E. inexpectatus,
holotype

6.0 7.8* — 14.9 6.5 13.6 1.74 0.77

E. inexpectatus,
SMNS 80739/3

— 8.2 6.9 — 6.4 13.4* 1.63 —

Jungornis tesselatus 8.0† 13.0† — — — 13.8† 1.06 0.62
Phaethornis pretrei 5.6 5.9 7.7 11.7 5.2 17.8 3.02 0.95
Glaucis hirsuta 6.0 7.3 8.4 13.2 5.2 20.2 2.77 0.82
Chrysolampis mosquitus 4.6 6.5 6.4 10.2 4.5 15.3 2.35 0.71

*Estimated †Measurements after reference (7).
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