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period in less than a million years would require
a YORP acceleration rate a factor of five times
as high as at present, which is plausible if Alpha’s
initial mass distribution were less symmetric than
it is now. Once Beta formed, continued rotational
acceleration of Alpha would be regulated as
described previously, the resurfacing making the
system more symmetric and diminishing YORP’s
effectiveness over time.

Could KW4 have formed in the main as-
teroid belt and subsequently migrated into an
Earth-crosser? Recent discoveries reveal a sub-
stantial population of small, inner main-belt
binaries with characteristics similar to near-
Earth binaries (33). Collisions and YORP can
form binaries within the main belt, but formation
by tidal flybys is extremely unlikely. If KW4
formed in the main belt, then its age must be on
the order of 108 years and it must have survived
multiple close-Earth approaches (3) that could
have strongly excited it while avoiding any that
could disrupt it. Thus, formation of KW4 in a
near-Earth orbit through some combination of
tidal and YORP torques seems more likely.
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Ongoing Buildup of Refractory
Organic Carbon in Boreal Soils
During the Holocene
R. H. Smittenberg,1* T. I. Eglinton,2 S. Schouten,1 J. S. Sinninghe Damsté1

Radiocarbon ages of vascular plant wax–derived n-alkanes preserved in well-dated Holocene
sediments in an anoxic fjord (Saanich Inlet, Canada) were found to be not only substantially older
than the depositional age but increasingly so during the Holocene. Assuming that n-alkanes serve
as a proxy for recalcitrant terrigenous organic matter, this indicates that the accumulation of
refractory organic carbon in soils that developed after the deglaciation of the American Pacific
Northwest is ongoing and may still be far from equilibrium with mineralization and erosion rates.

Estimated at ~1500 Pg, soil organic carbon
(SOC) constitutes the largest active OC
pool on the globe (1, 2), and consequently

the fluxes of OC to and from this reservoir are
important for the carbon budgets in the bio- and
geosphere (1, 3). Refractory organic matter
makes up approximately half of the SOC pool
because of its resistance to degradation (4), and
it is this pool that is ultimately responsible for
long-term terrestrial carbon storage (1, 5). How-

ever, our understanding of the long-term buildup
of SOC is largely derived from studies of present-
day soils, and there is a paucity of temporal
records of SOC dynamics. Because of its com-
plex and heterogeneous nature, the accumulation,
erosion, and especially mineralization rates of
refractory SOC are hard to determine, which
hinders modeling of fluxes to and from this
carbon pool (1, 3, 4, 6). For instance, the extent to
which the higher-latitude soils and peats have

been, or still are, expanding and/or changing in
composition after their initial buildup after the
most recent deglaciation remains an open ques-
tion (1, 3, 5, 6). Data to substantiate hypotheses
about the global carbon cycle over millennial
time scales are very limited, and for the ter-
rigenous component of this cycle, depend mainly
on soil chronosequences (7, 8); mass balance
studies of various SOC pools, aided by radio-
carbon analysis (6); vegetation reconstructions
coupled with soil carbon content (9); and mod-
els (4). A limiting factor in these studies is that
they rely on inventories of biomass and active
soil, whose properties have probably changed
over time.

Coastal and lake sediments contain a tempo-
ral record of soil organic matter delivered from
adjacent watersheds, and these records may
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provide insight into past changes in the refrac-
tory SOC pool. We examined sediments of
Saanich Inlet, Canada (10), which contain a
high-temporal-resolution record spanning the
late Holocene, lying above a less-well-resolved
early Holocene sequence and late Pleistocene
glaciomarine deposits. Because of high sedi-
ment accumulation rates (11) and permanent
anoxic bottom-water conditions, the sedimenta-
ry organic matter and the sediment structure
have been well preserved (10, 12), enabling an-
nual dating of the core back to ~6000 years
before the present (yr B.P.) by means of varve
counting (13). We analyzed the distribution,
stable carbon isotopic composition, and radio-
carbon composition of vascular plant–derived
long-chain n-alkanes from seven well-dated
laminated sediment layers ranging from recent
to 5500 yr B.P. (14), as well as layers just below
the well-dated section and a late Pleistocene
layer (Table 1). Both the stable carbon isotopic
(d13C) compositions (table S1) and the distri-
bution of the n-alkanes (Fig. 1), as reflected in
the carbon preference index (CPI) (Table 1),
suggest that they are predominantly derived
from C3 vascular plant material, admixed with

some fossil alkanes of petrogenic origin, such as
from weathering of sedimentary rocks (14, 15).
This is in agreement with earlier observations in
the Fraser River basin (16) near Saanich Inlet.
There is a preponderance of evidence that long-
chain n-alkanes are resistant to degradation
(17, 18), and previous studies indicate that they
can serve as a proxy for the refractory SOC pool
(19, 20). The reasons for their recalcitrance, and
that of the majority of SOC, may be that they are
intimately associated with the mineral fraction
(2, 3, 21, 22). The specific surface area of min-
erals appears to play an important role in OC
preservation, with adsorption providing some
sort of physical protection against water-soluble
microbial enzymes. Such protection may also be
provided by the hydrophobic nature of (humified)
organic matter or by micropores within soil ag-
gregates (3). Low temperatures and low-oxygen
conditions related to waterlogging also decrease
OC degradation (3).

The major sources of terrigenous sediment
that enters Saanich Inlet are the nearby Cowichan
River and the large Fraser River across the
Strait of Georgia; this sediment is augmented by
material discharged from local streams (11).

Soils in the watersheds of these rivers should
thus be the main source of the terrigenous OC,
and thereby n-alkanes, in the Saanich Inlet
sediments (19). Erosion of the land surface in
British Columbia has continued unabated since
the last deglaciation, with a dominance of sec-
ondary remobilization of Quaternary sediments
over primary denudation (23). Because of high
flows during the spring freshets and the high
topographic relief of the region, most of the fine-
grained sediment (silt and clay), and thereby the
bulk of eroded SOC (2), experience a relatively
short residence time within the river systems (24).
Intermediate reservoirs that would delay incorpo-
ration of the soil carbon signal into the marine
sedimentary record are therefore of limited
importance. Besides being derived from soil
organic matter, sedimentary n-alkanes may also
be derived directly from living vegetation, typi-
cally transported by wind after ablation of the leaf
waxes (25). Substantial amounts of contemporary
n-alkanes from fresh vegetation would result in
distinctly higher radiocarbon contents of the odd–
carbon-numbered C27-C31 n-alkanes deposited
after aboveground nuclear weapons testing as
compared to “pre-bomb” material. This is not the
case (Table 1), which suggests that a direct input
from vegetation plays a minor role.

When the calibrated ages of the odd C27-C31

n-alkanes are compared with the varve ages of
the laminated sediments, it is immediately
apparent that there is a discrepancy between
these two ages and that this discrepancy in-
creases toward the present (Fig. 2). Such a trend
was not observed in marine-derived biomarkers
in the same setting (26), indicating that this is
clearly a different, exclusively terrigenous sig-
nal. For the laminated section, linear regression
between the sediment age and the sediment–n-
alkane age offset yields a squared correlation
coefficient (R2) of 0.68. The outlier at ~500 yr B.P.
may reflect heterogeneities in the nature of the
eroded material: Possibly this sample contained
an anomalously large fraction of fresh vascular
plant detritus. When this outlier is excluded, the
R2 increases to 0.98. Three properties of the

Table 1. Radiocarbon content, calibrated age, and other properties of sedimentary n-alkanes (odd C27-31). cal, calendar.

Sediment age
(varve-based) (18)

n-Alkanes D14C
(± 8‰)

Calibrated age
(cal yr B.P.)*

Concentration
(mg/g dry sediment) CPI† Fossil fraction

(±5%)‡

1984–1998 A.D. –458 5473 (5599) 5730 4.4 2.7 25
1932–1950 A.D. –464 5606 (5657) 5844 3.1 4.1 10
568–465 B.P. –417 4828 (4854) 4893 2.8 4.3 10
1111–977 B.P. –498 6234 (6290) 6354 2.1 4.9 10
2330–2520 B.P. –538 ± 40 6666 (6997) 7388 2.2 4.7 10
2707–2533 B.P. –546 7131 (7215) 7285 1.8 4.8 10
3600–3500 B.P. – – 1.8 4.1 10
4940–4840 B.P. –626 8476 (8617) 8948 0.8 4.8 10
6300–6500 B.P.§ –701 ± 95 10132 (11120) 12339 2.2 4.0 15
11500–13000 B.P.|| –806 ± 41 15256 (15724) 16374 1.6 4.0 15
*The calibrated age ranges are 1s confidence intervals. The age in parentheses has the highest probability. †CPI = 0.5 ×[(C25 + C27 + C29 + C31) + (C27 + C29 + C31+ C33)]/(C26 + C28 + C30 +
C32). The average chain length for C25-C35 is 28.8 ± 0.3 for all samples. ‡Estimates based on two end-member models (14). §Sample from intermittently laminated section. Age was
extrapolated using the sedimentation rate of varve-counted sediment above (13). ||Glaciomarine silty clay deposited during late deglaciation. The minimum age is based on radiocarbon-dated
above-lying sediment (13) and the maximum age on the timing of glacial retreat (27).

Fig. 1. Measured and modeled
distribution and d13C values of the
n-alkane fraction from the sediment
interval corresponding to 2533 to
2702 yr B.P. as a representative of
the studied samples. Numbers
beginning with n refer to carbon
chain length. The modeled data
represent the outcome of a mixing
model with a fossil (10%) and
contemporary vascular plant source
(90%) with estimated d13C and CPI
end-member values (14). Because
the model is a simplification of
reality, a perfect fit cannot be
reached with just two end-members.
However, the proportions used give
a reasonable estimate.‰, per mil.
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regression line are notable: (i) the correlation is
linear; (ii) the calculated intercept age (that is, n-
alkane age = calendar age) is similar to the time
of deglaciation of the area, between 14,000 and
11,500 yr B.P. (27); and (iii) the age offset of
5500 years in the youngest sediments represents
about half of the Holocene time span.

The CPI, in conjunction with the d13C values
of the individual n-alkanes, can be used to estimate
the relative contribution of fossil (radiocarbon-
dead) and Holocene-aged soil n-alkanes (14, 28)
(Table 1 and supporting online text). Recali-
bration to calendar ages after correction of the
n-alkane D14C value for fossil inputs produces
Holocene-sourced n-alkane ages (Fig. 2). The
intercept of the regression line comes closer
toward the real onset of the Holocene at 11,500
yr B.P. (27). At that time, the entire region be-
came vegetated, although plants had already
established themselves in the lowlands of the
area as early as 13,500 yr B.P., as evidenced
from radiocarbon-dated wood fragments in the
Fraser moraines (27). The fossil-corrected n-
alkane ages from the older nonlaminated sedi-
ments are in agreement with our interpretation.
However, uncertainties in dating the n-alkanes
and the sediments, together with uncertainties in
fossil alkane estimates, make an interpretation of
these data tentative, and we therefore refrain
from drawing any further inferences from them.

The average age offset of the odd C27-C31 n-
alkanes of the pre-bomb sediment after a cor-
rection for 10% fossil alkanes is ~4700 years
(Fig. 2), whereas an equal contribution of n-
alkanes aged from 0 to 11,000 yr B.P. would
have resulted in an average age offset of 5500
years. This bias toward younger n-alkane ages

suggests that, as expected, some loss of refrac-
tory soil carbon by either mineralization or ero-
sion must have occurred, although it is equally
feasible that younger topsoils are preferentially
eroded as compared to older and more deeply
buried material. Regardless, it is evident that the
average n-alkane ages have been increasing in a
near-linear fashion toward the present, strongly
suggesting that any loss due to erosion or
mineralization is still largely outpaced by the
accumulation.

An alternative scenario that would produce
the observed n-alkane age profile while allowing
for substantially higher erosion and/or mineral-
ization rates is one of continuously decreasing
terrestrial primary productivity toward the
present. In that case, the stock and concentration
of n-alkanes in the drainage basin should di-
minish, whereas a more steady-state primary
production and ongoing accumulation would be
reflected by an increasing flux to the Saanich
Inlet sediments toward the present. By using
varve thickness data (13) in combination with
wet bulk density and porosity data (10, 12, 13),
we estimated the sediment accumulation rates
(Fig. 3) in the laminated section. The accumu-
lation rates of the odd C27-C31 n-alkanes to the
sediment were then determined from their
concentrations (Table 1). The fluxes of the
Holocene-aged n-alkanes show an increasing
trend toward the present, whereas this is not the
case for the bulk sediment accumulation rate.
This implies that the primary cause of the
increasing odd C27-C31 n-alkane accumulation
rate in the sediment must be a growing con-
centration of n-alkanes within the sediment load,
which is consistent with a buildup of terrigenous

OC in the area. Postdepositional degradation of
n-alkanes within the Saanich Inlet sediment does
not appear to be an important factor (12, 17).

Although this study was done using long-
chain n-alkanes only, the observed trends are
probably valid for a larger range of refractory
vascular plant–derived organic compounds
(17, 18). These findings indicate that the refrac-
tory SOC pool of the Pacific Northwest is still
increasing as a long-term response to the last
deglaciation. Ongoing accumulation of refrac-
tory OC may be a broader phenomenon in
boreal soils, or even in other biomes worldwide.
However, similar studies to those undertaken
here would be needed to verify this, because
factors such as mineralogy, climate, and cultiva-
tion have an impact on the decomposition and
preservation of all organic matter fractions, in-
cluding the recalcitrant pool (3). Although our
results appear to contradict some studies using
natural 13C labels (29) that find no evidence of a
highly recalcitrant soil carbon pool, they cor-
roborate other findings of old radiocarbon ages
of refractory carbon fractions and n-alkanes in a
large array of soils (4, 6, 20, 30, 31) and suggest
that the turnover time of this carbon pool is
10,000 to 100,000 years or more and not 1000 to
10,000 years as is often used in soil carbon
models (4). These findings challenge the notion
that the current production of refractory organic
matter is balanced by decomposition and erosion
after a few thousand years, as inferred via

Fig. 3. n-Alkane and sediment accumulation rates
of the laminated section of Saanich Inlet. Solid
line, sediment; stippled black line, fossil n-alkanes;
stippled gray line, Holocene (soil) n-alkanes. n-
Alkane accumulation rates were calculated based
on varve thickness (13), wet bulk density (10), and
porosity data and modeling (10, 11, 13), together
with the concentrations and estimated fossil
fraction of the n-alkanes listed in Table 1.

Fig. 2. Age offset between odd–
carbon-numbered C27-C31 n-alkanes
and sediments. Black diamonds rep-
resent offsets calculated with cali-
brated n-alkane ages given in Table
1. Error bars denote age uncertainty
(1s) after calibration. The data point
at ~500 yr B.P. was not used for the
regression line. Gray dots represent
age offsets of Holocene-aged soil-
derived n-alkanes with the sedi-
ments after correcting for the fossil
fraction given in Table 1. The gray-
shaded areas around the non-
laminated fossil-corrected values
represent their uncertainty based
on the original 14C value uncertain-
ties and age constraints. Ka cal BP,
thousands of calendar years before
the present.
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chronosequences (7) or soil respiration measure-
ments (31). The assumption that soils are in a
steady state is also called into question, espe-
cially because it is recognized that refractory OC
has been building up in soils exposed since the
last glacial (1, 5). This new paradigm likely has
its main impact on carbon budget models that
calculate sources, sinks, and fluxes within the
global carbon cycle on longer time scales (>1000
years). This could be of relevance, for example,
to studies that link vegetation type to soil carbon
content in order to estimate changing carbon
storage on land through time (9). It places the
terrestrial biosphere in a more prominent position
as a slow but progressively important atmospher-
ic carbon sink on geologic time scales and may
even influence current predictions about carbon
cycling and soil carbon storage in response to
elevated atmospheric CO2 levels.
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Recent Greenland Ice Mass Loss by
Drainage System from Satellite
Gravity Observations
S. B. Luthcke,1* H. J. Zwally,2 W. Abdalati,2 D. D. Rowlands,1 R. D. Ray,1
R. S. Nerem,3 F. G. Lemoine,1 J. J. McCarthy,4 D. S. Chinn4

Mass changes of the Greenland Ice Sheet resolved by drainage system regions were derived from a
local mass concentration analysis of NASA–Deutsches Zentrum für Luft- und Raumfahrt Gravity
Recovery and Climate Experiment (GRACE mission) observations. From 2003 to 2005, the ice sheet
lost 101 ± 16 gigaton/year, with a gain of 54 gigaton/year above 2000 meters and a loss of 155
gigaton/year at lower elevations. The lower elevations show a large seasonal cycle, with mass losses
during summer melting followed by gains from fall through spring. The overall rate of loss reflects
a considerable change in trend (–113 ± 17 gigaton/year) from a near balance during the 1990s
but is smaller than some other recent estimates.

Mass changes in the Greenland Ice Sheet
are of considerable interest because of
its sensitivity to climate change and

the potential for an increasing contribution of
Greenland ice loss to rising sea level. Observa-
tions and models have shown that in recent years
Greenland has experienced increased melt (1),
thinning at the margins (2–4), and increased
discharge from many outlet glaciers (5). At the
same time, the ice sheet has been growing in its
interior (3, 4, 6).

These recent changes in the Greenland Ice
Sheet and the wide range of mass-balance es-
timates (7) highlight the importance of methods
for directly observing variations in ice sheet

mass. Moreover, the fact that some regions are
shedding mass dramatically, whereas others are
not (2–5), indicates a clear need for measure-
ments with a spatial resolution that allows as-
sessment of the behavior of individual drainage
systems (DSs). The local mass concentration
analysis presented here provides an assessment
of mass balance of individual Greenland DS
regions, subdivided by elevation, as well as the
overall ice sheet mass balance.

Direct measurements of mass change have
been enabled by the NASA–Deutsches Zentrum
für Luft- und Raumfahrt Gravity Recovery and
Climate Experiment (GRACE) mission (8).
Since its launch in March 2002, GRACE has

been acquiring ultra-precise (0.1 mm/s) intersat-
ellite K-band range and range rate (KBRR)
measurements taken between two satellites in
polar orbit about 200 km apart. The changes in
range rate sensed between these satellites provide
a direct mapping of static and time-variable
gravity.

Recent GRACE-based mass balance esti-
mates of Antarctica (9) and Greenland (10, 11)
have been derived from the monthly spherical-
harmonic gravity fields produced by the
GRACE project. Although these solutions rep-
resent an important advance in the use of gravity
measurements to assess ice sheet mass balance,
they are limited in their temporal and spatial
resolution. For example, the recent results pre-
sented in (11) showed sizable mass loss spread
over the entire Greenland continent, in contrast
with recent studies that indicated loss concen-
trated on the margins (2–5) and growth in the
interior (3, 4, 6). In addition, the fundamental
measurements being made by GRACE contain
far more information than is currently being ex-
ploited by techniques that rely on these monthly
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