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Spatial and Temporal Offsets 

Between Proxy Records in a 

Sediment Drift 
Nao Ohkouchi,l* Timothy I. Eglinton,lt Lloyd D. Keigwin,z 

John M. Hayes2 

Chronologies for Late Quaternary marine sediment records are usually based 
on radiocarbon ages of planktonic foraminifera. Signals carried by other sed- 
imentary components measured in parallel can provide complementary pa- 
leoclimate information. A key premise is that microfossils and other indicators 
within a given sediment horizon are of equal age. We show here that hapto- 
phyte-derived alkenones isolated from Bermuda Rise drift sediments are up to 
7000 years older than coexisting planktonic foraminifera. This temporal offset, 
which is apparently due to lateral transport of alkenones on fine-grained 
particles from the Nova Scotian margin, markedly influences molecular esti- 
mates of sea surface temperatures. More broadly, the observation raises ques- 
tions about both the temporal and the geographic fidelity of paleoenviron- 
mental records encoded by readily transported components of sediments. 
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The development of multiple parallel proxy 
records derived from measurements of vari- 
ous sedimentary components is now com- 
monplace for reconstruction of past changes 
in the ocean and climate. For example, the 
molecular sea surface temperature (SST) 
proxy U3 (1-3) complements information 
derived from the assemblages and oxygen 
isotopic (8180) compositions of planktonic 
foraminifera (4). A requirement for the suc- 
cessful coupling of molecular and microfos- 
sil-based proxies is that they reflect water 
column conditions at the same time. Biotur- 
bation can, however, mix particles with dif- 
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fering ages (5). Resuspension and lateral ad- 
vection of fine particles, which lead to the 
formation of sediment drifts (6), mix verti- 
cally sinking (autochthonous) and horizontal- 
ly drifting (allochthonous) particles, poten- 
tially inducing the same net effect. Where 
allochthonous inputs are substantial, paleocli- 
mate proxies associated with fine particles 
can be chronologically and spatially de- 
coupled from those associated with coarser 
particles (7). The problem is important be- 
cause sediment drifts, in which a meter of 
depth may represent only 1000 years, are 
often targeted for studies of abrupt climate 
change (8, 9). 

Drift sediments on the Bermuda Rise have 
been investigated in detail (7-11). Prior ra- 
diocarbon data, as well as analyses of plank- 
tonic foraminifera (Globigerinoides ruber) 
conducted as part of this study, indicate dep- 
osition rates of 12 to 24 cm per thousand 
years (ky) during the past 1200 calendar 
years and -160 cm/ky from 17,000 to 23,000 
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calendar years before the present (yr B.P.) 
(Table 1) (cm/ky = cm per 1000 calendar 
years) (8, 10, 12). Table 1 also summarizes 
measured radiocarbon ages for total organic 
carbon (TOC), alkenones, and inorganic car- 
bon in the fine fraction (FFIC) (particles <63 
pJim in diameter) from sediment intervals in 
three different cores (13). The first seven 
entries represent samples of Holocene age 
from a single box core. The average interval 
between samples is -200 years. The remain- 
ing entries represent sediments deposited dur- 
ing the late glacial and deglaciation, 16 to 24 
thousand years ago. The temporal resolution 
in this series is significantly lower, with an 
average interval between samples of about 
1300 years. In all samples, the radiocarbon 
ages of the alkenones, TOC, and fine carbon- 
ates significantly exceed those of the plank- 
tonic forams. For the alkenones, the average 
difference is 4200 14C years. The TOC and 
FFIC are on average >5000 14C years older 
than the forams. 

The foram ages provide the most accurate 
indication of the age of each sediment hori- 
zon. Relative to other sedimentary compo- 
nents, forams are large (>150 iLm) and 
dense. These sand-sized particles settle rap- 
idly from the overlying surface waters (14). 
Although bioturbation can in some cases mix 
forams of different ages with one another (5), 
the high sediment accumulation rates at the 
Bermuda Rise minimize potential offsets due 
to this process (15). In support of this idea, 
measurements on another planktonic foram, 
Globorotalia inflata (16), from the same 
samples yielded ages that were identical, 
within uncertainties, to those of G. ruber. 
Finally, the presence of bomb 14C in forams 
in the shallowest depth interval (Table 1) 
provides clear evidence of prompt deposition. 

The above differences in radiocarbon age 
provide compelling evidence that a significant 
portion of the carbon in the alkenones, TOC, 
and fine carbonates is derived from some 
source other than surface waters overlying the 
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Bermuda Rise at the time of deposition. Any 
carbon-containing product formed at the same 
time and place as the forams would have ex- 
actly the same radiocarbon age [computations 
include corrections for isotopic fractionations 
(17)]. If the age difference were identical to the 
half-life of 4C (5730 years), it could mean that, 
at the time of deposition, half of the alkenones 
delivered to the sediment were radiocarbon- 
dead (older than 50,000 years), with the other 
half being identical in age to the forams. Alter- 
natively, it could mean that all of the alkenones 
delivered to the sediment had been synthesized 
5730 years before their ultimate immobiliza- 
tion at this site. Intermediate cases, with smaller 
proportions of alkenones pre-aged for more 
than 5730 years, are also possible. In any 
case, the age differences require large alloch- 

Age offsets (radiocarbon years) 
Alkenones TOC 

REPORTS 

thonous contributions, often exceeding 50%. 
The magnitudes of the age discrepancies 

are highly variable. The standard deviations 
of the age-difference populations are 1600 
years, indicating that a range of greater than 
?3000 years would be required to include 
95% of the observations and showing that the 
process responsible for delivering the alloch- 
thonous materials must be quite variable. 
These variations, possibly resulting from 
changes in provenance and modes of trans- 
port, could modulate the amount and/or the 
age of the allochthonous component. 

On the Bermuda Rise, high rates of sedi- 
mentation are maintained by lateral advection 
and focusing of distal fine-grained sediments 
that are believed to derive predominantly 
from the Canadian margin off Nova Scotia 
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Fig. 1. Down-core profiles of measured properties for Holocene (upper) and glacial/deglacial 
(lower) intervals as a function of calendar age. 

(10, 18, 19). Sediments may be delivered 
from the margin by scouring and entrainment 
in the deep recirculating gyres (20, 21) or by 
turbidity currents ("benthic storms") trig- 
gered by atmospheric or tectonic forcing or 
by sea-level change (22, 23). In sediment 
drifts of the western North Atlantic, the re- 
sulting dilution of local materials by terrig- 
enous debris is strongly anticorrelated with 
the abundance of carbonate minerals. On the 
Bermuda Rise, for example, concentrations 
of CaCO3 range between 5 and 45% (8), 
indicating maximal and minimal dilution of 
autochthonous material, respectively. 

Varying dilutions of carbonate, with con- 
centrations ranging from 14 to 34%, are 
found in the Holocene samples examined in 
the present work (Fig. 1). The pronounced 
decrease in the abundance of carbonate dur- 
ing this interval is associated with a visible 
reddening of the sediment, indicating the 
presence of greater concentrations of hema- 
tite from the Canadian maritime provinces 
(24, 25) and, based on excess 230Th data, an 
abrupt and brief increase in sediment accu- 
mulation rate to values approaching 100 cm/ 
ky (26). The decline in percent of CaCO3 (% 
CaCO3) is also associated with increased age 
offsets in all three fine-fraction carbon pools 
and with a decrease in U7, the alkenone- 
based SST proxy (Fig. 1). These convergent 
lines of evidence strongly suggest that sedi- 
ment drifting, which delivers the diluent that 
expands the record, also supplies fine-grained 
carbonates, alkenones, and organic carbon 
that are associated with advected particles 
(27). 

The analyses of the alkenones are of par- 
ticular importance. These molecules are pro- 
duced by haptophyte algae, notably the coc- 
colithophorid Emiliania huxleyi (2). They are 
indubitably of marine origin. The age offsets 
cannot, therefore, be ascribed to terrigenous 

Table 1. Radiocarbon and proxy data from Bermuda Rise sedimentary components. n.a., not analyzed. 

Sa le CaCO3 UK' Age, radiocarbon years Age, calendar years Initial A14C (%o) 

Depth (cm) nam (weight i37 
%) 

ex G. ruber Alkenones TOC FFIC Calibrated Model DIC Alkenones TOC FFIC 

0-1 1 19.9 0.577 <Ot 6,230 ? 130 6,070 ? 45 5,970 + 65 85 -42 -535 -525 -520 
1-2 2 17.5 0.524 500 + 25 5,060 ? 180 7,400 + 55 8,100 + 45 235 235 -33 -452 -590 -625 
2-3 3 14.3 0.495 715 + 30 7,810 + 120 7,990 + 60 6,690+ 50 424 380 -38 -604 -613 -545 
3-4 4 23.9 0.601 735 + 35 n.a. n.a. 5,900 + 55 4,410 + 45 438 432 -40 n.a. -495 -391 
4-6 5 33.7 0.675 850 + 30 5,780 + 130 4,450 + 55 3,750 + 35 509 509 -44 -482 -389 -333 
9-11 6 33.9 0.848 1,150+ 25 3,100 + 95 4,430 + 50 3,640 + 40 728 800 -54 -251 -365 -300 
21-23 7 28.0 0.711 1,970 + 45 6,130 + 45 5,220 + 90 5,610+ 55 1,567 1,510 -53 -440 -373 -403 
192-206 8 9.4 0.614 13,950 + 65 17,650 320 18,500 110 20,500+ 90 16,214 16,214 250 -210 -289 -446 
282-292 9 10.0 0.615 15,700 + 70 19,550 + 430 20,400 + 100 19,500? 85 18,228 18,000 279 -226 -304 -221 
350-360 10 11.6 0.622 15,900 300 18,450 + 200 21,600 + 80 21,000 + 95 18,458 18,900 294 -10 -331 -280 
345-355 11 6.6 0.663 14,150 + 65 n.a. n.a. 18,300 80 19,750 ? 120 16,444 16,444 254 n.a. -251 -375 
907-912 12 17.4 0.759 16,550+ 140 22,000+ 330 22,400+ 95 22,100 + 120 19,206 20,298: 317 -247 -283 -256 
1244-1260 13 6.3 0.592 19,550 ? 120 21,000 + 650 26,800 + 140 23,500 ? 120 22,658 22,658 357 135 -449 -169 

*All samples are from adjacent cores on the Bermuda Rise. Samples 1 to 7 are from core OCE326-BC9 (33?41.6'N, 57?36.7'W, 4517 m water depth). Samples 8 to 10 are from core 
OCE326-GGC5 (33041.5'N, 57034.5'W, 4550 m water depth). Samples 11 to 13 are from core KNR31-GPC5 (33?41.2'N, 57?36.9'W, 4583 m water depth). tContained carbon 
from atmospheric testing of nuclear weapons. tInterpolated from ages of samples 11 and 13 and consistent with all nine additional radiocarbon ages observed by Keigwin and 
Jones (8, 10) at depths between 350 and 1450 cm in this same core. 
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inputs. Based on the calibration of Prahl et al. 
(2), the change in U37 corresponds to a de- 
crease in SST of more than 7?C. Application 
of a recent SST calibration for suspended 
particulate matter in the euphotic zone of the 
Sargasso Sea (28) results in a slightly smaller 
shift, but both calibrations yield an implausi- 
bly large apparent reduction in SST, which is 
much greater than that inferred from the 
records of foraminiferal 8180, during the late 
Holocene (24). 

Together, the correlated Holocene varia- 
tions in alkenone age offset, % CaCO3, and 
UK suggest advective inputs of "old, cold" 
alkenones synthesized earlier in productive 
waters on the Scotian Margin. The magnitude 
of these inputs can be estimated from a U7- 
based mixing calculation. The expected an- 
nual mean UK7 indices for alkenones pro- 
duced in present-day surface waters on the 
Bermuda Rise and Laurentian Fan are around 
0.8 and 0.4, respectively (28, 29). Using these 
values as end members implies that, depend- 
ing on the depth interval in question, between 
0 and 75% of the alkenones in Bermuda Rise 
sediments are from such colder waters. 

More than two sources are, however, indi- 
cated. Although Table 1 shows that the UK 
maximum and minimum in the Holocene are 
associated respectively with the smallest and 
largest age offsets, the age offset does not drop 
to zero at the UK7 maximum. Therefore, not all 
allochthonous inputs cause variations in U,3 
indicating that the imported alkenones are not 
exclusively derived from colder regions. 

A second view of the overall pattern for 
Holocene samples is shown in Fig. 2, which 
reveals that initial depletions of 14C in al- 
kenones, TOC, and fine carbonates are all 
correlated with the most robust previously 
recognized indicator of dilution (8), namely 
% CaCO3. If the correlation resulted from 
mixing of only two components, all of the 
points would be expected to lie along a single 
line and the deviations of the points from the 

Fig. 2. Initial depletions of 14C relative 
to the surface reservoir versus % in 
samples of Holocene age. For example, 
Table 1 shows that at the time of their 
deposition, the alkenones in sample 7 
were already depleted in 14C by 387%o 
[= -53 - (-440)] relative to DIC in 
surface waters. The depletions are sig- 
nificantly correlated with % CaCO3 
(r2 = 0.75) and thus are consistent 
with dilution of a autochthonous com- 
ponent containing -55% CaCO3 by 
transported materials, which are on av- 
erage 9000 years older and which con- 
tain -5% CaCO3. The differences be- 
tween initial values of A14C depend 
only on the radiocarbon analyses (34). 
The error bars are ?2 SD. 
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line would reflect only analytical uncertain- 
ties. The scatter is in fact much larger. Ac- 
cordingly, the correlation is best explained by 
mixing of materials from multiple sources 
that are similar but not identical. 

The average age offset of the allochthonous 
components can be estimated from the low- 
carbonate end of the regression line shown in 
Fig. 2. We consider the endpoint at 5% CaCO3 
for two reasons. First, observations show clear- 
ly that there is a significant concentration (min- 
imum 4 weight %) of carbonate minerals in the 
fine fraction and, indeed, that it is much older 
than in the coexisting forams (Table 1) (7). 
Second, the minimum concentration of carbon- 
ate observed in these cores, plausibly from an 
interval containing only transported material, is 
5%. In that case, the initial depletion of 4C in 
the allochthonous material is -670 per mil (%o), 
which corresponds to an age difference of about 
9000 calendar years. The observed correlation 
would not accommodate an average initial de- 
pletion approaching -1000%o and therefore in- 
dicates that the bulk of the allochthonous ma- 
terial is resuspended marine debris rather than 
material derived from the erosion of beds un- 
disturbed for 50,000 years or more. 

Carbonate-poor intervals in North Atlan- 
tic sediments are generally associated with 
cooler climate periods (30). Similarly, the 
marked decrease in percent of CaCO3 and 
associated fluctuations evident in the Holo- 
cene samples (Fig. 1) are coincident with the 
most recent millennial-scale cold event, the 
Little Ice Age (LIA) (24, 31). These obser- 
vations imply a link between sediment deliv- 
ery, proxy signatures, and climate variability. 
Changes in the vigor and location of the deep 
western boundary current (8) or elevated 
wind stress (32) are both plausible explana- 
tions for enhanced delivery of fine-grained 
sediments during the LIA. 

Expressed in radiocarbon years, age off- 
sets in the late glacial and deglacial portion 
of the record differ from those in the Ho- 
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locene. For the alkenones, however, the 
shift to slightly lower age offsets (an aver- 
age of 3400 radiocarbon years in the late 
glacial/deglacial versus 4800 in the Holo- 
cene) is an artifact of changing levels of 
14C in the atmosphere (33). When initial 
values of A14C are calculated (34), the 

average depletion in alkenones relative to 
forams at the time of deposition in the 
Holocene is 417 + 51%o, whereas that in 
the deglacial and late glacial is 411 ? 64%o. 
This consistent depletion indicates that the 

U37 proxy is subject to uncertainty through- 
out the record. However, correlations be- 
tween UK7 and the alkenone age offset vary 
with time. These records yield mirror im- 
ages in the Holocene but are roughly con- 
gruent in the late glacial/deglacial (Fig. 1), 
presumably reflecting a significant shift in 
the provenance of the transported alk- 
enones. In contrast, the age offset for TOC 
trends consistently toward larger values in 
the pre-Holocene (Fig. 1), which is consis- 
tent with larger inputs of radiocarbon-dead 
terrigenous debris associated with glacio- 
genic sedimentation. 

The evident sedimentological control of 
proxy records on the Bermuda Rise raises 
questions about the extent to which advected 
inputs have affected proxy records elsewhere. 
At this site, and presumably at other drifts, 
the parallel use of corresponding proxy 
records to infer aspects of past properties of 
the overlying surface ocean is prone to un- 
certainty. Evidence for advective control of 
alkenone SST records has been reported pre- 
viously (35, 36), and we have also observed 
significant age offsets (up to 4500 radiocar- 
bon years) between alkenones and planktonic 
forams in another high-deposition-rate site on 
the Namibian margin (37). Such offsets may 
thus be a pervasive feature of depositional 
settings characterized by rapid sediment ac- 
cumulation resulting from advection and fo- 
cusing of fine particles. 

Other sedimentary components that are used 
to develop down-core records and which reside 
in the fine fraction (such as nannofossils, clay 
particles, and pollen) may be similarly prone to 
allochthonous influences (35, 38). The recogni- 
tion and determination of the magnitude of 
offsets between proxies are particularly impor- 
tant where records of abrupt climate variability 
are sought from high-deposition-rate sites such 
as the Bermuda Rise. Measurements of the type 
reported here may also help to reconcile appar- 
ent contradictions between proxies. For exam- 
ple, sediment redistribution processes may be 
responsible for apparent leads and lags between 
proxy records (39). To this end, molecular-level 
'4C measurements provide an important win- 
dow into the age and provenance of organic 
compounds and other biogenic components re- 
siding in the fine fraction of Late Quatemary 
sediments. 
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Vibrational Transition Moment 

Angles in Isolated Biomolecules: 

A Structural Tool 

F. Dong and R. E. Miller 

Infrared spectroscopy is used extensively in the study of isolated biomolecules, 
but it becomes less useful as it is applied to systems of increasing complexity. 
Even if the individual vibrational bands can be resolved spectroscopically, their 
assignment becomes problematic when they are more closely spaced than can 
be determined using ab initio methods. We describe a method that helps to 
alleviate this difficulty by measuring the direction of the vibrational transition 
moment for each vibrational band. The molecules of interest (adenine and 
cytosine) are cooled to 0.37 kelvin in liquid helium nanodroplets and oriented 
in a large dc electric field. A polarized infrared laser is then used to determine 
the directions of the infrared transition moments relative to the permanent 
dipole moment. Comparisons with ab initio calculations provide detailed struc- 
tural information, including experimental evidence for nonplanarity of adenine 
and three tautomers of cytosine. 
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One reason for the recent interest in the spec- 
troscopic study of isolated biomolecules (1, 
2) is that these results can be compared with 
ab initio theory, providing new and important 
insights into the structure and dynamics of 
these systems. Noncovalent interactions, in- 
cluding the intramolecular forces between 
different parts of a highly flexible biomol- 
ecule (3) and intermolecular (solvent) inter- 
actions in clusters (4), are also being studied 
in this way. In the latter case, the issue of how 
the solvent influences the conformational 
preferences of the molecule can also be ad- 
dressed by making comparisons between the 
structures observed for the isolated molecule 
and those in the associated water clusters of 
varying size (5); intermolecular hydrogen 
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bonding interactions can often "strain" the 
molecule of interest into conformations that 
are not favorable for the isolated molecule 
(6). 

Vibrational spectroscopy is used exten- 
sively in these studies, because it can provide 
detailed information on both the structure and 
dynamics of systems of modest complexity 
(1, 4, 7, 8). For larger systems that have 
multiple conformations, the problems associ- 
ated with resolving and then assigning the 
observed vibrational bands become formida- 
ble. Although pump-probe methods have 
proven useful in separating spectra associated 
with different conformers (7), progress to- 
ward the study of more complex systems will 
ultimately be limited by the ability to assign 
the different vibrational bands. 

Here, we discuss a method for measuring 
the direction of the transition moment for 
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