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Slope Water Current over the 28 cm per thousand years, roughly twice that 
of MC-13 (16 cin per thousand years). Thus, 
MC-25 should have the higher resolution 

Laurentian Fan on Interannual record. However, the red sediment at Mc-13 

to  Millennia1 Time Scales 
L. D. Keigwin and R. S. Pickart 

may have been deposited rapidly if it repre- 
sents the fine-grained tail of multiple turbid- 
ites that flooded over the western levee of the 
eastern valley. Turb~dites in the eastern val- 
ley of the fan might not affect a more easterly 

The strength and posit~on of surface and deep currents in  the slope water south location such as MC-25 because the prevail- 
of Newfoundland are thought t o  vary as a coupled system in relation t o  the ing flow of the DWBC is westnard When 
dipole in  atmospheric sea level pressure known as the North Atlantic oscillation the ca~bo~late  ~ecoids  of the tno  s~ tes  ale 
(NAO). Paleoceanographic data from the Laurentian Fan, used as a proxy for sea plotted together veisus age, it 1s evident that 
surface temperature, reveal that surface slope waters north of the Gulf Stream each site expei~enced the same deciease start- 
experienced warming during the Little Ice Age of the 16th t o  19th centuries and ing ill the LIA about 400 years ago, and they 
support the notion of an NAO-driven coupled system. The NAO may be a useful both show the same carbonate minimum at 
model for millennial-scale ocean variability during interglacial climate states. 1200 to 1600 years before present (B.P.) (Fig. 

2C). If the fine-grained red sediment near the 
Noith of the Gulf Stream, a filament of water pled various locations on the Laurentian Fan top of MC-13 was deposited rapidly and di- 
runs eastward over the continental margin of (Fig. 1); where sedimentation rates are high luted the pelagic carbonate sediment, then 
Newfoundland, coincident with a sharp front because of sediment supply from the Gulf of that core may have a better preseived record 
in temperature and salinity. This slope water St. Lawrence and Newfoundland margin as during the LIA than MC-25. 
front and current originates near 60°W (Fig. well as equatonvard advection by the For a paleotemperature proxy; we counted 
I), apparently the result of a minor bifurca- DWBC. Because the Laurentian Fan is dis- the abundance of the left-coiling f o ~ m  of 
tion of the Gulf Stream (1). Beneath the slope sected by several channels, each bearing sed- ,Veogloboqlradi.ii~a pnc11j.dei.ma as a percent- 
water current reside the Labrador Sea water inlent from different localities, slightly differ- age of the total planktonic foraminifera1 fau- 
and Denmark Strait overflow water, which ent sedimentation histories are expected for na >150 pm (Fig. 2; D and E). This species 
flow eq~~atoiward in the deep western bound- different core sites (6, 7). is the only polar planktonic foraminifer that 
a1-j current (DWBC). These different currents We focused on two multicore (MC) (8) appears in waters colder than about 10°C and 
appear to act as a coupled system. and the~r  sites. one fiom the nestern levee of the east- displays a linear Increase in abundance with 
p o s ~ t ~ o n  and nltensity vary on nlterannual to ern valley of the fan (MC-13) (3440 m) and decreasnlg tempe~ature, reaching 100% of 
decadal time scales (2). Pickart et ill. (2) have 
suggested that this system oscillates between 
two modes, in a manner consistent with ob- 
seived linkages between ocean convection 
and air-sea forcing in different regions of the 
K o ~ t h  Atlantic (3). The predominant low- 
freq~lency atmospheric circulation pattern 
over the subpolar North Atlantic is that asso- 
ciated with the North Atlantic oscillation 
(NAO), defined as the wintertime sea-level 
pressure difference betu-een Iceland and the 
Azores (4).  During the minimum phase of the 
NAO, convection in the Greenland Sea and 
the Sargasso Sea is enhanced (3), which may 
lead to increased transpo~t of Denmark Strait 
overflow water in the DWBC (5). The results 
of Pickart et 01. (2) suggest that the slope 
water current also strengthens and moves 
northward during minima in the NAO, but 
this interpretation is more speculative. We 
present here paleoceanographic data from the 
Laurentian Fan, extending back through the 
Little Ice Age (LIA), that support variability 
in the slope water current that is consistent 
with the coupled slope water mode. These 
obse~vations show that phasing of the sea- 
surface temperature (SST) on millennia1 time 
scales betu-een the Laurentian Fan and the 
subtropics is the same as for NAO-related 
changes. 

During July 1998, the RV Ocean~ls sam- 
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one to the east of the eastern valley (MC-25) 
(3890 m) (Fig. 1). Each site contains bomb 

in planktonic foraminifera at the core top 
(Table 1); indicating that sedimentation rates 
are high enough that this signal, which 
peaked in the atmosphere In 1963. has not 
been mixed out by bui~owing activity on the 
seaflooi Theiefore, these sltes have h ~ g h  
enough temporal resolution for comparison to 
the only other s~ te .  on the noitheastern Ber- 
muda Rise (Fig l), where bomb 14C in fora- 
min~fera 1s also d~stinct on the seafloor (9) 
We determined the calcium carbonate content 
as an inverse measure of input of terrigenous 
clays and silts, which accounts for the high 
rates of sedimentation (1 O ) ,  and we measured 
planktonic foraminifera1 abundance changes 
as a proxy for SST. 

At each location the carbonate content is 
low near the core top and at a second inte~val 
deepei in the cores, but the records d~ffer m 
detail The upper 2 to 5 cm of MC-13 ale led, 
sim~lar to glac~al maxlmum sed~ments along 
the southeaster11 Canadla11 margin (11). but 
the top of MC-25 has a more typ~cal bionn 
o x ~ d ~ z e d  laver Whereas the ca~bonate con- 
tent decreases gradually in the upper 10 cm of 
MC-25 (Fig. 2B), in MC-13 it drops abruptly 
to lower values and recovers at the core top 
(Fig 2A) Because these cores have mode~n 
tops. they must be recording different local 
sedimentary events over the past several cen- 
turies as well as a reg~onal signal. MC-25 has 
an average sedime~ltation rate (12) of about 

the planktonic fauna 111 neai-fieeznlg 15 ate1 s 
(13) Each Cole shows that 1' pac111 dei riza 
abundance dec~eased abl-uptly about 400 

Fig. 1. (A) Western North ~t lant ic ,  showing the 
Bermuda Rise in the Sargasso Sea, the average 
position of the Gulf Stream, the.slope water 
current, and inset of the Laurentian Fan (B). MC 
locations discussed in the text are shown on 
the Laurentian Fan and the continental slope 
off Newfoundland. (C) Historical north-south 
movements of the slope water current in the 
range 42 to 44ON, from published data (2 ) ,  
from Oceanus 326 data (1998), and from R/V 
Knorr 151-3 data (1997) adjusted to longitude 
55"W. 
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years ago (implying a warming of surface 
waters), coincident with the decrease in car- 
bonate content near the core top (Fig. 2F). 
This pattern is unexpected because carbon- 
ate-poor intervals in North Atlantic sediments 
normally are associated with cooler climate 
(14). Near the top of MC-13, a warming of 
about 2 + 1°C is indicated by the 20% de- 
crease in N. pachydemza abundance during 
the LIA interval based on the abundance-SST 
relationship of Kohfeld et al. (13). However, 
unlike in MC-25, a full return to lower SST 
during the last century is not recorded in 
MC-13. This difference is probably an arti- 
fact of bioturbation and changing sedimenta- 
tion rates at MC-13. as discussed above. If 
the red sediment was deposited rapidly and 
the more typical gray-brown core top sedi- 
ments more slowly, then the red sediments 
would more accurately reflect the warming 
registered by N. pachydemza during the LIA. 
By contrast, the overlying 0- to 2-cm interval 
at MC-13 would record a more attenuated 
cooling during the last century (increase in 
percent of N. pachyderma) because bioturba- 
tion might have mixed some of the LIA 
specimens upward. It is impossible to support 

Fig. 2. Sedimentary and 
faunal data from MC- 
13 and -25. (A and 0) 
Weight percent car- 
bonate and "redness" 
(red:yellow color bal- 
ance as shown by open 
squares) as a function 
of depth at MC-13 and 
-25, respectively. Car- 
bonate data are solid 
circles in (A) and open 
circles in (B). Redder 
sediment has larger 
values of the redness 
parameter. Location of 
AMS 14C dates (Table 
1) are shown as aster- 
isks along the depth 
axis. (D and E) Percent- 
age of cold-water 
planktonic foraminifer- 
al fauna (N. pachy- 
derma) at MC-13 and 
-25 shown as solid and 
open circles, respec- 
tively. Each core has 
evidence of a warm 
event (minimum per- 
cent N. pachyderma) in 
the upper 10 cm and, 
as discussed in the text, 
higher deposition rate 
MC-25 resolves two 
older warm events. (C 
and F) Percent carbon- 
ate and percent N. 
pachyderma, respec- 
tively, plotted as a 
function of calendar 
age (B.P.) for MC-13 
(solid circles) and MC-25 

this assertion with I4C data because calendar 
ages cannot be calculated for samples above 
3.5 cm where the conventional 14C age is 
<440 years (Table 1). MC-25 shows evi- 
dence of earlier warm events about 1100 and 
1500 years ago, whereas the more noisy re- 
sults at MC-13 may be a result of bioturba- 
tion. Although the small differences among 
the SST proxy data at these sites are curious, 
the more striking observation is that both 
sites indicate that slope waters must have 
warmed during the LIA. 

We propose that the slope water current is 
responsible for warming this part of the North 
Atlantic by moving northward during the 
LIA. When the data from Pickart et al. (2)  
and from two more recent cruises are plotted 
in a geographic coordinate system and adjust- 
ed to the common meridian of 55OW, it is 
clear that the slope water current repeatedly 
traversed this region in the past few decades 
(Fig. 1C). A composite temperature section 
near 55OW shows that the core of the slope 
water current falls within the 8' to 12OC 
range (Fig. 3). Therefore, a northward shift in 
its position could cause a 4OC SST warming 
and a relatively large faunal change by ex- 
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cluding cold water fauna such as N. pachy- 
d e r m ~  (restricted to SSTs 510°C). If the 
surface North Atlantic cooled slightly during 
the LIA [evidence suggests that the subtrop- 
ical gyre SST decreased 1" to 2°C during this 
period (9)], then movement of the slope water 
front past the core sites could result in local 
warming of SST over the Laurentian Fan by 
lo  to 2OC (the difference between the basin- 
wide cooling and local warming due to the 
frontal shift). This is the magnitude suggested 
by the N. pachyderma. 

We have no evidence that the slope water 
current has ever resided north of MON, and 
only once (in 1995) has it approached that 
latitude. Core sites to the north should have 
colder fauna, and data from MC-19 and -2 1 
(Fig. 1) support this assumption; their upper 
10 cm contain on average 35% and 33% N. 
pachyderma, respectively. Although some 
down-slope process may account for the car- 
bonate minima and red sediment on the Lau- 
rentian Fan, such processes cannot account 
for the evidence of warming during carbonate 
minima. If foraminifera were transported 
from shallower (northerly) locations, there 
would be a greater proportion of N. pachy- 
derma during carbonate minima, suggesting 
cooling. Like most other North Atlantic loca- " 
tions, surface waters overlying MC-19 and 
-21 should register cooling during the LIA 
(16). Thus, we predict that the SST histories 
north and south of 44ON are out of phase on 
centennial to millennia1 time scales. 

There are few other time series of the past 

lam- a - -- I- - - . -~- .  ~- 4 d  

Fig. 3. Average slope water section of potential 
temperature ("C) for 55OW (23). Bar along the 
top denotes core of the slope water current as 
indicated by the compression of isotherms. 
Small shifts in the latitude of the slope water 
current (Fig. 1) could account for the SST 
changes we infer from planktonic foraminifera1 
faunal changes at our multicore sites. LSW = 
Labrador Sea water; DSOW = Denmark Strait 
overflow water. 
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2000 years to compare to MC-13 and MC-25. 
Results from the Bermuda Rise (9) are com- 
parable in that the sedimentation rates are 
similar, bomb I4C occurs at the sediment 
surface, and the cores can be correlated with 
percent carbonate (Fig. 4). At each location, 
carbonate minima are observed during the 
LIA and during the cold episode (1300 to 
1500 years B.P.) that coincided with the Dark 
Ages. These are the youngest of a long series 
of millennial-scale climate events known 
from the North Atlantic (9, 17-19). As dis- 

cussed previously (9, 17), the coherence of 
these events may reflect some basinwide pro- 
cess capable of resuspending and advecting 
sediment, such as changes in the intensity of 
the deep recirculating gyres in the westem 
North Atlantic. However, considering that 
our Laurentian Fan cores show some evi- 
dence of turbidity current transport and that 
the fan morphology in general is controlled 
by turbidity current erosion and overbank 
deposition (6, 7), this process must be impor- 
tant in delivering silts and clays to the Ber- 

Table 1. Accelerator radiocarbon dates on mixed planktonic foraminifera. 

Depth (cm) 
Accession Conventional Error Calendar age years 

number (0s) 14C age % l a  B.P. (pre-1950) 

OCE 326 MC- 73 
0.5 16709 > Modern* 0 
1.5 16738 150 35 - 
2.5 16739 420 55 - 
3.5 16740 560 30 228 
5.5 16741 720 30 328 
7.5 16742 1200 30 720 
9.5 17729 1370 30 913 
11.5 16743 930 45 519 
14.5 17731 1290 35 82 7 
18.5 16744 1370 30 913 
30.5 17047 2350 25 1948 

OCE 326 MC-25 
0 16746 > Modern* 0 
10.5 17732 765 25 416 
32.5 17730 1660 45 1221 
43.5 17240 2030 25 1568 

'Samples have a fraction modern (Fm) > 1, bomb 14C is present. Fm = 1.0357 at MC-13 and 1.0087 at MC-25. 

( W a r m ? )  

Calendar age (years BP) 

Fig. 4. Comparison of SST proxy data and sediment data from the northeastern Bermuda Rise in 
the Sargasso Sea (Upper) and the Laurentian Fan (Lower). Bermuda Rise SST estimates (9) (A) and 
Laurentian Fan faunal changes (B), which probably reflect SST changes of lo to 2OC. In (B) both 
MC-13 (closed circles) and MC-25 (open circles) indicate warming during the LIA, which was a time 
of cooling in the Sargasso Sea, whereas warming during the Dark Ages cold period is supported only 
at MC-25. Similarity of carbonate records between the Bermuda Rise (9) (C) and the Laurentian Fan 
(D) [symbols as in (B)] requires widespread transport of noncarbonate clays and silts by deep 
recirculating gyres and by turbidites from the Laurentian Fan region to the Sohm Abyssal Plain and 
ultimately the Bermuda Rise (77, 20). 

muda Rise via the Sohm Abyssal Plain (20). 
The SST proxy of our Laurentian Fan 

cores is out of phase with SST on the Ber- 
muda Rise (Fig. 4). Lowered SST over the 
Bermuda Rise during the LIA and the Dark 
Ages has been likened to the climatic re- 
sponse expected during a minimum phase of 
the NAO (9). Our evidence that the slope 
water current seems to have moved north- 
ward during the LIA, causing a local warm- 
ing over the Laurentian Fan, is thus consis- 
tent with the notion that the slope water 
system oscillates on shorter (interannual to 
decadal) time scales in phase with the NAO 
(2). Hence, the marine geological data sup- 
port the modem observations (where time 
series are relatively short and incomplete), 
and the physical oceanographic data help ex- 
plain a surprising out-of-phase behavior in 
the SST proxy measurements. 

Our data suggest that, if these marine 
sediments have been low-pass filtered by bio- 
turbation, then either the NAO may have 
existed as a prolonged minimum state or 
minimum phase events may have been very 
extreme during climate oscillations like the 
LIA. However, analysis of Greenland ice 
core data does not support a strong NAO 
signal over the past 350 years (21). Another 
test of the NAO as a model for millennial- 
scale variability in the Holocene could come 
from paleo records of deep ocean circulation 
change. As mentioned earlier, available hy- 
drographic data in the Laurentian Fan region 
suggest increased flow of Denmark Strait 
overflow water during the minimum phase of 
the NAO (2), but sediment grain size mea- 
surements imply decreased flux of Iceland- 
Scotland overflow water during the LIA and 
other late Holocene cold episodes (19). Thus, 
the proxy data and modem observations are 
contradictory in this regard, suggesting per- 
haps a different scenario for the deep ocean 
response on long time scales. If strong NAO- 
like variability in the surface ocean continued 
on century to millennia1 time scales, then the 
SST proxies on the Laurentian Fan should 
continue in antiphase with the Bermuda Rise 
and other North Atlantic locations through 
the Holocene and perhaps during other times 
before the last glacial maximum. During the 
peak of the last glacial maximum, however, 
there was probably little warm slope water 
present because the planktonic fauna over the 
~auren6an Fan was at least 50% polar, and 
subtropical fauna were absent (22). 
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Multiple Ink Nanolithography: 
Toward a Multiple-Pen 

Nano-Plotter 
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T h e  fo rmat ion  of  in t r icate nanostructures w i l l  require t h e  ab i l i t y  t o  ma in ta in  
surface registry dur ing several pat tern ing steps. A scanning probe method ,  
d ip-pen nanol i thography (DPN), can be used t o  pat tern monolayers o f  d i f ferent  
organic molecules d o w n  t o  a 5 -nanometer  separation. An "overwr i t ing"  capa- 
b i l i ty  o f  DPN al lows one  nanostructure t o  be generated and t h e  areas sur- 
rounding t h a t  nanostructure t o  be f i l led in w i t h  a second t y p e  of  " ink." 

Recently, there has been an intense effort to 
develop micro- and nanolithographic meth- 
ods analogous to macroscopic writing and 
printing tools (1-4). These methods are al- 
lowing researchers to address important is- 
sues in biology (5) and molecule-based elec- 
tronics (6-9). Llicrocontact printing (2-4) 
and even micropen writing ( I )  have been 
successful in terms of preparing molecule- 
based structures on the - 100-nm to centime- 
ter length scale. We recently showed that 
dip-pen nanolithography (DPN) allows one to 
prepare custom; "single-ink stlxch~res with 
dirnellsions on the sub-100 nm length scale 
(10). A significant issue in efforts to prepare 
nanolithographic printing tools pertains to 
registry-that is, how to use multiple inks 
within the context of one set of nanostruc- 
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tures spaced nanometers apart. At present, 
stamping procedures do not have the resolu- 
tion capabilities of scanning probe litho- 
graphic methods or electron-beam (e-beam) 
methods, and with respect to nlultiple inks; 
they pose significant aliglnnellt problems (4). 
Lloreover, traditional high-resolution tech- 
niques (11-24); such as electron and ion 
beam lithography and many scanlling probe 
methods; rely on resist layers and the back- 
filling of etched areas with component mol- 
ecules. These indirect patterning approaches 
can compromise the chemical purity of the 
structures generated and pose limitations on 
the types of materials and number of different 
materials that can be patterned. Indeed, adsor- 
bate-adsorbate exchange can be problematic 
because a monolayer resist, which has surface 
binding filnctionality identical to that in the ink, 
is typically used in these methods (18). 

We report the generation of multicompo- 
nent nanostmctures by DPN (10) and show 
that chemically plistine patterns of multiple dif- 
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Additionally, we report an overu~iting capabil- 
ity of DPN that allows one to ~enerate a nano- 
structure and then fill in areas surrounding that 
nanostructure with a second type of i~ik. These 
demonstrations are analogous to the transition 
fiom (single ink) conventional printing to 
"four-color" printing. and should open man) 
oppomuntles for those mterested In studying 
molecule-based electronics, catalysis, and mo- 
lecular diagnostics. Indeed, the spatial resolu- 
tion of this multiple ink technique is similar to 
the length scale of conventional large organic 
molecules and many biomolecules (nucleic ac- 
ids and proteins). 

DPN relies on a water meniscus. which in 
air naturally forms between the tip and sam- 
ple, as the ink transport medium, and there- 
fore, one can use relative humidity as one 
method of control over ink transport rate; 
feature size, and linewidth (10, 25, 26). Be- 
fore our invention of DPN, others attempted 
to develop scanning probe methods for de- 
positing organic materials on solid substrates 
(27). They demonstrated deposition of mi- 
crometer-scale features composed of phy- 
sisorbed rnultilayers of 1 -0ctadecanethio1 
(ODT) on mica but concluded that under the 
conditions used ODT could not be transpolt- 
ed to Au and, apparently, did not recognize 
the importance of humidity and the meniscus 
in the transport process. All DPN experi- 
ments were carried out with a ThermoMi- 
crosopes CP AFM and conventi~nal cantile- 
vers (ThermoMicroscopes sl~arpened Llic- 
rolever A, force constant = 0.05 N.;m). To 
minimize piezo tube drift problems, we used 
a 100-km scanner with closed loop scan con- 
trol for all of the experiments. The ink in a 
DPN experiment can be loaded by using a 
solution method, which was described previ- 
ously (lo), or by using a vapor deposition 
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