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Abstract. Diffuse reflectance records from Feni Drift in the North Atlargithfully record sedi-

ment percent carbonate. A high-resolution, reflectance-based age model for these sediments
derived from an orbitally tuned age model for western equatorial Atlantic, Ceara Rise sediments
was generated by spectral frequentapping. Paver spectra of the Feni Drift record indicate sta-
tistically significant sub-Milanévitch cyclicity at 7.6-8.4 and 4.8-6.1yk We infer that these ~8

and ~5 kr cycles document a linkage between North and equatorial Atlantic climsge gur

ability to correlate these records. These climgtdes influence Atlantic basin carbonate prior to

the intensification of Northern Hemisphere glaciation and thus must arise from some portion of
the climate system other than the dynamics geace sheets. The presence of these peaks, which
could be related to equatorial clipped precession, implies a possible non-linear response to
Milankovitch forcing.
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1. Introduction

1.1. The Seach for Sub-Milankovitch Variability

While paleoceanographic study of EastiVilankovitch-
scale climate (20-100yk cycles) has progressed significantly

in the past decades, little emphasis has been placed on t

study of sub-Milankvitch-scale ariability until recently The
reasons for a lack of focus on higher frequencies ageliar
pragmatic. Records of didiently high resolution and quality
are only recentlyailable. Second, much of the paleoceano-
graphic research of the 198Gind 198® was drven by inter-
est in testing the eracity of the Milankvitch-Croll
hypothesis, which stipulates that climatriability is driven
in large part by changes in Eaghorbital geometryHays et
al., 1976;Imbrie et al, 1984]. It is nav fairly well accepted
that variations in the Eartk’orbit exert a profound influence
on 20-100 kr climate gclicity [Imbrie et al, 1992, 1993].

In contrast, sub-Milandvitch-scale wriability, which is
defined here as climatgates ranging from 1 to 20yk gener-
ally exhibits much less ariance than its Milardvitch-band
counterpart so that high-quality records with much greate
temporal resolution are needed to obseitv North Atlantic
Heinrich events or the Dansgrd-Oschger (D-O) &ents pro-
vide examples of these processes.awise, no eerriding cen-
tral theory to gplain the cause or causes of millennial or sub-
Milankovitch-scale wariability has been agreed upon. Climate
cycles in this frequencband hae been attribted to a forced
harmonic response toawability in the Milanlovitch bands
[e.g.Hagelbeg et al, 1994] or to specific mechanisms arising

from unforced internal oscillations in the climate system [e.qg.

Ghil and LeTeut 1981;Yiou et al, 1994]. It has been postu-
lated, for @ample, that Heinrichwvents, which occur with a
quasi-periodicity of 7-10W arise from unforced oscillations
due to the interactions of & ice sheets with underlying bed-
rock, a mechanism referred to as the “bingegpuypothesis”
[MacAyeal 1993a bAlley and Maceal 1994].

Diffuse spectral reflectance pides a rapid, high-resolu-
tion, nonirvasive tool suitable for generating high-quality
records necessary for study of sub-Milavikch climate. Here

surprising.Hughen et al[1996] reported a linkage on decadal
to centennial timescales by correlating the fine structure of
grayscale records (a proxy for sediment percent carbonate
content) from the Cariaco basin in the western Atlantic with
the air temperature record from the Greenland Ice Core Project
GRIP) ice core. Furthermore, theite a number of references

t document a correlation between theteinperature ari-
ability obsered in the GRIP record and arety of North
Atlantic climate proxy recordDansgaad et al., 1989;Leh-
man and Kigwin, 1992; Koc-Karpuz and dnsen,1992]. On
the basis of inferences from general circulation model (GCM)
sensitvity studies Rind et al., 1986, Overpe& et al.,1989]
they conclude that decreases in North Atlantic seaasarfem-
perature (SST) dre \ariations in equatorial trade wind
strength, which in turn, causanations in carbonate produc-
tion within the Cariaco Basin. These carbonate shifts are
recorded in the grayscal@lues of the underlying sediments.
The correlations thatiughen et al[1996] obsered are strik-
ing. However, given the uncertainties in their age model on the
decadal time scale and the inability to document lead-lag
phase relationships between the trecords, concluding that
Ehanges in North Atlantic SST are thevirg factor in this
relationship may be premature. Additional coupled-ocean
atmosphere GCM sensitly studies in which equatorial trade
wind strength arearied and North Atlantic SST response is
monitored are warranted. This wuld provide a means of test-
ing the alternatie hypothesis, namely thagviations in equa-
torial wind patterns may d shifts in North Atlantic SST

On longer timescales, linkages between equatorial winds
and North Atlantic climate va& also been reporteMcintyre
and Molfino[1996] obsered \ariability in the depth of the
equatorial nutricline with a periodicity of 7.§rkwhich is pre-
sumably dwen by changes in equatorial windécintyre and
Molfino [1996] speculate that the origin of this periodicity
arises from a harmonic interaction of precession and eccentric-
ity forcing during times of weak eccentricity forcing of anom-
alously short period. Theiv&ence for these climatic changes
are shifts in the amdance of the nutricline dwelling coccoli-
thophoridFlorisphaera profunda.The relatve importance of
this species within the coccolithophorid community increases

we use reflectance data collected on Ocean Drilling Program, ., equatorial winds relax, which deepens the equatorial
cores (‘Bble 1) from high sedimentation rate sites in the Northnutricline and vice &rsa Molfino and Mclntye, 1990].Mcln-

and equatorial Atlantic (Figure 1) to test for the presence Ofyre and Molfing1996] document a correspondence between
millennial-scale climate ariability in marine sediments prior timing of peaks in thE. profundarecord from RC24-08

to the intensification of Northern Hemisphere glaciation. The, 4 the Heinrich \ents as recorded in the ice-rafted debris
reflectance-based proxy percent.cgrbor)ate .recor.ds wilv allo (IRD) record from V23-81Bond and Lotti1995]. In contrast

us to test the ypothesis that Heinrich-l& millennial-scale to Hughenet al. [1996], McIntyre and Molfino[1996] infer
climate \ar_lablhty W'th a p(_a_rlod.|0|ty of 7-10 yr was _not that the equatorial heat engine, through its influence wn lo
present prior to the mtt_ansmcatlon of Northern Hemisphereiv \de wind strength, drés \ariations in high-latitude cli-
glaciation. Neation of this lypothesis wuld suggest that the mate. Use of reflectance data generated orstparate Ocean
obsered millennial-scale ariability must arise from some Drilling Program (ODP) Igs will allow us to eplore the
portion of the climate system other than the dynamics @élar ,,tenia| linkages between the equatorial Atlantic and the
ice sheets. North Atlantic on a ariety of timescales and in sediments

much older than can be re@ved with standard piston coring

1.2. A North Atlantic-Equatorial Atlantic Climate
methods.

Connection?

Why search for a linkage between equatorial Atlantic and
North Atlantic carbonate records? Such a linkage may not be



2. Methods and belw the wavelength band of interest becauseytlage
] _numerically more stablePfess et al. 1992] than first-dier-

Sediment dfuse reflectance as measured at sea during gnce desiatives. The processed 10 nm reflectance and first-
ODP Leg 162 using the Ogen State Unersity (OSU), split-  gerivative data are arcéd on CD-ROM by Ortiz et al,
core analysis track (S@A The Leg 162 configuration of the [1999].
SCAT (Figure 2) vas first used during postcruise operations Using the 10 nm reflectance and first-dative data, we
on ODP Lg 154 Harris et al, 1997]. Reflectance measure- generated a stepwise, multiple lineagression to estimate
ments with this ersion of the instrument #@ a signal-to-  proxy percent carbonate from paired shipboard percent car-
noise ratio that is an order of magnitude greater than the prot@yynate [ey 162 Shipboat Scientific Brty, 1996a,b,c,d] and
type instrument depled during ODP Lg 138 Harris et al,  yeflectance measurementliBwing Mix et al. [1995] and
1997; Mix et al., 1992]. Ortiz et al, [1999] proide a more  Hgyris et al. [1997], we also use the square of the 10 nm
detailed description of the instrumentbperation. During reflectance bands as potential inpatiables for the igres-
ODP coring operations, consewgtil0 m long sediment cores  sjon, While empirical, this approach has been used success-
are raised from the deep sea and cut on deck into sivem se fjy by Mix et al.[1995] andHarris et al.[1997] because it
whole-round sections up to 1.5 m in length. The sections argjioys the reflectance equation to incorporate a curvilinear
allowed to reach ambient temperature, then are split in halfesponse toariations in percent carbonate. Shipboard percent
lengthwise for immediate description, analysis, and samplingarhonate measurements were matched to the closest reflec-
in the ships corelab SCAT reflectance measurements were (ance measurements within 5 cm. Percent carbonate samples
conducted by the shipboard sedimentologists on the lightlyyith reflectance measurements that wexgher than 5 cm
scraped archie half of each wet sediment section immediately,yere not included in the analysis. The multiplgression
after splitting and during the core description process. Thequation is based on 384 reflectance-percent carbonate pairs

split core sections were notvared with Glad-wrap™ during  from the North Atlantic sites drilled during §eL62 (sites 980-
measurement [e.gl.eg 154 Shipboat Scientific Brty, 1995;  9g4). |t has the form

Balsam et al 1997]. While this precaution is necessary to pro-

tect the intgrating sphere of the hand-held Minolta CM-2002 proxy% CaCQ = -3.5(Ryg5 + 6.6FR5,5- 2.6(Rg5
spectrophotometer because of its measurement geoihésry ) 5

not needed with the automated SCA +2.91Rgp5+ 0.03R465)” - 0.06Rs559 - 9.23

. The SCA measqrements were generally @akat 8 cm whereR, represents the 10 nm reflectance band centered on
intervals, although higheresolution measurements (4 cm res- lenath\. N f the first-devitive t ianif
olution) were takn when time permitted cTensure that com- wav;a_er;g f_' Iortle ot the |rlst_-larlx_a ve terms Weg;S'%mf"
posite reflectance splices could be generated, cores froﬁf‘ntm € 'rf[‘:]‘ stepwise mh;elpe |r|1eagtLeSf;)n.d th rablo
additional holes drilled at each site were selected for analysi € terms in the gression vavetengins tovard the biue

on the basis of concurrenaigma ray attenuation porosity end of the visible spectrum (465, 525, and 555 nm) where car-

estimator (GRAPE) or magnetic susceptibility data. Becausggggte Eh'b'rtls its m‘?‘xf'm““; dsﬁlj;e r((ejﬂgtzztsance [M:ft a_l, h
of time constraints, the sediments from 0 to ~90 meters comj-‘ ] or in the near infrared ( an nm), indicating the

posite depth (MCD) at site 981 on the Feni Drift were not anap_Otentlal Importance OT clay mlne_rals or oxides. T@%

lyzed because this sediment sequence representsvea lo sion terms_ are thus phca_lly meaningful as these sedlmgnts
sedimentation rate repeat of the shalkediments at site 980, represent in _Iaye part a mixture between c_arbonate gnd litho-
another coring site drilled on the Feni Driftefj 162 Ship- genic material of both marine and continental origin. The

board Scientific Brty, 1996a]. The reflectance records from unforced rgression equation is statistically significant

0,
the two Feni Drift sites (site 980 and 981) can be easily spliceép«O'OOl) qnd accqunts for 94.2% of the obsdrpercent
in the age domain to yield a composite record. carbonate ariance with a root mean square error (RMSE) of

8.0%. Comparison of coulometrically measured percent car-
bonate with the reflectance-based carbonate estimates demon-

3. Results and Discussion strates little statistical bias (Figure 3). Outliers that sigeat
in the measured vs. estimated (Figure 3a) and residual plots
3.1. Reflectance-Based Bxy Percent Carbonate (Figure 3b) lilely result from depth mismatches between

P ise d . f the SCfa isted reflectance and percent carbonate measurements at site 980,
ostcruise data processing of the ta set consisted 0 percent carbonatariations with depth are abrupt. The

of quality control to assure that there were no measuremeTEﬂectance-based carbonate estimates amngn Appendix
offsets and eeraging the 1024-channel data into a 70-channel ;

(10 nm resolution) percent reflectance data set. The 10 nm re'g‘-l_'l_h h fth " b oaties d
olution reflectance data were used to calculate a eenter e character of the resulting carbonate recoaties dra-

weighted, first-deviative spectra for each reflectance samplemat?cany from southeast to northyvest \_/vhen plotted using a
consisting of 68 first-derative channels. The first-desitive preliminary age model based on biostratigraphic and magneto-
of the reflectance spectr@R/dA) defines the “spectral shape”
of the sample. It is useful for assessment of trace minerals such lAppendix Al is mailable electronically at Wfld Data CenteA
as hematite and goethitBdlsam and Deatqril991;Deaton  for PaleoclimatologyNOAA/NGDL, 325 Broadvay, Boulder Colo-
and Balsam1991]. W emplged centemweighted first-devi- rado (e-mail: paleo@mail.ngdl.noaavgRL.: http:/

atives, the waerage ofdR/OA for the reflectance bands ako  www.ngdl.noaa.ge/paleo).




stratigraphic datums determined during the research cruiséeni Drift generated as part of this studysimilar mapping
(Figure 4). Measurements from Feni Drift in the Rockall strateyy was emplged byHarris et al.[1997] to correlate the
Trough (sites 980 and 981) and on the Rockall Bank (site 982eflectance records from the ODPgLE54 sites. This method-
exhibit a typical North Atlantic carbonate pattern, similar to ology allovs us to map the proxy percent carbonate record
that obsered at site 607 or other ODP sites further to the soutirom Feni Drift onto the orbitally tuned timescale for site 926
[Ruddiman and Raym&988;Raymcet al, 1989]. In contrast, on the Ceara Rise. The basic assumption embedded in this pro-
carbonate measurements from the Gardar (site 983) and Bjoredure is that climatically drén, carbonate dilution or disso-
(site 984) Drifts along the Rkjanes Ridge xhibit carbonate lution events in the North Atlantic at Feni Drift and western
variations that while similar to each othare radically dfer- equatorial Atlantic on the Ceara Risay in phase.
ent from the Rockall sites due to carbonate dilution by fine We selected the reflectance record from site 926 aget tar
grained terrigenous sediment. curve for seeral reasons. First, the orbitally tuned magnetic
We \erify the calibration of the proxy percent carbonate susceptibility age model for the §454 Ceara Rise sediments
equation by comparison to twextensive carbonate data sets was denved on sediments from site 926. Orbital tuning of the
(Figure 5) totaling 1900 obsetions from Rockall Bankgenz ~ magnetic susceptibility records at the Ceara Rise sites is a via-
et al, 1999] and Gardar DriftJhannell et al. 1997] sedi- ble stratgy because of the continuous nature of the magnetic
ments. Data from these dvsites span the full range of percent susceptibility records and thact that ariations in magnetic
carbonate and percent reflectanegiability obsered during  susceptibility are dvien by changes in thaulik properties of
Leg 162. Quantitatie comparison of these percent carbonatethe sediments, namely the dilution of carbonate by terrigenous
data with the proxy percent carbonate predictions for the samiaput. It is reasonable to infer that this process willehan
depth interal reveal an RMSE of 8.0 and 5.6% at sites 982 orbital response. The timescale for site 928 wdeised by
and 983, respeettly. While the RMSE at the Gardar Drift is Bickert et al, [1997] andTiedemann and ranz [1997], who
smaller than for the Rockall Bank record, the proxy percenbrbitally tuned the Ceara Rise magnetic susceptibility record
carbonate mgression performs better in the brighter sedimentgo the La93(1,1) orbital solution afasler et al.,[1993]. The
at the Rockall Bank (Figure 5). The reason for this is simpleLa93(1,1) orbital solution is a generalizextemsion of the
when percent carbonate content becomes ibexerts less La90(0,1) orbital solutionLasler et al, 1990]. It difers from
influence on sediment brightness. While fine-scale percent cathe La90(0,1) by accounting for lunar tidafeets on Eartls
bonate features at the Gardar Drift are recorded by the proxgrbit in addition to “dynamical ariability” in the eccentricity
percent carbonate record, there is a tengdémaverestimate  of the Earths orbit. Second, the reflectance records for site
carbonate content when percent carbonate content drops bel®26 and the other sites on the Ceara Rise were generated by
~20%. In the remainder of this paper we focus our attention othe OSU SCA so that the data are directly comparable to our
time series analysis of the proxy percent carbonate recordata from Feni Drift. Finallyas both site 926 on the Ceara
from the brighter sediments at Feni Drift where sedimentatiorRise (3598 m) and site 980 on the Feni Drift (~2171 m) are

rates are high (~10 cnykY), and a continuous record back to Pathed by North Atlantic Deep atér (NADW) during inter-

4.5 Ma is mailable. glacial periods, wexpect that thg should &hibit similarities
in their percent carbonate records.
3.2. A High Resolution Reflectance-Basediescale The intercorrelation of these records could be accomplished

in either the \ave (time) domain or in the frequgndomain.

A prerequisite to time series analysis of the reflectancepapping in the vave domain consists of establishing discrete
derived proxy carbonate record at Feni Drift is a reliable, high-4je points” between a reference orgat cure and the record
resolution age model. Careful inspection of Figure 4 indicateQ,eing operated on. In contrast, theerse method offartin-
apparent temporal “tdets” between clearly synchronous car- ggn et al. [1987] operates lgely in the frequenc domain,
bonate eents at sites 980-1 and 982. This is perhaps mosjjthough an initial age model (tie points) must be supplied. T
clearly illustrated in the time inteal’ between 2.5 and 3 Ma. test the sensitity of the orbital solution to this initial condi-
The most lilely cause for thesefsets are changes in sedimen- tion, we ran simulations in which we added noise in the form
tation rate between the ovsites, pointing out the need for a of “erroneous” age-depth pairs. In all cases this spurious infor-
high-resolution age model. Beloping such a model could be mation vas rejected during the iteragisolution, resulting in a
accomplished by generating an oxygen isotope stratigraphyejatively stable result. \otking in the frequencdomain has
for sediments from Feni Drift or by applying axisting age  the adwntage of determining the feéts between the tw
model from another site to the proxy percent carbonate recorgcords based on comparison of a maliate statistical mea-
at Feni Drift. Because the generation of oxygen isotope chrogyre of the tw time series: theirdurier transform, rather than
nologies for the Lg 162 sediments entails on-going researchy ynyariate statistical measure, the correlation ficieht. The
at seeral isotope laboratories, a composite oxygen iSOtOp‘?requeng-mapping method generally leads to more continu-
timescale for Feni Drift is not yetvailable for our use. oys sedimentation rates and rem®much of the arbitrariness
Accordingly, we hae adopted the latter strgte inherent in correlating twtime series by the addition of indi-

Our approach is to use thevamse, frequenemapping  vidual tie points. The analogous concept to the tie point in the
method ofMartinson et al. [1987] to determine the optimal jerse mapping method is the number ofiffer coeficients

correlation between Fhe reflectance-based proxy percent Capeded to map (or relate) the operating signal onto the refer-
bonate record from site 926 on the Ceara Rise (OF1bd)  ance signal.

and the reflectance-based proxy percent carbonate record fromto map the Ceara Rise age modeickert et al, 1997;



Tiedemann andfanz1997] onto the Feni Drift proxy carbon- mate system demonstrate shifts in the dominant fregqueinc

ate record, we placed the data from the Feni Drift cores ontolimate \ariability at ~2.5 (or 2.75) and at 0.95 Ma. The causes
preliminary age models based on biostratigraphic and magnef these transitions are not well understoaal a€commodate
tostratigraphic datumsLgég 162 Shipboat Scientific Brty, these changes in the proxy percent carbonate record, we
1996a]. ¢ then re-sampled all three records ayrl Which is  divided the proxy percent carbonate time series into three sub-
greater than or equal to the nominal sample spacing of the Ferécords for separate spectral analysis: 0-0.95, 0.95-2.4, and
Drift records lnt which aversamples the Ceara Rise record by2.8-4.5 Ma. Because the non-stationarity in the proxy carbon-
a factor of ~2. This compromise alled us to retain the addi- ate data appears greater than in the oxygen isotope data, we
tional information within the Feni Drift record, rather than decided aginst the use ofvelutive spectral methods.

starting with a dgraded signal for correlation. The recordsw The transition at ~2.5 Ma is belied to record the intensifi-
then dvided into six subsections that were independentlycation of Northern Hemisphere glaciation in response to the
mapped (@ble 2). This step & necessary because of limita- growth of lager ice sheets. This transition is cleasjdent in

tions in aailable computer resourcesjtbalso allevs us to long benthi380 records from the Atlantic [e.Glemens and
evaluate the fit between thedwecords as a function of time. Tiedemann 1997]. Records of other climate proxies such as
The final results were independent of thayvin which the  percent carbonate or from other ocean basins sometimes dem-
record vas subdiided and imply only minor modifications to gnstrate an earlier transition, closer to 2.75 Ma [dansen

the shipboard-dered ages at Feni Drift, especially from 0 to 3 gng Sjoholm 1991;Haug et al, 1995;Maslin et al, 1995].

Ma (Figure 6). W qualitatvely evaluate the reliability of the  The proxy carbonate record from Feni Drifthébits its first
mapping operation on the basis of the depth-age plot for Ferjystained carbonate decreases at ~2.8 Ma as well as a near
Drift. The resulting high-resolution age model is ConSiStemstep-function decrease in carbonate content at ~2.55 Ma (Fig-
with the obsered shipboard biostratigraphic and paleomag-re 8). This suggests the possibility that the olesknlifer-

netic age datumd_pg 162 Shipboat Scientific Brty, 1996a]  ences in timing of thisvent may arise from comparison of

for these tw sites (Figure 7). This ggs us confidence in the myltiple events rather than a single time-transgresgiocess.
quality of the high resolution reflectance based age model. Iffg deal with this nonstationarity in the record, we wittlade

all but the oldest section of the record (3.7-4.7 Ma) the squareghe portion of the records from 2.4 to 2.8 Ma from our spectral
correlation codicient (r2, a measure of commorarance) analysis. The transition at 0.95 Ma (sometimes referred to as
exceeds 0.6 with alues as high as 0.85, indicating the high the “Mid-Pleistocene R@lution”) denotes the transition from
quality of the fit between the twrecords (@ble 2). Lover cor-  a climate rgime dominated by the 41lyk obliquity-related
relation between 2.7 and 3.3 Ma may result from a mismatclycle to the 100 % cycle of the late Pleistocene. Separating

in age between the owecords. Despite thisweat the corre-  the record at 0.95 Ma appearsfwignt to deal with this tran-
lation between the tavrecords is striking. sition in the Feni Drift carbonate record.

This frequeng-mapped age model for Feni Driftag Spectral analysis & conducted using the Thompson multi-
developed without the direct use of oxygen isotope datataper methodThompson1982]. Gven the uncertainty of the
although the method depends on an assumption of constaatje model, we present the frequespectra from 0 to 0.25
magnetic susceptibility phasing relatito orbital forcing as  kyr1 rather than plotting to the Nyquest frequet@.5 kyrd).
part of the orbital-tuning procesBikert et al, 1997;Tiede-  High-resolution spectra were calculated usingsdapers and
mann and Fanz, 1997]. The pwerful approach described 3 time-bandwidth resolution of four (Figure 9). These parame-
here has the adwtages of being nondestrwetito core mate-  ters were used to primle better resolution of the high-fre-
rial at all steps, ingensve, and less time consuming than queng (sub-Milantovitch) variability in the record. A trade-
generating an oxygen isotope stratigrapie conseratively  off of this approach is that wegect some smearing o8-
estimate that the age model generated in tlag as uncer-  ance in the primary Milardvitch bands. Significance testing
tainties of ~4 r given the sampling resolution of 1-Zrkfor of spectral peaks (Figure 9 andile 3) vas accomplished by
the proxy percent carbonate records at Feni Drift and Ceaf@omparison of the meer spectra of the data with a coi,
Rise, respeotely, provided that changes in carbonate are themedijan, red noise background based on a first-orderaviark
primary features of ariance. The disadntage of this model Mann and Lees1996]. This model has the same white
approach is that it precludes us from assessing phase relatiofpise ariance and first-order autaoiance as the data for
ships of the Feni Drift proxy percent carbonate record velati each time period analyzed.\@eal interesting characteristics
to the Ceara Rise proxy percent carbonate mappimgtiar zre seen in the data.

This shortcoming can bevercome by using oxygen isotopes  sjgnificant spectral peaks in the Milawvitch band were
for age constraints when that data becowaglable. obsered with nominal periods ranging from 100 to 1@ k

.. - (Figure 9 and a@ble 3). As has been pieusly obsered [Rud-
3.3. Cyclicity of the Feni Drift Pr oxy Percent diman and Mclintyg, 1984], the 100 ¥ cycle is dominant
Carbonate Record from 0 to 0.95 Ma, while 41yk (obliquity-related wariability)
is dominant in the older sections of this high-latitude record.
The stochasticariability in the climate system, characterized
studying hev variance in the climate system changes with y the med|an,. red noise background, anq measured. at Fhe
time. An inherent assumption of the method is that the tim&ame frequenmels as .the spgctrgl pgaks, Increases W.Ith tme
series studied is stationatylovever, prior studies of the cli- (Table 3). Sub-Milantvitch variability with nominal periodic-

Spectral analysis pvides a means of quantifying the peri-
odicities in the Feni Drift proxy percent carbonate record an



ities ranging from 16 to 5yk was also obseed (Figure 9 and age of §; + y,) results in a non-linear measure:y %=
Table 3). The longer of the sub-Milamktch periodicities, — 100(mx+b,)/(myx+b; + mpx+b,). Despite this we do not
those ranging from ~16 to ~1yrkwere not present as signifi- pejigve that this is the underlying cause of the spectral peaks
cant features throughout the record (Figure 9 ambl€T3). e gphsere because the spurious peaks arising in thg w
This wes not the case for the high-frequengcles at ~10, ~8,  ghoyid not be band-limited to discrete frequenanges. In
and ~5 r. Because of the increase in background stochastigqgition, sub-Milankvitch variability has been obset by
variance at all frequgnmes, tha_nan_ce in the sub-M!Iamk other studies using grayscale and reflectance Batad[et al.,
yltch peaks tends to .|ncrease with tllmey\}d'mer, the \ariance 1993;Hagelben et al.,1994:Boyle 1997], magnetic suscepti-
in these bands rela# to the red noise background does ”Otbility [Moros et al, 1997], and isotope datidu et al, 1994:
indicate a clear trend of increasing or decreasing sub-Milank Raymo et a).1998]. This implies that its origin c’annot’be
vitch variability. Thus, while their ariance increases with 5.counted for as a simple aatif of percentage data.

time, it does not appear to do so at a rate that is greater than the

stochastic red noise background. This suggests drienee  3.4. Heinrich-Like Cyclicity and Precessional Clip-

within the sub-Milankvitch frequencies may be relaly ing
insensitve to changes induced by the intensification of North-
ern Hemisphere glaciation. We believe the 7.5-8.2 ) peak may be related to Heinrich-

Spectral peaks at periods similar to the longer of thdike variability, which ehibits a similar quasi-periodicity [e.g.,
obsened sub-Milankvitch g/cles (=16, ~14, and ~13® are  MclIntyre and Molfing 1996]. The presence of a 7.5-8y k
present in the precession band forcing, although éne sig-  peak throughout the proxy percent carbonate record at Feni
nificantly less engetic than the primary doublets at 23 and 19 Drift provides sgeral potentially important insights into the
kyr (Figure 10b and dble 3). While the peak at 1§rkin the  operation of the climate system. First, the Heinrick-ideri-
data spectrum (Figure 9c) is mostelik independent of the odicity obsered here cannot arise solely from ice sheet-bed-
peaks at 13 and 14/k it is unclear if the latter represent inde- rock dynamics asypothesized by the “binge-pye” model of
pendent concentrations ddinance or a single peak at 13 or 14 MacAyeal [1993a,b] andAlley and MacAeal [1994]. If that
kyr split by potential age model errors. W& near 13-14 were the case, one should not obséhb-8.2 ir variability in
could arise as a harmonic of the primary orbital frequencies ithe record before 2.5 or 2.75 Ma, prior to the intensification of
a number of wys [e.g.,Yiou et al, 1994]. for example, it  Northern Hemisphere glaciation. Second, the presence of 7.5-
could be related to (1) an interaction of the ¥8 fwrecession 8.2 kyr variability in the percent carbonate record prior to 2.75
doublet and the 41yk obliquity oycle (1/19+1/41 = 1/12.98), Ma suggests that dilution of the percent carbonate signal by
(2) an interaction of the precession doublets at 19 ang23 k ice-rafted debris cannot be the sole cause of the aubeavi-
with the obliquity gcle ([1/19+1/23]-1/41 = 1/13.94), or (3) ability in the proxy percent carbonate records. Alteveati
the third harmonic of obliquity (3/41 = 1/13.67). Unfortu- mechanisms for the cause of thaiability could be shifts in
nately none of these possibilities pides an gact match in  carbonate production associated with changes in the location
period to the obseed \ariance, nor are wenare of havthese  of the polar frontal zone ofaviations in carbonate dissolution
orbital interactions may be liekl to specific pysical mecha- associated with changes in the mixing ratio of northern com-
nisms of climate change. While the discrepancies between thgonent (MDW-like) and southern component (Antarctic Bot-
theoretical and obsesd frequencies could arise from age tom Water (AABW) -like) waters at Feni Drift. Gen the data
model errors, the lack of a plausibleypltal mechanism sug- at hand, we cannot distinguish between thesepwssibilities.
gests the need for caution when interpreting these potential The spectral peak at 4.8-6.4rks intriguing because it pro-
cycles. Additional verk is needed to replicate this obsaion vides further insight into potential mechanisms of millennial-
in other records and/or analysis with higbeder statistical scale climateHagelbeig et al, [1994] report the presence of
methods such as bispectral analysis before de@inidtate- spectral peaks at 5 and 10- kn a 400 kr rectified \ersion
ments can be madegarding the nature of this longée- of the precession record &emger and Loute [1988]. The
gueng suborbital ariability. reader should note that further details of the orbital solution

The shorter ycles, from 11 to 5, require a higheorder ~ described byBemer and Loute [1988] were published by
response to orbital forcing (i.e., harmonics) or a nonlinear oriBemer and Loute [1991], the more dmiliar source for this
gin within the response of the climate system itself. Of potenorbital solution. One potential phical link between the recti-
tially great significance is the identification of concentrationsfied precession record and climate is a mechanism referred to
of variance at periods centered on 7.5-8.2 and 4.8y6.Tke  as equatorial “clipping” [e.g.$Short et al. 1991]. It has been
variation in the estimated period of these tpeaks is most postulated that the climate system should &y gensitre to
likely due to uncertainties in the age model, which are untunegrecessional maxima (minima) amdatitudes because the out
to variability at these frequencies. Could sub-Milavitch of phase response of the Northern and Southern Hemispheres
peaks in the spectral ranges we obs@mise as numerical arti- to orbital \ariations means thatvelatitude equatorial gions
facts resulting from the nonlinearity inherent in percent data@re influenced twice for each precessional maxima (minima).
If we consider a simple system withdwomponents (e.g., This phenomenon should result in increases to equatorial sea-
deep-sea carbonate and terrigenous input) taat as inde- sonality and intensification of monsoonal forcing. While
pendent linear responsgsandy, to orbital forcingx, (e.g.y; Hagelbeg et al.[1994] point out that these harmonics are not

= myx+by; Y, = mpx+b,) we see thaberessingy; as a percent-  directly present in the astronomical forcing ytlaso note that
the presence of such harmonics in climate records could result



from either (1) a nonlinear response of the climate system td¢. Conclusions
external forcing or (2) a nonlinearity in the climate recording ) )
mechanism. In the first case the climate system responds non- 1he relawe brightness of diise reflectance measurements
linearly to an gternal forcing which is then linearly recorded from ODP sites 980-984 are controlledglely by \ariation in
by some climate proxyAmplification of monsoonalariabil- ~ Sédiment CaC@ content. Accordinglya highly significant
ity in response to precessional rectificationvjites one such  transfer function that accounts for 94% of the carbonate v
example [e.g.Short et al, 1991;Park et al, 1993;Hagelberg ance with an RMSE of 8.0% can bevided from the reflec-
et al, 1994]. In the second scenario, the climate system matance data. This relationship aflle us to generate continuous
respond linearly toxernal forcing, bt the proxy recording records of proxy percent carbonate for the past 4.5 Myr at
system may be nonlinear in thewit “remembers” the cli- these sites. Strong correlations between proxy percent carbon-
matic response. This scenario may be applicable &kl ate records from Ceara Rise in the equatorial Atlantic and Feni
records Crowley et al, 1992]. Drift in the North Atlantic allev us to transfer the orbitally

To asses whether a nonlinear process such as equatorféned age model from Ceara Rise to Feni Driftv@ospectra
clipping (“rectification”) could gie rise to spectral peaks near Of the Feni Drift proxy percent carbonate time series for time
7.5-8.2 and 4.8-6.1yk, we performed anx@eriment similar to  intenals ranging from 4.5-2.8, 2.4-0.95, and 0.95-0 Myr docu-
that ofHagelberg et al, [1994] using a 5 Myr long precession ment the golution of \ariance in the Milandvitch eccentric-
record dewed from the La93(1,1) solution. Similar results ity, obliquity and precession bands. Significant sub-
were also obtained using tBermer and Loute [1991] orbital ~ Milankovitch climate \ariability is obsered with periods cen-
solution (not shan). The precession recordas subdiided tered near 7.6-8.4, and 4.8-6)Ir.KThe climate gcle of 7.6-
into nonwerlapping 1 Myr sgments and windeed with a 1~ 8.4 kyr duration is present throughout the record and may be
Myr Hanning windev prior to estimating pwer spectra for the  related to Heinrich-lie periodicity The presence of 7.6-8.4
full amplitude precession record and for clipped records withyr cyclicity in the percent carbonate record prior to the inten-
rectification thresholds of 0.1, 0.2, and 0.3 precession unitsification of Northern Hemisphere glaciation suggests this
(Figure 10a). This test dérs from that ofHagelbeg et al. Heinrich-like g/clicity must arise from some portion of the cli-
[1994], who clipped only at zero amplitude precession andnate system other than the dynamics ajdace sheets. The
used a shorter 400yk precession record deed from the  presence ofariance peaks at 8.6 - 6.7 and 5.8 - §2ik the
solution ofBerger and Loute [1988]. We formulated this test  clipped precession record suggests that at least some of the
to simulate a climatic response with airg sensitie to the  variance obserd in these frequepdands in the Feni Drift
magnitude of the x¢ernal precessional forcing. The results proxy percent carbonate record may arise from a nonlinear
indicate a translation ofaviance from the 19-23yk doublets ~ response to precessional forcingvdri by equatorial clipping.
(Figure 10b) to both longeand shortefrequeng responses
at 434, 122,11.6- 9.6, 8.6 - 6.7, and 5.8 - §rAkigure 10c). Acknowledgments. We thank the captain and wef the
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Figure Captions

Figure 1. The locations of Ocean Drilling Program (ODP) Figure 8. Reflectance-dered carbonate records for site 926
sites 980-984 in the North Atlantic and site 926 on the Cearan the Ceara Rise and sites 980 and 981 on the Feni Drift plot-
Rise in the western equatorial Atlantic. ted on the Ceara Rise age model using the age-age mapping
function denved as part of this study
Figure 2.A schematic illustration of the major components of
the Orgon State Umiersity split-core analysis track (OSU Figure 9. Multitaper paver spectra for proxy percent carbon-
SCAT). Reprinted fromOrtiz et al.[1999] with permission of ate at Feni Drift for time inteal from (a) 0 to 0.95, (b) 0.95 to
the Ocean Drilling Program. 2.4, and (c) 2.8 to 4.5 Ma. All spectra are calculated with a
time-bandwidth resolution of four andvea tapers. Signifi-
Figure 3.(a) Percent carbonate measured by coulometry v cance lgels at 90%, 95%, and 99% are ded from confi-
sus percent carbonate estimated bfudéd spectral reflectance dence interals relatve to a rolbist, median, red noise
for ODP sites in the North Atlantic. (b) Residual errors in backgroundflann and Leesl996]. Significant spectral peaks
reflectance-based carbonate estimates as a function of carbare labeled by period iryk
ate measured by coulometry
Figure 10.(a) Precession record for 0 - 5 Ma frauasler et
Figure 4. North Atlantic carbonate estimates ded from  al. [1993]. Horizontal lines represent rectification thresholds
percent reflectance using the transfer function described in thesed for clipping the precession ceir(b) Paver spectra of
text. Data are plotted as a function of age using a preliminaryhe precession record plotted in Figure 10a, (e)ydPspectra
age model based on biostratigrg@md magnetostratigraph for precession record rectified at thedks indicated in Figure
10a.
Figure 5. Validation of the reflectance-deeid carbonate
transfer function using coulometric carbonate data from (a) the
Rockall Bank (site 982) and (b) the Gardar Drift (site 983).Table Captions
The 5 cm resolution coulometric carbonate measurements
were smoothed with a twpoint running mean to approximate
the 4-8 cm resolution of the reflectance measurements. Coul
metric carbonate data fronenz et al[1999] (site 982 on the
Rockall Bank) aneChannell et al[1997] (site 983 on the Gar-
dar Drift) are independent of the data used to construct th
transfer function presented in thette

Table 1.Locations, Dataypes and Sources for the Carbonate
q’ime Series

?able 2. Statistics for FrequegdViapping the Ceara Rise age
Model Onto Feni Drift Sediments

Figure 6.Feni Drift age-age mapping function for (a) O - 1, (b)
1-2,(c)2-3,(d)3-4,and (e) 4 - 5 Ma time indésv The
mapping function is dered by irverse correlation of the
reflectance-devied carbonate records from the sites on Feni
Drift and the Ceara Rise agpained in the tet.

Table 3. Paver Spectral Characteristics of the Feni Drift
Proxy Precent Carbonate Record

Figure 7.Depth-age plot for Feni Drift records from site 980
and site 981, ODP Igel62. Open circles and stars refer to bio-
stratigraphic and paleomagnetic datums determined for sedi-
ments from sites 980 and 981, respexdyi [Leg 162
Shipboad Scientific Brty, 1996a]. Solid lines represent the
high-resolution age models\ddoped by frequerycmapping

the reflectance-based carbonate record from sites 980 and 981
onto the reflectance-based carbonate record from Ceara Rise.
For biostratigraphic vents, RD refers to first-appearance
depth, while LAD refers to last-appearance depth. Abare
tions for marler species are E. huEmiliania huxlgi; P. lac,

P. lacunosa Geptyro A/B, Gephybcapsa sppA/B, and A.
primus, A. primus Magnetostratigraphic vents are B/M,
Brunhes/Matuyama boundary;,@p of Jaramillo; JB, bottom

of Jaramillo; @, top of Olduwai; OB, bottom of Oldu&i; R2T,

top of Reunion 2; and M/G (Deep), Matayama/Gauss bound-
ary (deeper pick).



Table 1.Locations, Data¥lpes, and Sources for the CarbondteelSeries
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Carbonate ODP Latitude - Water Age Data

Method Location Site Longitude Depth Model Source

SCAT Feni 980-  55°28.700'N frequeny mapping

reflectance Drift 981 14°40 592'W 2171 m  to site 926 this paper

SCAT Rockall 57930.760'N biostratigrapl and this paper;

reflectance Bank 982 15951 251'W 1134 m  magnetostratigraph Leg 162 shipboat Party [1996b]
Rockall 57°30.760'N

Coulometry Bank 982 15951 251'W 1134 m nla \enz et al[1999]

SCAT Gardar 60°24.210'N biostratigrapl and this paper;

reflectance Drift 983 23938, 440'W 1983 m  magnetostratigraph Leg 162 shipboat Party [1996c]
Gardar 60°24.210N

Coulometry Drift 983 23938.440'W 1983 m nla Channell et al [1997]

SCAT Bjorn 61925.519'N biostratigraplg and this paper;

reflectance Drift 984 24904.945'W 1648 m  magnetostratigraph Leg 162 shipboat Party [1996d]

SCAT Cearra 03243.141'N Orbitally tuned Harris et al.[1997]; Bickert et al.

reflectance Rise 926 42°54.498'W 3598 m  magnetic suceptibility [1997]; Tiedemann andfanz[1997]

ODR, Ocean Drilling Program; SAAsplit-core analysis track.v&rage site location and depth are basedatures for all holes at

each site.
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Table 2. Statistics for Frequenblapping the Ceara Rise
Age Model Onto Feni Drift Sediments

Shipboard Site 926 Age Squared
Age Model, Model, Number of Correlation,
Ma Ma Coeficients r2
Site 980
0.0007-0.9905 0.0000-1.0000 40 0.704
0.9905-1.6627 1.0000-1.6620 40 0.847
Site 981
1.6612-2.6490 1.6620-2.6260 40 0.604
2.6490-3.7117 2.6260-3.7170 48 0.657
3.7117-4.6615 3.7170-4.6590 40 0.470

Site 981 Mapped to Site 980 Waaé&teflectance
Signals Overlap

1.4961-1.6612 1.5148-1.6620 16 0.934




Table3.. Pwer Spectral Characteristics of the Feni Drift Proxy Percent Carbonate Record

0 - 0.95 Ma Spectrum

0.95 - 2.4 Ma Spectrum

2.8 - 4.5 Ma Spectrum

Obsenred Obsenred Obsenred
Period and Red Period and Red Period and Red
Significance  Spectral Noise Relative Significance  Spectral Noise Relatve Significance  Spectral Noise Relative
Nominal Level, Density Density Spectral Level, Density  Density  Spectral Level, Density  Density  Spectral
Period kyr (%) log units  log units  Density kyr (%) log units  log units  Density kyr (%) log units  log units  Density
Milankovitch Bands
100 kr  103.4(>99%) go9x1f  1.0x16 9.9x
Allyr  408(>90%) 10x16 7.0x10 1.4x 41.7(>99%) 30x16 97x16 3.1 417 (>99%) 55x10 24x16 23X
23kyr 225(>95%) 76x10  3.8x10 2.0x 221 (>99%) 16x1F 33x16 4.8 219(>99%) 26x1¢ 95x1d 2.7
19 kyr 191 (>99%) 6.7x16 25x1F 2.7
Sub-Milankvitch Bands
16 kyr 16.4 (>99%) 43x16 1.9x1¢ 2.3x
14 kyr 141 (>90%) 72x1d 4.4x1d 1.6x
13 kyr 134 (>99%) 46x16 13x1¢  3.5x 12.4(>90%) gex1d 35x1d  2.5x
11kr 106 (>90%) 19x16 1.2x16 1.6x 115(>95%) 19x16 9.7x1d  2.0x
10 kyr 9.8(>90%) 18x16 1.0x1¢ 1.8x 104 (>95%) 16x16 s8oxid  2.0x 9.0(>99%) s53x1d 1.9x1d 2.8
8 kyr 7.8(>99)  16x16 7.0x1d 2.3x 75(>99%) 10x16 43x1d  2.3x 82(>99%) 43x1d 1.6x1d 2.7
6 kyr 6.1(>99%) e1x1d 3.0x1d  2.0x 6.0(>99%) 22x1¢ 9.3x1F = 2.4x
5 kyr 51(>99%) 95x1¢ 3.3x1d 2.9x 52(>99%) s53x1¢ 22x1d @ 2.4x 48(>99%) 16x1¢ 6.1x16 2.6

No value indicates no significant peak.
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Figure5. Validation of the reflectance-deed carbonate transfer function using coulometric car-
bonate data from (a) the Rockall Bank (site 982) and (b) the Gardar Drift (site 983). The 5 cm reso-
lution coulometric carbonate measurements were smoothed with@ofat running mean to
approximate the 4-8 cm resolution of the reflectance measurements. Coulometric carbonate data
from Venz et al[1999] (site 982 on the Rockall Bank) a@tannell et al[1997] (site 983 on the

Gardar Drift) are independent of the data used to construct the transfer function presentedtin the te
[from Ortiz et al. Rleoceanograph14, 171-186, 1999]



