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Abstract

Regression models and cluster analyses are used to link magnetic properties of late Pleistocene deep-sea sediments in the

Azores area (Mid-Atlantic Ocean) with the chemical element composition. The influence of the volcanic Azores Archipelago on

sedimentation is evident in high magnetic mineral concentrations (low-field magnetic susceptibilities between 30 and

250�10�5 SI) and high Ti/Al ratios (N0.1). Variations in magnetic mineral concentration and Ti/Al ratios can be linked to

detrital input and coincide with oxygen isotope ratio (d18O) changes. The highest magnetic mineral concentrations and Ti/Al

ratios are found around temperate climate periods, suggesting that detrital input from the Azores Islands is most prominent

during these periods. Lower Ti/Al ratios and a slightly different composition of the lithogenic fraction suggests the presence of a

second, probably eolian, detrital component during glacial periods. Higher Ba/Al ratios and dexcess BaT estimates suggest

higher productivity during the cold climate periods, especially at the end of stages 2 and 6. Temperate climate periods are

characterised by a succession of peaks in magnetic mineral concentration and Ti/Al ratios at the beginning of these periods

followed by peaks in CaCO3 and Mn/Al toward the end. Cluster analysis shows that the first peaks might be related to volcanic

material, which was initially deposited on land during eruptions in glacials and then washed into the sea due to the sea-level rise

at the beginning of temperate periods. The latter peaks represent a more biogenic sediment signal, which might be more

diagnostic of vegetation changes in the Azores Archipelago due to a warmer climate.
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1. Introduction

Numerous environmental studies have demonstra-

ted that changes in properties of marine sediments

may be linked to variations in detrital input, caused by
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variations in aridity, wind strength and direction,

fluvial input or ice-rafting (e.g. DeMenocal et al.,

1993; Rea, 1994; Tiedemann et al., 1994). A

complicating factor in environmental studies is that

many magnetic and chemical parameters indicative of

changes in detrital material are also influenced by

post-depositional processes. Although the latter may

be climate-dependent, it is crucial for the interpreta-

tion of climate records to separate the primary detrital

from the secondary diagenetic signal. As a rule, a

detrital magnetic signal can only be separated from

diagenetic and biogenic signals by combining several

magnetic parameters because individual parameters

may have similar values. In practice, input source can

only be traced with certainty when the magnetic signal

is compared with other parameters, because the signal

alters during erosion, transport and deposition of

detrital particles. This has motivated recent work into

combined magnetic and geochemical studies to detect

environmental change (Rosenbaum et al., 1996;

Vigliotti et al., 1999; Robinson et al., 2000; Larra-

soaña et al., 2003a). Here, we present a multidiscipli-

nary environmental study, based on a combination of

magnetic properties and element composition. The

aim is to unravel detrital, diagenetic, and biogenic

processes in marine sediments from the Azores Area

for environmental reconstruction.
Fig. 1. Map of the Mid-Atlantic Ocean near the Azores Islands showing th

southern slope from the Central Azores Islands.
2. Geological setting

The marine sediments investigated are from core

SU 92-18, a 9.9-m-long core collected from the Mid-

Atlantic Ocean, close to the Azores Islands (37847V3
N, 27813V9 W). The water depth was 2300 m (Fig. 1),

which is above the carbonate compensation depth

during warm and cold climate periods. Its lithology is

dominated by nannofossil ooze with clay minerals.

The dominant clay minerals are smectite and illite.

Several volcanic ash layers are intercalated in the

sediments. A prominent tephra layer is situated

between 5.82 and 6.05 m depth. Turbidite layers were

detected neither visibly nor by magnetic anisotropy

measurements (Kruiver et al., 1999), although the

sediments were collected down-slope from the central

islands of the Azores Archipelago.

Lehman et al. (1997) and Kruiver et al. (1999)

studied these sediments to reconstruct the intensity of

the ancient geomagnetic field. To obtain an age model,

Lehman et al. (1997) measured a planktonic d18O

record (Fig. 2) and correlated this record to the oxygen

isotope curve of Martinson et al. (1987). Kruiver et al.

(1999) correlated the d18O record from Lehman et al.

(1997) with the SPECMAP curve. These authors

observed a small offset between some magnetic and

chemical parameters and the SPECMAP curve, there-
e location of core SU 92-18. Note that SU 92-18 is located down the



Fig. 2. (A) Measured oxygen isotope ratios of the planktonic foraminifer Globigerina bulloides from Lehman et al. (1997) and (B) their

correlation with the SPECMAP curve. (C) SPECMAP d18O versus age.

P.A. Vlag et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 212 (2004) 23–44 25
fore the correlation of Kruiver et al. (1999) was re-

examined for this study. This led to slight changes in

the correlation between the measured d18O record and

SPECMAP in the lowermost 2 m of the core, but left

the interpretation for the uppermost 8 m unaffected

(Fig. 2). All age-depth correlations show that the core

covers the last 270 ky and has an average sedimenta-

tion rate of ~3.5 cm/ky.

Kruiver et al. (1999) measured various rock

magnetic and chemical parameters to check whether

the paleointensity record is affected by the environ-

mental signal. This was shown not to be the case,

although individual parameters showed climatic fre-

quencies. The comparatively low measurement reso-

lution did not permit conclusions to be made about

relationships between magnetic, chemical, and climate

records. Nonetheless, Kruiver et al. (1999) identified a

number of intriguing aspects that warranted further
investigation. For this purpose, new magnetic and

geochemical measurements were performed at a

higher resolution. As we focus on the analysis of

environmental change in the sediments, we have

excluded the intercalated ash layers from interpreta-

tion. However, the same magnetic and geochemical

information was gathered for the ash layers; they were

considered as a compositional end member.
3. Methods

3.1. Magnetic mineralogy

Thermomagnetic runs and thermal demagnetization

curves reveal that magnetite with a small amount of

substituted Ti is the dominant magnetic mineral

(Kruiver et al., 1999). No evidence for other magnetic
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minerals was obtained with these measurements.

Analysis of components of isothermal remanent

magnetization (IRM) (Kruiver et al., 2001) enables

the detection of minute amounts of magnetic minerals

in the case of mixed magnetic mineralogy. Application

of IRM component analysis to 15 samples from the

present core only identifies the presence of low Ti-

magnetite. This finding is crucial for the interpretation

of the environmental magnetic signal. The presence of

lowTi-magnetite over the entire core indicates a detrital

magnetic signal for all climatic periods. The detection

of only one magnetic mineral implies that variations in

low-field magnetic susceptibility (v), IRM and anhys-

teretic remanent magnetization (ARM) can be linked to

changes in magnetic concentration and grain size.

3.2. Magnetic concentration and grain size

Cubic (8 cm3) specimens were used to measure v,
ARM and IRM. v was measured for 204 specimens,

taken at 4–5 cm intervals throughout the core. Its values

range between 30 and 250�10�5 SI (Fig. 3). This is

three orders of magnitude higher than the noise level of

the instrument used (KLY-2 susceptibility bridge).

ARM was imparted with an alternating field up to

125 mT superimposed on a bias field of 30 AT. A PM4

pulse magnetizer was used to induce an IRMwith a 1.5

T field. Both remanent magnetizations were measured

with a JR5A spinner magnetometer. The ARM
Fig. 3. Magnetic susceptibility (v) versus (A) ARM intensity, (B) IRM int

vT, ddetrital-low vT, dcalcareous-high vT and ddetrital-high vT clusters (s

represented by grey open squares, grey closed squares, black open circles a

that were not assigned to a cluster (see text). Volcanic layers are not show

volcanic layers are 450�10�5 SI, 0.8 A/m, 120 A/m and 2.8%, respectiv
intensities, measured on 170 samples, vary between

0.07 and 0.6 A/m (Fig. 3). IRM intensities measured on

95 samples are about a factor of 100 higher (Fig. 3).

These intensities are high for sediments; 12 orders of

magnitude above the noise limit of the JR-5A instru-

ment. Values of v, ARM, and IRM correspond to the

reported values from Kruiver et al. (1999), indicating

that the storage of the sediments at 4 8C between the

Kruiver et al. (1999) study and the present one did not

cause changes in magnetic properties.

Hysteresis loops were measured to obtain informa-

tion about magnetic mineral concentration (Ms;

saturation magnetisation), magnetic grain size (Mr/

Ms; remanence ratio) and the relative concentration of

dia- and paramagnetic minerals compared to the

(ferri)magnetic signal (Ms/vhf : saturation magnetisa-

tion over high-field susceptibility). Loops were

measured for 60 specimens (massb50 mg), equally

spaced through the core, using an alternating gradient

magnetometer (AGM) with a maximum field of 1 T.

Ms ranges between 50 and 250 mAm2/kg (Fig. 4). Mr/

Ms ranges between 0.2 and 0.3, indicating a pseudo-

single domain state of the magnetic minerals (Fig. 4).

3.3. Elemental measurements

The elemental composition of the sediments was

determined by X-ray fluorescence (XRF) measure-

ments. Sediment samples were dried and ground and
ensity and (C) Ti content. Samples belonging to the dcalcareous-low
ee description of the cluster model in Section 8 of the text) are

nd black closed circles, respectively. Grey crosses represent samples

n in this figure. The highest v, ARM, IRM, and Ti values for the

ely.



Fig. 4. Magnetic hysteresis measurements. (A) Remanence ratio (Mr/Ms) versus saturation magnetisation (Ms), (B) Ms divided by paramagnetic

high-field susceptibility (Ms/vhf) versus Ms. Same symbols as in Fig. 3.
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about 4.5 g of each powdered sample was mixed with

5.5 g pure quartz to obtain sufficient material for the

measurements with a Bruker SRS3400 spectrometer.

Precision and reproducibility were checked with

laboratory standards and duplicate analyses. Analyt-

ical precision, checked by analysis of in-house stand-

ards, is better than 10%. Sample results can be

reproduced with a variation smaller than 1%, making

the reproducibility much better than the analytical

precision. This implies that relative variations of

elemental content within the core are precisely

determined. The XRF analysis provided similar values

as the ICPOES (inductively coupled plasma optical

emission spectrometry) measurements from Kruiver et

al. (1999), implying that absolute values of elemental

concentrations (and ratios) are well determined.
Fig. 5. Chemical element composition. (A) Al versus CaCO3, (B) Mn versu
Thirty five elements were analysed by XRF, but, for

sake of clarity, the behaviour of only eight elements

(Ti, Fe, Zr, Ca, Al, Ba, S, Mn) is discussed. These

elements were selected because they are abundant and

they provide useful discrimination among the detrital

(Al, Ti, Fe, Zr), biogenic (Ca, Ba) and diagenetic (Fe,

S, Mn) signals. Si is not considered further, because its

reproducibility is slightly lower due to the correction

for the quartz matrix. The most abundant element, Ca

(15–35% of the element fraction per unit mass) is used

to calculate the calcium carbonate (CaCO3) content.

CaCO3 can be considered representative of the

biogenic fraction, because the core is situated above

the carbonate compensation depth. Al is representative

of the lithogenic fraction and represents 1.5–6% of the

element fraction by mass (Fig. 5). Al anti-correlates
s CaCO3 and (C) Mn/Al versus CaCO3. Same symbols as in Fig. 3.
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with CaCO3 because the lithogenic and biogenic

fractions together constitute the total sediment. To

detect subtle changes in the chemical composition of

the lithogenic sediment fraction, it is common to

normalise chemical composition by Al.
4. Changes in individual parameters compared to

the climate signal

4.1. The magnetic signal

With only one magnetic mineral detected, correla-

tions between v, IRM and ARM (Fig. 3) indicate that

these three parameters dominantly reflect a magnetic

concentration signal. Magnetic concentration pertains

to a specific detrital signal because increasing Ms/vhf

ratios with increasing Ms values (Fig. 4) show that

magnetic concentration variations (Ms) are not

accompanied by proportional variations in the para-

magnetic clay matrix (vhf). Mr/Ms does not depend on

magnetic mineral concentration (Fig. 4), but ARM/

IRM decreases slightly with increasing v (Fig. 6). The

difference between these magnetic grain-size param-

eters may result from ARM/IRM being particularly

sensitive to grain size changes just above the super-

paramagnetic-single domain threshold (0.03 Am for

magnetite) (Jackson, 1991; Tauxe et al., 1996), while

Mr/Ms reflects grain-size variations of the average

magnetic material. Therefore, an explanation may be

that the relative concentration of fine grains relatively

decreases with increasing magnetic concentration, but
Fig. 6. (A) ARM/IRM versus v, (B) ARM/IRM
that the bulk magnetic grain size is to a large extent

independent of magnetic concentration variations.

The correlation between v and Ti (Fig. 3) confirms

that the magnetic mineral concentration reflects a

detrital signal because Ti is a parameter for detrital

input. In contrast to Ti, v does not only depend on the

amount of detrital input: it also depends on the

presence of ultrafine superparamagnetic grains and

paramagnetic minerals. This explains the variations in

v/Ti. The inverse correlation between v/Ti and ARM/

IRM (Fig. 6) excludes the possibility of a large effect

of ultrafine superparamagnetic grains and paramag-

netic minerals on the magnetic signal because v/Ti
ratios would then be independent of changes in ARM/

IRM. Correlation between v/Ti and ARM/IRM can,

however, be easily explained by varying amounts of

fine grains just above the superparamagnetic-single

domain threshold size. These grains increase ARM/

IRM, but reduce v/Ti because just above the super-

paramagnetic-single domain threshold v decreases

with decreasing grain size.

4.2. Element geochemistry: changes in the lithogenic

fraction

Normalizing Ti by Al reveals a striking relation-

ship between Ti/Al and the d18O stratigraphy (Fig. 7).

High Ti/Al ratios are observed around temperate

climate periods, whereas lower ratios are found

around cold climate periods. This indicates a strong

correlation between detrital mineral input and climate.

As Ti correlates with v, it is not surprising that v/Al
versus v/Ti. Same symbols as in Fig. 3.



Fig. 7. (A,B) Changes in Ti/Al compared to (C) the standard SPECMAP y18O stratigraphy. Two depth profiles of the Ti/Al signal are shown; (A)

raw data, (B) with a 20-cm-width triangular window smoothed data normalised with their median value. Black circles (grey squares) denote

measured Ti/Al ratios of the sediments (volcanic ash layers). Volcanic ash layers are excluded for the calculation of the smoothed curves.
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and v also undergo similar variations as the d18O

record (Fig. 8). Ti/Al shows a strong relationship with

the d18O record, but the relationship between Zr/Al

(Fig. 8), another proxy for detrital input, and d18O is

complex. Typical of the Zr/Al depth profile are

relatively thin stratigraphic intervals with extremely

high Zr/Al ratios.

4.3. Element geochemistry: changes in the biogenic

fraction

The use of Ba or Ba/Al ratios as a proxy for

paleoproductivity is documented in many publications

(see reviews by von Breymann et al., 1992; Wehausen

and Brumsack, 1999). High Ba/Al ratios are found

during cold climate periods, while lower Ba/Al ratios

are observed during warm climate periods (Fig. 8). Ti/
Al shows the opposite relationship with the d18O

stratigraphy: low Ti/Al ratios are observed in cold

climate periods and high Ti/Al ratios are observed

around temperate climate periods.

Barium dissolution may occur in organic-rich

anoxic sediments (Brumsack and Gieskes, 1983;

McManus et al., 1998). However, low sulphur

concentrations (Sb2000 ppm) exclude anoxic con-

ditions here. Furthermore, as soluble Mn2+ is mobi-

lised in reducing environments and reprecipated as

oxyhydroxides under oxic conditions (Thomson et al.,

1986), Mn enables detection of dissolution–precip-

itation cycles. If the Ba signal was affected by

dissolution, minima in Ba would be expected around

minima of Mn/Al. Such a relationship is not observed

(Fig. 8). Hence, together with the low S content, Mn/

Al indicates that changes in Ba/Al are not due to



Fig. 8. Depth profiles for nine parameters (v, v/Al, Ti/Al, Fe/Al, Zr/Al, Mn/Al, CaCO3, Ba/Al, v/Ti). Smoothed curves normalised by their median values (see Fig. 7) show the

relationships between the down-core patterns of these parameters. Bold (grey) labels on the x-axis correspond with bold (grey) lines in the down-core plots. Ti/Al is shown as a

reference parameter in several plots. This approach visualises an offset between peaks in Ti/Al and Mn/Al around temperate climate periods (see arrows). Mn/Al and CaCO3 have

similar trends except that changes around the temperate periods are more pronounced in Mn/Al than in CaCO3.
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dissolution. This finding strongly suggests that Ba

reflects a productivity signal in these sediments.

4.4. Element geochemistry: changes in the diagenetic

fraction

Fe/Al has a similar signal to Ti/Al, indicating that

these ratios reflect a detrital signal in most intervals.

However, especially between 4 and 2 m depth, a few

thin intervals with much higher Fe/Al ratios are

observed (Fig. 8). Ti/Al does not show such abrupt

changes, which suggests that dissolution–precipitation

cycles affect Fe-content in these intervals.

If Mn is incorporated in CaCO3, Mn should

increase with increasing CaCO3 content. This appears

not to be the case. In contrast, samples with low

CaCO3 contents often have higher Mn concentrations

(Fig. 5). Therefore, changes in Mn/Al can be related

to diagenesis. Mn/Al correlates with the d18O
stratigraphy, especially in the lower part of the core

(depth 6–10 m; stages 7, 8) (Fig. 8). Like Ti/Al, Mn/

Al ratios are higher around temperate climate periods.

However, an offset between the Mn/Al and Ti/Al

maxima is observed in these intervals. Maxima in Mn/

Al typically occur 10–20 cm higher in the sediment

column than maxima in Ti/Al (Fig. 8). This offset is

two to four times larger than the sampling interval (5

cm) and is considered to be real.
5. Interpretation of the Ti/Al signal

Ti/Al ratios are used as a parameter for dust supply

in the Eastern Mediterranean (Wehausen and Brum-

sack, 2000; Lourens et al., 2001; Larrasoaña et al.,

2003b). Eastern Mediterranean sediments are charac-

terised by high Ti/Al ratios during cold climate

periods and low Ti/Al ratios during warmer climate

periods. An opposite relationship is found in this core:

low Ti/Al ratios occurred during cold climate periods

and high Ti/Al ratios occurred during warmer climate

periods. Hence, the sedimentation model of the

Mediterranean, a relatively more important fluvial

input from the Nile River during temperate climate

periods resulting in low Ti/Al ratios and an enhanced

eolian input of Sahara dust during glacial periods

resulting in high Ti/Al ratios, cannot be applied to the

Azores area.
A major difference between the Azores area and the

Eastern Mediterranean are the much higher Ti/Al ratios

in the first region. The lowest Ti/Al ratios (~0.08) in

the Azores core (Fig. 7) correspond to the highest Ti/

Al ratios in the Eastern Mediterranean (Wehausen and

Brumsack, 2000). Reported Ti/Al ratios from the

northern Atlantic Ocean (Hinrichs et al., 2001) and

Arabian Sea (Luckge et al., 2001) are also consid-

erably lower than the Ti/Al ratios from this core. Of all

rocks, volcanic rocks have the highest Ti/Al ratios.

Generally, Ti/Al ratios for lavas are between 0.1 and

0.15 (e.g. Liotard et al., 1986; Lackschewitz and

Wallrabe-Adams, 1997). Ashes from Iceland are

reported to have even higher Ti/Al ratios: up to 0.2

(Lacasse et al., 1996; Lackschewitz and Wallrabe-

Adams, 1997). The latter values are similar to the Ti/Al

ratios measured for the intercalated ash layers (Table

2). Assuming that the Ti/Al ratios of the intercalated

ash layers are typical of volcanic material from the

Azores, the Ti/Al ratios of 0.1 up to 0.2 in core SU 92-

18 (these high Ti/Al ratios were measured with both

XRF and ICPOES analyses) can be explained by a

mixture of this volcanic material with other detrital

components characterised by lower Ti/Al ratios.

The land surface of the Azores islands is small (92

km2). Nevertheless, a comparatively large detrital

input from these islands is possible because core SU

92-18 is situated down-slope of the Central Azores

Island group (Fig. 1). The highest Ti/Al ratios are

observed around temperate climate episodes, indicat-

ing that detrital input from the Azores Islands is most

dominant in these intervals.

Lower Ti/Al ratios during the glacial periods show

(larger) effects of other input source(s). Ice-rafted

debris can be excluded because the core location is

far beyond the southernmost limit of iceberg rafting

(Bond et al., 1992). Taking into account the location of

the studied site (in the Central Atlantic, far from

continents) and a similar west–east surface circulation

during temperate and cold climate periods, water

transport is unlikely to have caused significant changes

in detrital input. Our observations of larger effects of

other detrital input sources during glacial periods fit

well with the widely accepted idea that, due to a more

vigorous atmospheric circulation, a weakened hydro-

logical cycle, and extended dust source areas, average

eolian deposition rates were considerably higher during

glacial periods than during interglacial periods (e.g.
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Rea, 1994;Mahowald et al., 1999). Taking into account

that non-volcanic dust has lower Ti/Al ratios than

volcanic ashes and rocks, the lower Ti/Al ratios may

well result from more eolian deposition of Saharan

dust. These findings based on Ti/Al ratios are of

particular interest for this region; Mahowald et al.

(1999) modelled global dust deposition during the Last

Glacial Maximum (LGM) and their results suggest that

the Azores Islands are situated on the edge of two

zones. One toward the south and southeast with

considerably higher dust deposition during glacials,

caused by eolian transport of Saharan dust particles into

the North Atlantic (e.g. Kolla et al., 1979; Moreno et

al., 2001). The other one toward the north with similar

dust deposition during glacials and interglacials.
Fig. 9. (A) Excess barium versus depth compared with (B) the

standard SPECMAP d18O curve.
6. Interpretation of the Ba/Al signal

In contrast to Ti/Al ratios the amplitude of the Ba/

Al signal correlates with the amplitude of the climate

variations as deduced from the d18O stratigraphy. The

coldest periods of the studied time interval (d18O

stages 2 and 6) correspond with the highest Ba/Al

ratios (Fig. 8), while Ti/Al values in these intervals do

not differ significantly from those observed in the

short cold episodes during the temperate period of

stage 7. Thus, both parameters show a different down-

core pattern, although variations in both Ti/Al and Ba/

Al are related to the d18O stratigraphy. Mathemati-

cally, this different pattern can be demonstrated by the

poor significance of least-squares fits between Ba/Al

and Ti/Al (R2b0.2 with R2 representing model

variance over total variance). Similarly, least-squares

fits reveal that Ba/Al hardly correlates with Fe/Al, Zr/

Al, Mn/Al, CaCO3, Al, and v. This indicates that Ba/
Al is independent from detrital and diagnetic pro-

cesses (Fig. 8).

A commonly used estimate for productivity is

dexcess BaT, which is the Ba content corrected for

detrital Ba background (Dymond et al., 1992):

Baexcess ¼ Batotal � Al Ba=Alð Þdetrital

The detrital Ba background is unknown and has to

be arbitrarily set. We used the mean of the 15 lowest

Ba/Al ratios for this parameterisation. Although

arbitrarily set, our estimate for the detrital Ba back-
ground is considered to be reasonable because the 15

lowest Ba/Al ratios correspond with temperate climate

periods and in the present-day temperate climate

period weak productivity is observed at this site. This

choice yields estimates of Baexcess that are close to

zero in temperate periods. Baexcess estimates are also

negligible during the moderately cold climate period

of stage 4 (Fig. 9). However, Baexcess is large during

the glacials of stages 8, 6 and 2 (Fig. 9). This finding

suggests that productivity was much stronger in these

cold periods than during temperate climate periods.

Productivity in today’s ocean is concentrated in

margins characterised by coastal upwelling. A major

zone of upwelling is concentrated off the coast of

North Africa and the Iberian Peninsula (Sarnthein et

al., 1988; Abrantes, 2000). Productivity was higher
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during the LGM than in the Holocene (e.g. Versteegh

et al., 1996; Paillier and Bard, 2002). For the Iberian

margin this is explained by intensification of the trade

winds during cold climate periods, which strength-

ened the eastern boundary currents and upwelling off

the eastern Atlantic (Abrantes, 2000; Paillier and

Bard, 2002). The Azores Islands fall outside the

upwelling zone off the Iberian Peninsula. However,

they are situated at the same latitude and the

interaction between the Canary Current and the trade

winds is similar at this site and off the coast of the

Iberian Peninsula. For this reason, it might be possible

that the higher Ba/Al values during the glacials are

due to small-scale upwelling on the west side of the

Azores Archipelago during the LGM and older cold

climate periods.
7. Linear regression models between element ratios

When xi is perfectly measured and linearly

correlated to yi, variable xi can be used to predict yi
with a simple linear regression model ( yPREDICTED,

i=a+b1xi with a and b calculated with the least

squares method). Multiple regression models, where

yPREDICTED, i=a+b1x1i+b2x2i+. . .+bPxPi+. . .+ri, are

useful if two conditions are fulfilled; (1) yi depends on

several factors represented by x1i,. . ., xni and (2) the

correlation coefficient R2 of the least-squares fit

between y and x1i ,. . ., xni is higher than the

correlation coefficients of the fits between y and

x1i,. . ., xni separately. The last condition is fulfilled

when the relationships between proxy y and the

underlying factors are poor, but the underlying factors

are mutually related.

Regression models are sensitive to outliers. To

obtain outlier-robust regression models, a procedure

proposed by Huber (1981) was applied. In a first step,

an initial least-squares line is determined by using the

original y-values. Then residuals ri larger than a

predetermined fixed cut-off c are bound to this cut-off

value (smaller residuals remain unaffected). In a third

step, y values are recalculated by adding the bounded

residuals to the initially predicted y:

yi;corrected ¼ ypredicted þ ri;corrected:

Then, the corrected y values replace the original y-

values and a new least-squares fit is calculated. This
procedure is repeated until no new residuals are

bounded. The last fit in this iterative process is outlier-

robust. Theoretically, the cut-off value depends on the

distribution of the residuals (Huber, 1981). It is often

cumbersome to determine this distribution. However,

because outlier-robust regression models are not

sensitive for slight changes in cut-off values, cut-off

values are often arbitrarily set (Vlag et al., 2000). For

this study, a residual ri is bounded when its absolute

value exceeds the threshold:

3rd quartile jrij þ 1:54 3rd quartile jrijð
� 1st quartilejrijÞ:

7.1. Simple linear regression: detrital and diagenetic

processes reflected by Fe/Al

Fe/Al versus Ti/Al plots show enhanced Fe/Al

ratios for ~10% of the measured samples (Fig. 10).

The enhanced ratios correspond with the Fe/Al peaks

in the depth profiles (Fig. 8) and demonstrate the

necessity for the use for outlier-robust linear regres-

sion models. The final outlier-robust fit between Fe/Al

and Ti/Al differs substantially from the initial fit, but

is a much better predictor for the remaining 90% of

the samples as shown by a considerably higher R2

(Table 1). As Fe/Al can be predicted with Ti/Al, a

parameter for detrital input, it can be concluded that

Fe/Al reflects a detrital signal, too.

The large positive residuals, measured Fe/Al ratios

that are higher than predicted Fe/Al ratios, correspond

with clear peaks in the Fe/Al down-core log. The added

value of the regression model is that it demonstrates

that these large residuals and thus implicitly peaks in

Fe/Al do not depend on Ti/Al. As the peaks in Fe/Al are

probably due to Fe-precipitation, this suggests that

precipitation intervals are independent from the major

detrital component in these sediments.

7.2. Simple linear regression: diagenesis, Mn/Al and

Zr/Al

Major patterns of the Mn/Al depth profile can be

predicted by an outlier-robust linear regression model

between Mn/Al and Al (Fig. 11). The significance of

this model is reasonable (R2=0.702), despite the

erratic pattern between Mn/Al residuals and Al (Table

1, Fig. 11). Positive residuals indicate that in warmer



Fig. 10. (A) Fe/Al versus Ti/Al and the linear least squares fit between these parameters. The least squares line Fe/Al=a+b1.Ti/Al is used to

predict Fe/Al from Ti/Al (see text). (B) The validity of the model is demonstrated by homoscedastic residuals. (C,D) Predicted and residual Fe/

Al plotted against depth. Peaks in residuals Fe/Al correspond with the peaks in Fe/Al, suggesting the occurrence of Fe-precipitation. In the x–y

plots samples belonging to the dcalcareous-low vT, ddetrital-low vT, dcalcareous-high vT and ddetrital-low vT clusters are represented by grey open
squares, grey closed squares, black open circles and black closed circles (as in Fig. 3). Grey crosses represent samples which could not be

assigned to a cluster. Volcanic layers are not shown in this figure, because they are not included in the regression models.
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periods the measured Mn/Al is generally higher than

the predicted Mn/Al. This contrasts to colder periods,

in which measured Mn/Al is generally lower than the

predicted Mn/Al (Fig. 11). Hence, Mn/Al is influ-

enced by two factors: (1) the lithogenic content in the

sediments, as demonstrated by the fit between Mn and

Al, and (2) a climate-dependant factor, as demon-

strated by the residuals. The first factor has the largest

effect on Mn/Al, because measured and predicted Mn/

Al show similar trends and residuals are small

(generally less than 10% of predicted Mn/Al). The

origin of the second, climate-dependent, factor is

unknown, but the results show that neither the
lithogenic fraction nor the Mn-signal are comparable

between cold and warm climate periods.

An outlier-robust linear regression model to predict

Zr/Al from Al shows similar results. The significance

of this model is high (R2=0.817, Table 1) and it

predicts the major patterns of the Zr/Al depth profile

(Fig. 12). However, clearly negative residuals show

that predicted Zr/Al is too low in intervals corre-

sponding to cold climate periods. This in contrast to

warm periods, which show mostly positive or small

negative residuals. Hence, like Mn/Al, two factors

influence Zr/Al: (1) lithogenic content in the sedi-

ments, as demonstrated by the fit between Zr/Al and



Table 1

Results of simple and multiple linear regression models

Model Robust a b1 b2 b3 R2

Simple linear regression

(A) Fe/Al

Fe/Al=a+b1 Ti/Al No 0.402 2,773 0.504

Fe/Al=a+b1 Ti/Al Yes 0.348 3,018 0.700

(B) Mn/Al

Mn/Al=a+b1 Al No 0.369 �0.052 0.619

Mn/Al=a+b1 Al Yes 0.371 �0.053 0.702

(C) Zr/Al

Zr/Al=a+b1 Al No �0.053 �0.039 0.684

Zr/Al=a+b1 Al Yes �0.038 �0.036 0.817

Multiple linear regression

(D) v
v=a+b1 Al No 117.4 350.8 0.372

v=a+b2 Ti/Al No �489.9 9107.0 0.417

v=a+b3 Ba/Al No 1672.0 5752.9 0.262

v=a+b1 Al+b2 Ti/Al No �1571.3 361.6 9356.6 0.821

v=a+b1 Al+b2 Ti/Al+b3 Ba/Al No �1028.0 337.7 8379.6 �2412.9 0.863

v=a+b1 Al+b2 Ti/Al+b3 Ba/Al Yes �1027.6 335.7 8366.0 �2376.4 0.852

Regression coefficients a, b, and R2 for initial (outliers not bounded) and robust (outliers bounded) least square fits. Robust models are used for

the final prediction of Fe/Al, Mn/Al, Zr/Al and v. v is predicted with a multiple linear regression model. Coefficients of the linear least squares

fits between v and the predictors Al, Ti/Al and Ba/Al separately are also shown. R2 is much lower for these separate fits than for the multiple

linear regression model.
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Al, and (2) an unknown climate-dependent factor, as

demonstrated by the residuals.

The slightly different relationships between Zr/Al

and Al and Mn/Al and Al for temperate and cold

climate periods suggest subtle changes in the litho-

genic fraction that is related to climate. As Zr/Al is

indicative for the detrital fraction, these changes might

be related to a detrital component. As usual, Al is used

to correct for the amount of lithogenic fraction. It is

conceivable that there are different provenance areas

as function of climate. Ti/Al also indicates different

sedimentation sources. If these would be characterised

by somewhat different Al-content this could result in

slightly different relationships between Zr/Al and Al

and Mn/Al and Al for temperate and cold climate

periods.
8. Prediction of c from chemical elements with a

multiple regression model

Due to a smaller effect of carbonate dilution, v
increases with increasing Al content (Fig. 13). Within

the lithogenic fraction, changes in the detrital compo-
nent also affect the v signal. This is demonstrated by

the v versus Al plot, which contains a sediment group

with relatively high v compared to Al and a sediment

group with relatively low v values, and the scattered

v-Ti/Al plot (Fig. 13). Therefore, significance levels

of linear fits between v and Al and between v and Ti/

Al are rather poor (Table 1).

The significance of the linear regression model for

predicting v with both Al and Ti/Al is high

(R2=0.812, Table 1). This can be explained by

mutually related v-Al and v-Ti/Al relationships:

samples with low v values compared to Al also have

low v values compared to Ti/Al. As a result, Al and

Ti/Al reinforce each other in the prediction of v. This
observation corresponds with the good correlations

between v and Ti (Fig. 3), because predicting v by Al

and Ti/Al (v=a+b1 Al+b2 Ti/Al) is a decomposition

of predicting v by Ti (v=a+b1 Ti). We chose this

decomposition to separate the effects of dilution and

detrital change on the v signal.

Ba/Al has no direct link with v because it reflects a

productivity signal that is implicitly non-magnetic.

However, neglecting this parameter in the regression

model for the prediction of v: v=a+b1.Al+b2 .Ti/Al



Fig. 11. (A) Mn/Al versus Al and the linear least squares fit between these parameters. The least squares line Mn/Al=a+b1 Al is used to predict

Mn/Al with Al. (B) Mn/Al residuals versus Al. (C) Predicted Mn/Al (black circles prediction per sample, grey line smoothed curve) and

measured Mn/Al (thin line) plotted against depth. (D) Comparing the residuals (black circles residuals per sample, grey line smoothed curve)

with (E) the standard SPECMAP y18O stratigraphy reveals that residuals tend to be negative during cold climate periods and positive during

warm climate periods. Same symbols as in Fig. 10.
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leads to overestimated v’s in intervals with higher

productivity (cold climate periods) and underesti-

mated v’s in intervals with low productivity (temper-

ate climate periods) (Fig. 13). The influence of Ba/Al

on the prediction of v is also shown by slightly

decreasing v with increasing Ba/Al (Fig. 13). We

attribute these observations to the dilution effect on v
by nutrients in periods of high productivity. Although

related to nutrients and dilution, Ba and CaCO3 reflect

a different signal because no correlation exists

between these parameters.

Like Al and Ti/Al separately, the linear correlation

between Ba/Al and v is poor (R2=0.262, Table 1).

However, adding Ba/Al to the multiple regression

model improves the prediction of v. First, the
significance of the model v=a+b1 Al+b2 Ti/Al+b3

Ba/Al is higher than the significance of the model

v=a+b1 Al+b2 Ti/Al (Table 1). Second, this model

can be considered valid for all climate periods,

because the residuals do not correlate with the

d18O stratigraphy. The strongest point of this model

is that it is easy to understand. CaCO3 dilution

explains the increasing v with increasing lithogenic

fraction. The strongly magnetic volcanic component

within the lithogenic fraction explains the increasing

v with increasing Ti/Al ratios. The influence of Ba/Al

on the susceptibility signal is probably caused by

dilution. The significance of the model v=a+b1

Al+b2 Ti/Al+b3 Ba/Al is high (R2=0.863). This

demonstrates that lithogenic fraction, detrital change,



Fig. 12. (A) Zr/Al versus Al and the linear least squares fit between these parameters. The least squares line Zr/Al=a+b1 Al is used to predict Zr/

Al with Al. (B) The Zr/Al versus Ti/Al plot shows that no relationship between these parameters exist. (C) Predicted Zr/Al (black circles

prediction per sample, grey line smoothed curve) and measured Zr/Al (thin line) plotted against depth. (D) Comparing the residuals (black

circles prediction per sample, grey line smoothed curve with (E) the standard SPECMAP y18O stratigraphy reveals that residuals corresponding

to a temperate climate tend to be higher. Same symbols as in Fig. 10.
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and productivity explain the major features of the

magnetic v signal, and the effect of other factors on

v, like Fe-dissolution and precipitation and magnetic

grain-size variations is limited in this Azores case

study.
9. Fuzzy c-means clustering

Fuzzy c-means cluster analysis (Bezdek, 1981) is a

partitioning method in which n cases are divided into

a number of clusters to be specified by the user. The

best clustering is calculated by minimising the

distance between a sample (or case) and its cluster

centre and maximising the distance between the

cluster centres. The fuzzy concept implies that a

sample is not forced to fit one cluster. Each sample
gets a membership to all clusters, which may range

from 0 (no similarity between sample and cluster) to 1

(sample and cluster are identical). The memberships

of each sample to all clusters add up to 1. A sample is

assigned to a specific cluster if its highest membership

exceeds a threshold to be specified by the user (in this

study 50%). The fuzzy logic concept is attractive for

sediment parameters because this concept is designed

to treat gradually changing data. Vriend et al. (1988)

and Dekkers et al. (1994) demonstrated the merit of

fuzzy c-means clustering in combination with non-

linear mapping (NLM) to isolate sample groups with

similar geochemical and magnetic properties. This

approach has been applied to several previous

magnetic (Schmidt et al., 1999; Urbat et al., 1999)

and combined magnetic-chemical studies (Urbat et al.,

1999; Hanesch et al., 2001).



Fig. 13. Prediction of v with the multiple regression model v=a+b1 Al+b2 Ti/Al+b3 Ba/Al. Three x–y plots show rather poor relationships

between v and (A) Al, (B) Ti/Al, and (C) Ba/Al. However, these three parameters together are a good predictor for v, as shown by (D) similar

depth profiles for predicted (thick grey line) and measured v (thin black line). Predicted v correlates with the standard SPECMAP d18O

stratigraphy with higher values observed around temperate climate periods. (E) Residuals do not correlate with predicted v showing that the

model is homoscedastic. Neither do they correlate with (F) the standard SPECMAP d18O stratigraphy. Same symbols as in Fig. 10.
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Cluster analysis depends on the relationships

between the input variables and will be distorted if

several input variables express the same phenomenon.

Hence, an optimal interpretation of a cluster model is

only possible if the relationships between the input

variables are understood. For this reason, the variables

for the cluster analysis (v, Mr/Ms, Ms/vhf, CaCO3, Ti/

Al, Zr/Al, Fe/Al, Ba/Al, Mn/Al and v/Ti) were

carefully selected. All parameters were logarithmi-

cally transformed before applying the fuzzy cluster

algorithm, element/Al ratios were chosen to ascertain

that the cluster composition can be related to the

relationships between the underlying parameters

(Aitchinson, 1984). ARM and IRM intensities,

ARM/IRM and Al element abundance are not

included in the cluster models because these param-

eters reflect a similar signal as v, v/Ti and CaCO3,

respectively (Figs 3, 4 and 6).
Models containing five or more clusters appeared

not to be robust: the results cannot be reproduced when

a few randomly selected samples are excluded from

the data set. The most detailed robust model, a four-

cluster model, consists of: (1) a cluster with a high

CaCO3 content and low susceptibilities, (2) a cluster

with high CaCO3 contents and high susceptibilities,

(3) a cluster with low CaCO3 contents and low

susceptibilities, and (4) a cluster with low CaCO3

contents and high susceptibilities (Table 2). These four

clusters are called dcalcareous-low vT, dcalcareous-high
vT, ddetrital-low vT and ddetrital-high vT. The term

detrital is used for clusters with relatively low CaCO3

because they are more lithogenic, and, especially for

the cluster with the low CaCO3 content and high

susceptibilities, their properties are more similar to

those of the volcanic ash layers (Table 2). 180 samples

could be assigned to one of these four clusters



Table 2

Properties of the four clusters compared to the volcanic ash layers

Cluster calcareous-low v Cluster detrital-low v Cluster calcareous-high v Cluster detrital-high v Volcanic layers

1st

Quartile

Median 3rd

Quartile

1st

Quartile

Median 3rd

Quartile

1st

Quartile

Median 3rd

Quartile

1st

Quartile

Median 3rd

Quartile

1st

Quartile

Median 3rd

Quartile

Proxies included in cluster model

v, �10�5 SI 35.2 42.7 52.4 56.1 69.3 79.3 75.8 92.1 107.8 122.3 148.5 181.8 166.6 256.5 435.5

Mr/Ms 0.23 0.24 0.25 0.21 0.22 0.25 0.24 0.25 0.26 0.22 0.24 0.24 0.23 0.23 0.24

Ms/vhf, 10
6 A/m 3.37 3.83 4.71 3.45 3.79 4.03 4.38 4.56 6.82 4.81 5.50 6.18 5.28 5.57 5.76

CaCO3, % 72.7 75.5 78.1 55.1 61.7 65.0 70.4 74.1 77.0 55.0 58.5 62.6 32.8 48.3 62.4

Ti/Al 0.13 0.14 0.16 0.11 0.12 0.14 0.15 0.17 0.19 0.16 0.18 0.20 0.19 0.22 0.24

Fe/Al 0.71 0.79 0.89 0.61 0.66 0.72 0.79 0.86 0.95 0.80 0.88 1.03 0.90 1.11 1.14

Zr/Al 0.02 0.03 0.04 0.05 0.07 0.08 0.03 0.04 0.05 0.06 0.08 0.10 0.08 0.09 0.14

Ba/Al 0.14 0.17 0.19 0.15 0.17 0.20 0.10 0.11 0.12 0.09 0.11 0.13 0.04 0.07 0.10

Mn/Al 0.24 0.27 0.29 0.15 0.17 0.18 0.23 0.25 0.28 0.18 0.19 0.20 0.16 0.17 0.19

v/Ti, �10�3 SI 126.8 138.5 169.0 138.7 162.3 191.5 212.8 224.8 244.8 213.0 233.1 258.1 205.8 222.1 336.7

Proxies excluded for cluster model

Al, % 1.9 2.1 2.2 3.0 3.3 3.9 2.2 2.4 2.6 3.2 3.5 3.9 2.8 4.5 5.3

v/Al, �10�3 SI 2.6 3.7 4.6 3.6 5.0 6.1 6.1 6.8 8.9 6.1 7.7 9.7 4.6 6.2 8.4

ARM/IRM, �100 0.79 0.86 0.97 0.75 0.80 0.95 0.58 0.61 0.69 0.59 0.64 0.72 0.71 1.53 4.29

Cluster properties expressed by distribution parameters 1st quartile, median and 3rd quartile. These parameters are calculated by sorting the measured values x within a cluster in

ascending order (x(1)bx(2)bx(3)b. . .bx(n)) before calculating the thresholds at which 25%, 50% and 75% of the sorted values are smaller, respectively. The parameters 1st quartile,

median and 3rd quartile are outlier robust.
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(Fig. 14). As most input parameters are related to

climate, the four clusters are not randomly distributed

throughout the core but are confined to specific

intervals (Fig. 14). The 16 intermediate samples,

which could not be assigned to a cluster, are mostly

located at the boundaries of these intervals.

Links between magnetic mineral concentration,

magnetic grain size, detrital input, and productivity

explain the major differences between the two dlow vT
and two dhigh vT clusters (Table 2). The dlow vT
clusters have considerably higher Ba/Al and ARM/

IRM values, while v/Ti, Ms/vhf, Ti/Al and Fe/Al
Fig. 14. Assigned clusters compared with (A) the measured d18O

data and (B) the d18O stratigraphy based on the SPECMAP curve.

Both comparisons indicate that around temperate climate periods

the ddetrital-high vT cluster is always followed by the dcalcareous-
high vT cluster.
ratios are considerably higher in the dhigh vT clusters.
Linear correlations between Mn/Al, Zr/Al and the

lithogenic fraction (Figs. 11, 12) explain the higher

Mn/Al ratios and lower Zr/Al ratios in the calcareous

clusters compared to detrital clusters (Table 2).

Dilution effects on the susceptibility signal can be

excluded when interpreting the cluster model, because

cluster properties show similar trends to v and v/Al
(Table 2).

The ddetrital-high vTand dcalcareous-low vT clus-

ters are the end members in the four-cluster model.

Comparison of median values of all parameters from

the sediment clusters with the volcanic ash layers

shows that the ddetrital-high vT cluster is most similar

to the volcanic ash layers (Table 2). This suggests that

the effect of detrital input from the nearby Azores

Islands is the strongest for sediments belonging to this

cluster. Evidently, the influence of volcanic ashes is

smallest on sediment samples assigned to the

dcalcareous-low vT cluster. This cluster is concentrated
in three stratigraphic intervals. (1) The lowermost part

of the core, corresponding to the glacial period of

stage 8. (2) The coldest episodes of stages 6 and 2,

which are intervals at which peaks in Zr/Al suggest a

different detrital input. (3) The peaks in Fe/Al

between 2 and 4 m depth, which are the only intervals

where strong evidence for diagenesis is provided.

Taking into account these observations, end member

cluster dcalcareous-low vT is considered as heteroge-

neous: the effects of diagenesis on sediment properties

cannot be neglected and possible effects of a deviating

detrital input source seem to be the largest.

Higher Ti/Al, v/Al, and v values, and lower Ba/Al

values are observed around temperate climate periods

(Fig. 8). Matching this observation with the cluster

properties explains that the two dhigh vT clusters are

found around temperate climate periods and the two

dlow vT clusters in sediments deposited during cold

climate periods (Fig. 14). An offset between maxima

in Ti/Al and Mn/Al around the temperate periods (Fig.

8) explains a succession of ddetrital-high vT and

dcalcareous-high vT clusters around the temperate

climate periods. Comparison with the d18O stratig-

raphy confirms that ddetrital-high vT clusters tend to

lie at the beginning of warm climate episodes (Fig.

14). They are followed by a dcalcareous-high vT
cluster, which tends to be situated towards the end of

the warm climate episodes.
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10. Climatic interpretation

Univariate analysis of Ba/Al and Ti/Al reveals two

major changes in sedimentation related to major

climate change: (1) a change in productivity as

deduced from Ba/Al and dexcess BaT, indicating

greater productivity during cold climate periods and

(2) a change in detrital input deduced from Ti/Al,

indicating a dominant detrital input from the nearby

volcanic Azores Islands during temperate climate

periods and possibly an increased effect of a second

detrital component during glacials. The presence of

another detrital input source in cold climate periods is

not only suggested by lower Ti/Al ratios but also by

the multivariate analyses. (1) Clusters dcalcareous-
high vT and especially ddetrital-high vT are most

similar to volcanic ash layers (Table 2). They are

concentrated around temperate climate periods and are

hardly found in glacials, suggesting that the detrital

volcanic component was less prominent in cold

intervals. (2) Prediction of both Mn/Al and Zr/Al by

Al with a linear regression model shows a subtle

difference between glacials and interglacials. Mn/Al

and Zr/Al are generally slightly underestimated during

the glacial periods and slightly overestimated during

temperate climate periods. These slight differences in

lithogenic fractions might be related to a slightly

different detrital input as Zr/Al is concerned, but the

erratic depth profile of Zr/Al and possible effects of

different sources on the normaliser Al in cold and

temperate periods prevents us from detecting the

sedimentation source.

The two dlow vT clusters are mainly found in

sediments deposited during cold climate periods. v/Ti
and ARM/IRM are slightly higher in these clusters

(Table 2), suggesting the presence of more fine grains

in sediments deposited during cold climate periods. It

is likely that these fine grains are related to detrital

changes and not to diagenetic processes, because: (1)

the high significance of the multiple regression

models between magnetic v and Al, Ti/Al, and Ba/

Al indicates that v represents a detrital signal with

absolute values influenced by dilution and (2) cluster

dcalcareous-low vT and cluster ddetrital-low vT show
these higher ARM/IRM and lower v/Ti ratios, while
samples providing evidence for diagenetic (precipita-

tion) peaks in Fe are only assigned to the dcalcareous-
low vT cluster (Table 2).
Detrital grain size variations are mainly influenced

by three factors; source material, wind strength and

distance from the source region. Koopmann (1981)

studied bulk particle sizes of deposited Saharan dust

in the North Atlantic. He found a decreasing particle

size with increasing distance from the coast and

related small particles (b6 Am) to eolian transport.

Extrapolating the data from Koopmann (1981) into

the Azores area (no cores were analysed from the

vicinity of the Azores Islands) suggests that the

contribution of small Saharan dust particles should

be in the range 80–90%. This suggests a small particle

size (on average) of eolian dust transported to the

Azores area. Assuming that a small particle size is

accompanied by a fine magnetic grain size, the

presence of more fine grains during the cold climate

periods may agree with the scenario that the second

source of detrital input during the glacials is eolian

input of fine Saharan dust. Aridity and stronger winds

in the northern Sahara and Iberian Peninsula during

these periods (Prospero and Nees, 1977; Sarnthein,

1978) suggest that this mechanism is also most likely

on climatological grounds. Lower magnetic concen-

trations in the glacials support this hypothesis,

because Saharan dust is less (ferri)magnetic than

volcanic rocks. The heterogeneous signal of the

glacial sediments prevents further description of the

eolian component (and detection of more detrital

components), because with a lack of comparative

studies in the region it is difficult to separate local

responses from global climate change in such a signal.

In contrast to the glacial intervals, the sedimentary

signals around temperate climate periods are remark-

ably consistent throughout the core. The stratigraphic

intervals around the temperate climate periods of

stages 7, 5, and 2 are characterised by a peak in Ti/

Al followed by a peak in Mn/Al 10 to 15 cm higher in

the core. Although less pronounced, the latter peak is

accompanied by a higher biogenic component (Fig. 8),

as demonstrated by the succession of the ddetrital-high
vT and dcalcareous-high vT clusters around temperate

periods (Fig. 14). The sedimentation source remained

probably unchanged during temperate periods because

Ti/Al ratios are only slightly lower in cluster

dcalcareous-high vT than in cluster ddetrital-high vT.
With sedimentation rates of around 3.5 cm/ky, the

offset between the Ti/Al and Mn/Al peaks corresponds

to 3–5.5 ky. This period is too long to attribute the
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offset between detrital and biogenic peaks to the

recovery of vegetation at the beginning of temperate

climate periods (e.g. Rosenbaum et al., 1996). A more

plausible explanation for this offset is the sea-level rise

at the beginning of the temperate climate periods due

to melting of ice-sheets. Morphological observations

from Azevedo and Portugal Ferreira (1999) on Flores

Island, one of the nine islands of the Azores

Archipelago, suggest that relative sea-level was 30–

45 m lower during the glacial periods compared to the

Holocene and stage 5. As volcanic activity took place

on the Azores during all recent glacial periods

(Azevedo and Portugal Ferreira, 1999), it is possible

that the glacial shores were covered with recent

volcanic material from eruptions. This material would

have washed into the sea when the sea-level rose at the

beginning of temperate climate periods, resulting in a

detrital volcanic peak in these sediments. When the

ice-sheets shrunk to their interglacial size, sea level rise

would have stopped and input from volcanic deposits

would have substantially decreased. As a result, the

effects of vegetation and soil formation become visible

in the sediments by a peak in biogenic input and Mn/

Al. The Laurentide and Eurasian continental ice-sheets

of the last ice age disappeared about 8 ka B.P., ~4.5 ky

after the Late Glacial–Holocene transition (Yu and

Wright, 2001), which started at 12.5 ka B.P. Assuming

that the duration of the melting of the ice-sheets was

similar in previous glacial–interglacial transitions, this

mechanism corresponds well with the estimated

periods between the Ti/Al and Mn/Al peaks. In this

scenario, the biogenic and possibly diagenetic compo-

nent, as reflected in the dcalcareous-low vT cluster, is
possibly the most typical of climate change. However,

this component is initially masked by the detrital

volcanic peak and therefore is only visible toward the

end of temperate periods.
11. Conclusions

Multivariate statistical analyses show a strong link

between magnetic properties and element composition

of marine sediments near the Azores Islands. The

strong linear correlation between magnetic suscepti-

bility and Al, Ti/Al, and Ba/Al demonstrates that v is

primarily reflects a detrital signal, affected by biogenic

dilution. The effects of grain-size variations and
diagenesis on v are limited. Effects of diagenesis are

only visible in Fe/Al peaks between 2 and 4 m depth.

High Ti/Al ratios and magnetic mineral concen-

trations indicate that detrital input from the nearby

Azores Islands is an important sediment source.

Lower Ti/Al and v values and slightly different

properties of the lithogenic fraction indicate the

presence of at least one other detrital source during

glacials. Climatological arguments suggest that eolian

deposition of Saharan dust is the most likely second

source, but this source cannot be positively identified.

Ba/Al ratios can be related to productivity and

indicate stronger productivity during glacials.

Cluster analysis shows that sediment properties at

the beginning of temperate climate periods are most

similar to the properties of the intercalated volcanic ash

layers. This peak in detrital volcanic material is

followed by a more biogenic and diagenetically

influenced peak toward the end of glacial periods.

The estimated time lag between both peaks is about 4

ky, which suggests that rising sea-levels would have

caused volcanic material deposited on the glacial

shores to be washed into the sea at the beginning of

the temperate climate periods. Initially, this masked the

biogenic component, represented by the dcalcareous-
high vT cluster which may be more typical of

environmental changes on the Azores Islands associ-

ated with warmer climate. Only after sea-level rise had

halted, and deposition of volcanic material decreased,

did the biogenic component become visible. This

finding warrants further study, because it informs us

about the impact of global climate change on a local

scale. This study demonstrates that a combined

magnetic and chemical approach is powerful for this

purpose, because in combination with multivariate

statistical analysis it enables detection of subtle

changes in sediment properties.
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