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Abstract

This study of sediments from the Cap Timiris Canyon demonstrates that geochemical data can provide reliable age-depth correlation even of

highly turbiditic cores and attempts to improve our understanding of how turbidite emplacement is linked to climatic-related sea-level changes.

The canyon incises the continental margin off NW Africa and is an active conduit for turbidity currents. In sediment cores from levee and

intrachannel sites turbidites make up 6–42% of sediment columns. Age models were fitted to all studied cores by correlating downcore element

data to dated reference cores, once turbidite beds had been removed from the dataset. These age models enabled us to determine turbidite

emplacement times. The Cap Timiris Canyon has been active at least over the last 245 kyr, with turbidite deposition seemingly linked to stage

boundaries and glacial stages. The highly turbiditic core from the intrachannel site postdates toz15 kyr and comprises Holocene and late

Pleistocene sediments. Turbidite deposition at this site was associated especially with the rapid sea-level rise at the Pleistocene/Holocene

transition. During the Holocene, turbidity current activity decreased but did not cease.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Submarine canyon systems are common on ocean margins

and are conduits for channelised mass transport mainly in form

of turbidity currents. The resulting depositional pattern is

characterised by pelagic sediments interbedded with turbidites

(e.g. Bouma, 1962; 2000; Stow and Shanmugam, 1980; Bouma

et al., 1985). Various types of turbidite deposition during the

Pleistocene and Holocene can be observed along the NW

African continental margin (e.g. Simm et al., 1991; Weaver et

al., 1992; Masson, 1994; Wynn et al., 2000a,b; 2002), along the

NE Atlantic margin (e.g. Davies et al., 1997; Weaver et al.,

2000), in the Mediterranean Sea (e.g. Rothwell et al., 1998;

2000; Reeder et al., 2000), or in large turbidite systems such

as the Amazon Fan (e.g. Lopez, 2001), the Bengal Fan

(e.g. Weber et al., 1997; 2003) and the Zaire Fan

(e.g. Babonneau et al., 2002; Droz et al., 2003).

Age dating of these sediments is necessary to obtain

information on depositional frequency and emplacement
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times of the turbidites. However, conventional methods such

as oxygen isotope (d18O) analyses, radiocarbon dating or

biostratigraphy are time-consuming and expensive, and

indirect dating methods such as geochemical correlation

are desirable as tools to fit age models. Pearce and Jarvis

(1995), for example, used metre-thick turbidites from the

Madeira Abyssal Plain off Morocco as geochemical marker

beds and correlated them over distances of O500 km. The

intervening centimetre-thick pelagites were assigned to their

corresponding oxygen isotope stages (OISs) based on

biostratigraphy.

The main purpose of this paper is to show that geochemical

correlation of pelagic sequences can be applied to sediment

cores which contain from 6 to 42% turbidite layers, and that it

is possible to fit age models to these cores by correlation. Cores

from the Cap Timiris Canyon in the Atlantic Ocean off

Mauritania (Krastel et al., 2004) are suitable to introduce this

new method. The canyon was discovered during RV Meteor

cruise M 58-1 in April/May 2003 and investigated by

combined employment of seismo-acoustic, sedimentological

and geochemical techniques (Schulz and Cruise Participants,

2003). In this study, we primarily present geochemical data

from four sites in the Cap Timiris Canyon, three of which are

located on levee structures and one from the interior part of the

channel, where sediment was accumulating.
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Fig. 1. Overview of the study area. Upper left: general map of the Atlantic Ocean offshore NW Africa with locations of the reference cores (open circles) GeoB 7919-5 (Meggers and Cruise Participants, 2003), CD

53-30 (Matthewson et al., 1995) and ODP 658C (Ruddiman et al., 1988). Main map: locations of selected coring positions (closed circles) in the Cap Timiris Canyon during RV Meteor cruise M 58-1 (this study).

Lower right: close-up view of the intra-channel site GeoB 8509 and the adjacent site GeoB 8507 on the northern levee. Slightly modified from Krastel et al. (2004).
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In our approach we created age models for the pelagic

sequences in all cores based on their downcore element

variations. These were correlated to well-dated variations of

the carbonate content in two dated reference records obtained

from literature. The age models provide information on

frequency and emplacement times of turbidites and hence

contribute to our understanding of, and quantify, the processes

of turbidity-current generation. Main objectives of this

paper are.

(1) to introduce a method for core-to-core correlation using

geochemical data on turbidite-containing cores, and

(2) to determine turbidite emplacement times in the cores and

assess emplacement to sea-level stand and climatic

conditions.
2. Study site

The Cap Timiris Canyon is an example of an active canyon

system off the Mauritanian coast which incises the NW African

shelf and continental slope (Krastel et al., 2004). The canyon

head abuts the topography-deduced Tamanrasset River System

which, although not discharging under present-day climatic

conditions, ranks among the largest river systems worldwide.

The mouth of this potential river system is located off

Cap Timiris whereas its flow pathways, as postulated by

Vörösmarty et al. (2000), are now covered by extensive

Saharan sand dunes. For the Western Sahara Desert in

Mauritania, Lancaster et al. (2002) describe three main periods

of dune generation from 25–15, 13–10 kyr and after 5 kyr.
Table 1

Key parameters of cores discussed in this study including core number, geographic

available data

Core no. Latitude (N) Longitude (W) Water depth (m) L

c

Cores from the

Cap Timiris

Canyon

GeoB 8502-4 19813.210 18856.050 2952 L

GeoB 8502-2 19813.270 18856.040 2956 L

GeoB 8506-1 19842.560 17842.940 1828 L

GeoB 8506-2 19842.570 17842.950 1827 L

GeoB 8507-1 19828.490 18805.970 2414 L

GeoB 8507-3 19828.500 18805.970 2411 L

GeoB 8509-3 19827.010 18805.340 2584 I

GeoB 8509-2 19827.030 18805.340 2585 I

Reference cores

GeoB 7919-5 20856.410 19823.380 3420 –

CD 53-30 19842.780 20842.810 3565 –

ODP 658C 20845 0 18835 0 2263 –

MUC, multicorer; GC, gravity corer.
a Extracted from Matthewson et al. (1995).
b Extracted from deMenocal et al. (2000).
The dunes may relate to the Pleistocene/Holocene history of

the Tamanrasset River System in that they covered its flow

pathways (as is the case today) and accumulated considerable

amounts of sand in dry river beds (wadis). This material may

have been transported episodically into the ocean, and thereby

into the Cap Timiris Canyon, during flash floods.

Channelised gravity-driven mass transport processes deliver

sediment from the shelf and upper continental slope to the

deep-sea abyssal plain. Today sediment feeding into the

canyon mainly derives from eolian dust from the sub-Sahara

and Sahel region (Tetzlaff and Wolter, 1980; Pye, 1987; Wefer

and Fischer, 1993) and from intensive biomass production due

to upwelling, especially in the proximal parts of the canyon

(e.g. Fütterer, 1983; Bertrand et al., 1996; Martinez et al.,

1999). Upwelling activity is considered to generally have been

most intense during glacial conditions (Diester-Haass and

Chamley, 1982). Terrigenous input likewise increased during

glacial periods, mainly due to enhanced availability of source

material and strength of transporting winds (Matthewson et al.,

1995; deMenocal et al., 2000).

3. Materials

In this study, geochemical analyses were performed

onboard during RV Meteor cruise M 58-1 in April/May 2003

(Schulz and Cruise Participants, 2003) on four gravity cores

and their corresponding multicorer cores (MUCs) from the Cap

Timiris Canyon (Fig. 1 and Table 1). Three of these coring sites

are on levee structures (GeoB 8502, GeoB 8506, GeoB 8507)

and one at an intrachannel location (GeoB 8509). GeoB 8502 is

a pelagic site in the lower reaches of the canyon whereas sites
position, water depth, location in the canyon system, gear type, recovery and

ocation in

anyon system

Gear type Recovery (cm) Available data

evee MUC 24 XRF; shipboard

evee GC 1478 XRF; shipboard

evee MUC 30 XRF; shipboard

evee GC 1008 XRF; shipboard

evee MUC 34 XRF; shipboard

evee GC 1000 XRF; shipboard

ntrachannel MUC 20 XRF; shipboard

ntrachannel GC 904 XRF; shipboard

GC 1458 XRF; land-based

total carbonate,

oxygen isotope

dataa biogenic

carbonate, radio-

carbon datab
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GeoB 8506, GeoB 8507 and GeoB 8509 are under the marginal

influence of the organic carbon-rich Cape Blanc depocenter

(Bertrand et al., 1996; Martinez et al., 1999). The highly

turbiditic core GeoB 8509-2 was recovered from the interior of
Fig. 2. 2a–d. Ca, Al, Si/Fe and Si/Al downcore profiles in gravity cores from the Cap

been coded by numbers with T 1 being the most recent. Closed circles in Fig. 2d ind

2005).
the Cap Timiris Canyon directly opposite site GeoB 8507,

where the channel widens into a NE-SW elongated basin of

about 4 km width and 160 m depth relative to the levees.

Incised into this basin is a 200–300 m wide gully or thalweg
Timiris Canyon. Grey bars mark the positions of the turbidites. Turbidites have

icate the depths selected for AMS 14C analyses in core GeoB 8509-2 (see Holz,



Fig. 2 (continued)
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which marks the most active part of the channel (Schulz and

Cruise Participants, 2003). It is likely that on exiting the narrow

channelised pathway and entering this basin, turbidity currents

will lose flow energy, leading to deposition of part of their

sediment load. The coarser fraction will settle out of
suspension and will be deposited without major erosion of

the substrate. This area with sediment accumulation was

sampled to ensure intercalation of turbiditic material with

pelagic sediments. A detailed bathymetric map of the Cap

Timiris Canyon is published in Krastel et al. (2004).
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Gravity core GeoB 7919-5, obtained off Cape Blanc during

RV Meteor cruise M 53-1c in April/May 2002 (Meggers and

Cruise Participants, 2003), was analysed geochemically prior

to our cruise in order to provide a master record for use

onboard. Its downcore Ca profile was correlated with detailed

total carbonate data of core CD 53-30, retrieved from the Cape

Verde Terrace, and well-dated back to z290 kyr based on

Foraminifera d18O records (Matthewson et al., 1995). Core

from Ocean Drilling Program (ODP) Site 658C, recovered off

Cape Blanc during Leg 108 (Ruddiman et al., 1988), also

served as a high resolution reference by supplying a radio-

carbon age back to z25 kyr and detailed biogenic carbonate

data (deMenocal et al., 2000; Fig. 1 and Table 1).

4. Methods

4.1. Land-based and onboard geochemical analyses

Downcore element profiles were determined for the

reference core GeoB 7919-5 prior to the cruise at Bremen

University on syringe samples in 5 cm intervals. The four

gravity cores and their corresponding MUCs from the Cap

Timiris Canyon were analysed onboard ship. MUCs were

sampled at a resolution of 1 cm for the upper 10 cm and a

resolution of 2 cm below this depth. Continuous strips of

sediment were collected from the gravity cores in plastic

U-channels with a cross-section of 1.5!2 cm and the complete

U-channel was sectioned in 4 cm increments. All samples were

oven-dried at 200 8C for 60 min and ground manually. Reliable

contents for eighteen elements (Si, Ti, Al, Fe, Mn, Mg, Ca, K,

Sr, Ba, Rb, Cu, Ni, Zn, P, S, Cl and Br) were determined by

energy-dispersive polarisation X-ray fluorescence (EDPXRF)

spectrometry using a Spectro Xepos instrument. Analytical

quality was assessed by daily analyses of a pressed pellet of

MAG-1 standard reference material (4 g MAG-1 standard

powder C0.9 g Hoechst Wax; e.g. Govindaraju, 1994). The

XRF analytical method employed is described in detail

elsewhere (Wien et al., 2005). All geochemical data presented

in this study are available on the Pangaea database (http://

www.wdc-mare.org/PangaVista?queryZ@Ref26537).

4.2. Distinction between turbidites and pelagites

Sediments collected from the Cap Timiris Canyon mainly

consist of bioturbated pelagic mud and turbidite layers. Yet a

visual distinction between the homogenous upper part of a

turbidite and the overlying pelagite is often complicated,

especially when there is a gradational transition due to

bioturbation instead of a distinct discontinuity at the boundary.

A multi-proxy approach was used to determine the limits of the

turbidites as exactly as possible. Uncertain bed boundaries

were fixed by combined visual investigation of the split core

together with corresponding X-ray radiographs, and additional

information obtained from grain size (Holz, 2005) and

geochemical analyses. Several intercalated turbidites could

be clearly distinguished from pelagites by their Si/Al or Si/Fe

ratios (Fig. 2a–d). Possible occurrence of depositional
lamination is commonly obscured by intense bioturbation

especially if turbidites are thin (Weaver et al., 1992).

Lamination is a certain indicator for turbidite deposits whereas

uniformly distributed foraminifera within a sediment interval

are an indicator of pelagic sediments.

Prior to geochemical correlation of the sediment cores it was

necessary to remove from the dataset all analyses made on

turbiditic material. Turbidite boundaries from visual sedimen-

tological investigations (core description; X-ray radiographs)

were read off with 0.5 cm accuracy whereas geochemical

analyses were done in 4 cm increments. All XRF samples were

taken continuously and therefore, sample breaks did not

necessarily correspond exactly with observed boundaries

between turbidite and pelagite beds. Whenever XRF was

performed on a sample containing both sediment types

(turbidite/pelagite), it remained within the dataset only if the

amount of turbidite material comprised less than half the

sample (!2 cm). The resulting error had no direct influence on

the correlation as it only affects the analyses immediately

above and below the individual turbidite layers and not the

pelagic sequences in between. Only sediments which had been

unambiguously identified as turbidites were removed from the

dataset whereas material which had neither clear pelagic nor

turbiditic signature remained. Consequently, the reported

amount of turbidite material is the minimum present.

4.3. Core-to-core correlation

The cores from the Cap Timiris Canyon were tied into a

stratigraphic framework by correlating their downcore Ca

content profiles with carbonate data from the reference cores

CD 53-30 (Matthewson et al., 1995) and ODP 658C

(deMenocal et al., 2000). Core GeoB 7919-5 was also included

as its geochemical data allowed fit of age models for all

analysed elements. Since this core was examined pre-cruise

using XRF, its whole element suite supplemented carbonate

data of the two reference cores. Prior to correlation, MUCs

were tied to the tops of their corresponding gravity cores as the

core tops of the latter were disturbed by the coring process. The

overlapping section was determined on the absolute values of

the major elements. The geochemical analyses of the top few

centimetres of the gravity core were substituted by the

equivalent higher resolution analyses of the MUC. The MUC

tops are defined to have an age of 0 kyr, representing the

present sediment surface.

Correlation and fitting of ages to the pelagic intervals of all

cores were made by linear interpolation between tie points

using the software ‘AnalySeries’, version 1.1 (Paillard et al.,

1996). Each turbidite was numbered according to its position

within the sedimentary sequence, with T 1 at the top (most

recent) and T X at the base. In the following text turbidites will

be referred to according to the notation T X-GeoB 85XX.

Composite beds where two or more turbidites are deposited

directly on top of each other without interbedded pelagites (e.g.

T 3-GeoB 8506 in Fig. 2c; T 12-GeoB 8509 in Fig. 2d) are

labelled using one number only as it was not possible to decide

whether such multiple turbidites were deposited consecutively

http://www.wdc-mare.org/PangaVista?query=@Ref26537
http://www.wdc-mare.org/PangaVista?query=@Ref26537
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in the course of one event or during several subsequent events.

Therefore, the labels neither reflect the actual number of

turbidite events nor the actual number of turbidite layers. The

geochemical age model for core GeoB 8509-2 was constrained

using nine accelerator mass spectrometer (AMS) radiocarbon

dates of monospecific samples of the planktonic foraminifer

Globigerinoides ruber (Holz, 2005).

Before applying the correlation technique it was necessary

to make some assumptions and to assess possible sources of

errors. It was assumed that in the study area pelagites and

turbidites were and are still accumulating, and that turbidites

caused little or nil erosion. Possible sources of error include

uncertainties in precisely defining turbidite-pelagite bound-

aries, and unidentified turbidites (especially thin mud

turbidites). Because of these uncertainties care must be taken

with correlation of turbiditic cores.
5. Results

5.1. Geochemical analyses

Turbidite position and selected geochemical data for each

core from the Cap Timiris Canyon were plotted to assess

downcore variations (Fig. 2a–d). There is a clear contrast

between the pelagite and turbidite distribution on the levees

and at the intrachannel site. The three levee cores GeoB 8502-

2, GeoB 8507-3 and GeoB 8506-2 contain relatively little

turbidite sediment (z6–8% of the sediment column). Core

GeoB 8509-2 taken from the interior of the canyon comprises

approximately 42% turbidite material (Table 4). The downcore

Ca and Al profiles represent compositional variations in the

time-series record and, in addition, indicate a frequent element

enrichment or depletion in turbidite layers compared to the

over- and underlying pelagites. The element ratios Si/Fe and
Fig. 3. Correlation of the cores CD 53-30 (Matthewson et al., 1995), GeoB 7919-5

downcore positions of turbidites present in core GeoB 8502-2. The question mark i

missing. A hiatus at the same stratigraphic position in reference core CD 53-30 is
Si/Al in contrast represent the amount of siliciclastic material

in the turbidites with respect to the pelagic sediments. Note that

turbidite layers are often, though not necessarily, characterised

by element contents or element ratios which deviate from the

general trend. This is best seen in turbidites T 1-3-GeoB 8509

and T 1, 7, 10, 11-GeoB 8502. Occasionally, Si/Fe and Si/Al

ratios pretend the presence of turbidites but this may result

from sand-filled burrows which can be distinguished from

turbidites by core description and X-ray radiographs (e.g. Si/Al

and Si/Fe peaks at 850–870 cm depth in GeoB 8502-2, at

z110 cm depth in GeoB 8506-2).
5.2. Age models for the pelagites

An age model was initially fitted from the d18O dated

reference core CD 53-30 (Matthewson et al., 1995) via GeoB

7919-5 to GeoB 8502-2 by correlation of total carbonate and

downcore Ca variation (Fig. 3). All three cores extend from the

present to nearly 290 kyr. The geochemical data suggest a

hiatus is present in the lower part of GeoB 8502-2 (indicated by

a question mark in Fig. 3). This hiatus comprises nearly the

entire OIS 7 and occurs at the same stratigraphic position

where a hiatus of approximately 37 kyr is recorded in core CD

53-30. The latter is probably due to an erosive event which

deposited a thin turbidite layer (Matthewson et al., 1995).

However, no mass gravity deposit is seen in core GeoB 8502-2.

The Ca record of the pelagites from the intrachannel core

GeoB 8509-2 was correlated with ODP Core 658C, taking

advantage of its detailed biogenic carbonate record for the last

25 kyr (deMenocal et al., 2000; Fig. 4). Note that only the last

14.8 kyr of ODP 658C carbonate data are shown in Fig. 4 as

there is a hiatus between 14.8 and 17.4 kyr. According to the

correlation, GeoB 8509-2 dates back to z15 kyr. This age

model agrees with the radiocarbon data (Holz, 2005) for the
and GeoB 8502-2 based on total carbonate and Ca data. T 1 to T 10 mark the

ndicates the interval where part of the sediment in this core is presumed to be

due to erosion by a mass gravity flow.



Fig. 4. Correlation of GeoB 8509-2 Ca data with biogenic carbonate data for the upper 3.3 m (the last 14.8 kyr) of the reference core from ODP Site 658C

(deMenocal et al., 2000). Also shown is the Al record of GeoB 8509-2 which mirrors the Ca content profile. The positions of the AMS 14C analyses in core GeoB

8509-2 are indicated by arrows. Theses ages agree for the last 5 kyr, however, discrepancies can be observed at older time. AMS 14C data from Holz (2005).
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last 5 kyr, however, discrepancies of up to 1.9 kyr between the

radiocarbon data and the fitted age model are seen in the lower

part of the core. Four radiocarbon ages are younger than would

be predicted by the correlation and one is older (Table 2).

The cores GeoB 8506-2 and GeoB 8507-3 were adjusted

using their Ca and Al data (Figs. 5 and 6), and fitted with age

models by correlation with GeoB 8502-2. This correlation is

reliable for the upper two distinct Ca peaks in cores GeoB

8506-2 and GeoB 8507-3 which date back to z20 kyr. Below

these peaks, correlation up to z55 kyr was more difficult as the

Ca content profiles lack significant peaks. Lastly, Ca profiles

from all cores from the Cap Timiris Canyon were plotted as

shown in Fig. 6.
5.3. Turbidite emplacement times

As can be seen in Figs. 3 and 6, turbidity currents delivered

sediments predominantly at stage boundaries and during

glacial periods. Turbidites at the levee sites GeoB 8502,

GeoB 8507 and GeoB 8506 were emplaced at transitions from
Table 2

Discrepancies between radiocarbon data and fitted age model at five depths in

core GeoB 8509-2

Depth (cm) Radiocarbon age

(kyr)

Geochemical

age model (kyr)

Discrepancy

(kyr)

305 8.0 6.7 1.3

460 10.0 10.4 0.4

515 10.4/10.7 12.2 1.8/1.5

720 11.8/12.1 13.0 1.2/0.9

881 12.7/12.9 14.3 1.6/1.4 Fig. 5. Correlation of downcore Al data on the cores GeoB 8506-2 and GeoB

8507-3.



Fig. 6. Age models for the four cores GeoB 8502-2, GeoB 8507-3, GeoB 8509-2 and GeoB 8506-2 from the Cap Timiris Canyon based on correlation of their

downcore Ca content profiles. Dotted lines indicate well-correlated turbidite layers. The entire length of core GeoB 8502-2 is not shown but for illustration purposes

only the interval back to an age of 100 kyr.
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glacial to interglacial/interstadial, and at transitions from

interglacial/interstadial to glacial. Eight turbidites are at mid-

stage positions during glacial OISs 6 and 2. Only T 4-GeoB

8502 and T 4-GeoB 8506 were deposited during interglacial

OIS 5 and interstadial OIS 3, respectively.

A clear contrast can be seen at intrachannel site GeoB 8509

where most turbidites (T 18-8-GeoB 8509) are linked to late

glacial OIS 2 and the stage boundary 1/2 whereas the

remainder (T 7-1-GeoB 8509) was deposited during Holocene

time (OIS 1). The three most recent turbidites at this site were

emplaced z0.5, 1.7 and 2.5 kyr ago. Owing to the very

different ages and thus, sedimentation rates of the four study

cores, it was rarely possible to link intrachannel turbidites and

overspill turbidites on the levees across the Cap Timiris

Canyon. Only four examples where two or three deposits may

be related to the same turbidite event were recognised at z10,

at z14, at 17–18 and at 24–25 kyr (Fig. 6 and Table 3).
5.4. Pelagic and turbidite sedimentation rates

Average sedimentation rates were determined from these

age models for the pelagic and intercalated turbidite beds of all

study cores (Table 4). Note that in this study all sedimentation

rates have been calculated over the entire core lengths and not

back to a certain age, owing to the very different time-

resolutions of the cores. For the three levee sites, pelagic

sedimentation rates vary significantly, being lowest

(z7.0 cm/kyr) at the deepest site GeoB 8502 and increasing

significantly upslope nearly three-fold to 17–18 cm/kyr at sites

GeoB 8507 and GeoB 8506. The most prominent shift,

however, occurs at the intrachannel site GeoB 8509
(z35 cm/kyr) where pelagic sedimentation rates are doubled

compared to the directly adjacent levee site GeoB 8507.

Turbidite sedimentation rates are low (between z0.7 and

1.2 cm/kyr) at the levee locations, but show much higher average

values of z25 cm/kyr at the intrachannel site. Owing to the

temporally very different turbidite abundances at the latter

location, sedimentation rates were calculated separately for the

Holocene (0–12 kyr) and the late Pleistocene (12–15.2 kyr). The

values indicate that the pre-Holocene turbidites at the

intrachannel site had accumulated at an average rate of

approximately 64 cm/kyr with an average recurrence interval of

z300 years. In contrast, average sedimentation rates for

Holocene turbidites are much lower (z15 cm/kyr) with a

recurrence interval of z1.7 kyr in average (Fig. 4).

Core GeoB 8509-2 from the interior part of the Cap Timiris

Canyon shows a change in sediment geochemistry betweenz5.2

and z3.0 m depth which corresponds to the age between z12.3

and z6.5 kyr. This change is clearly visible in the Ca and Al

content profiles (Figs. 2d and 4) where Ca shows a shift to higher

and Al a depletion to lower values between 5.2 and 3.0 m.
6. Discussion

6.1. Turbidite emplacement in the Cap Timiris Canyon

Indirect dating has allowed ages of emplacement to be

assigned to each turbidite unit and thus allows estimation of the

frequency of turbidite emplacement in the Cap Timiris

Canyon. Turbidites in the lower part of core GeoB 8502-2

suggest that the Cap Timiris Canyon was active for at least the

last 245 kyr. On this time scale, the data, especially on the

three levee cores, suggest turbidite activity was controlled by



Table 3

Core number, location in the canyon system, turbidite notation, turbidite depth and turbidite emplacement time in all study cores from the Cap Timiris Canyon as

determined from the geochemical age models

Core no. Location in canyon system Turbidite no. Turbidite depth (cm) Turbidite emplacement time (kyr)

GeoB 8502-2 Levee T 1 25–47 10.1

T 2 142–155 24

T 3 437.5–445 60

T 4 722–727 105

T 5 892–898 138

T 6 1005–1009 157

T 7 1034–1050 162

T 8 1096.5–1103 172

T 9 1184.5–1186.5 188

T 10 1234.5–1254.5 243

T 11 1259–1271 243

T 12 1282–1293 245

GeoB 8506-2 Levee T 1 172–182 17.3

T 2 211–216 18.9

T 3 350–397 25

T 4 918–919 50

GeoB 8507-3 Levee T 1 133–151 14.4

T 2 217–247 17.9

T 3 417–425 25

GeoB 8509-2 Intrachannel T 1 8–32 0.5

T 2 60–100 1.7

T 3 129–152.5 2.5

T 4 269–289 6.1

T 5 306–314 6.7

T 6 366–409 9.3

T 7 438–459 10.4

T 8 517–553 12.3

T 9 557.5–581.5 12.3

T 10 598–605 12.5

T 11 634–642 12.9

T 12 649–710 12.9

T 13 717–719.5 13.0

T 14 750–752 13.4

T 15 777–780.5 14.0

782–820

T 16 833–844.5 14.3

T 17 855–856.5 14.5

857.5–861.5

862.5–865

T 18 868.5–871.5 14.6

873.5–880

Table 4

Core number, location in the canyon system, percent of sediment column made up of turbidites, maximum ages and average pelagic and turbiditic sedimentation

rates

Core no. Location in

canyon system

Percent of sediment column

made up of turbidites (%)

Maximum age at

base of core (kyr)

Average pelagic sedi-

mentation rates (cm/kyr)

Average turbidite sedi-

mentation rates (cm/kyr)

CD 53-30 – – z290 2.4; variation between 1.5

and 5.6

–

GeoB 7919-5 – – z290 4.6 –

ODP 658C – – z25 18 –

GeoB 8502-2 Levee 8 z190a (?280b) 7.0a 0.7a

GeoB 8507-3 Levee 6 z55 17 1.0

GeoB 8506-2 Levee 6 z55 18 1.2

GeoB 8509-2 Intrachannel 42 z15 35 (28c; 63d) 25 (15c; 64d)

Sedimentation rates were calculated from the maximum age at the base of each core instead of a corresponding age for all cores. Average pelagic sedimentation rates

for core CD 53-30 are from Matthewson et al. (1995); for core ODP 658C from deMenocal et al. (2000).
a At z12 m core length.
b At z14.8 m core length.
c From 0 to 12 kyr.
d From 12 to 15.2 kyr.
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sea-level fluctuations over the last glacial-interglacial cycles.

Turbidity currents seem to have been preferentially triggered at

stage boundaries at changes from one climatic regime to

another, accompanied both by sea-level changes (cf. Weaver

and Kuijpers, 1983; Weaver and Rothwell, 1987; Simm et al.,

1991; Rothwell et al., 1992; Weaver et al., 1992; Lopez, 2001;

Wynn et al., 2002) and perhaps changes in the ocean current

system during sea-level low-stands (cf. Shanmugam and

Moiola, 1982; 1984; Stow et al., 1984; Posamentier and Vail,

1988; Lopez, 2001).

The most detailed record of turbidity current activity at the

transition from the last glacial to the Holocene is preserved in

the intrachannel core GeoB 8509-2. The Ca record of this core

corresponds to the carbonate record of the reference core from

ODP Site 658C where shifts in sediment composition indicate

the onset and termination of the African Humid Period

(14.8 and 5.5 kyr) and the termination of the Younger Dryas

cool period (12.3 kyr; deMenocal et al., 2000). Turbidites at

site GeoB 8509 clearly accumulated during the end of the last

glacial period and occur with an average emplacement

frequency of 1 event every 300 years from the beginning of

the African Humid Period until the end of the Younger Dryas

cool period. These events occured during the deglaciation and

the rapid sea-level rise at the Pleistocene/Holocene transition.

Turbidity current activity in the Cap Timiris Canyon decreases,

but does not cease, during the Holocene and therefore, provides

an example for continued mass transport at a time of high sea-

level, as has also been noted in other turbidite settings (e.g.

Weber et al., 1997; 2003; Babonneau et al., 2002; Wynn et al.,

2002; Droz et al., 2003).

The correlation of core GeoB 8509-2 with ODP Site 658C

highlights a discrepancy between the geochemical age model

and the radiocarbon ages especially in the lower half of the

core. The higher radiocarbon age of 7.95 kyr (geochemical age

model: 6.7 kyr) may possibly be explained by supply of older

material from the upper slope through a turbidite event. This

explanation, however, cannot be applied to the radiocarbon

ages which are younger than predicted by the correlation.

However, for the purpose of correlation the ODP 658C

carbonate data were the most appropriate choice because this

site is located close to the Cap Timiris Canyon at a similar

water depth as GeoB 8509. The high resolution carbonate

profile of this reference core for the last 25 kyr allowed the best

fit of an age model to our study core GeoB 8509-2.

Turbidity current activity in the Cap Timiris Canyon often

coincides with other reported mass transport events along the

NW African continental margin and in the Mediterranean Sea

(Table 5). Deposition of turbidite T 2-GeoB 8502 at 24 kyr, for

example, corresponds to the emplacement of the Balearic

Basin Megaturbidite in the Western Mediterranean Sea around

22 kyr at the height of the last glacial maximum (Rothwell

et al., 2000). At this time, sea-level approached its lowest stand

during the last 130 kyr, approximately K120 m relative to the

present (Shackleton, 1987). Turbidite T 3-GeoB 8502 (60 kyr)

occurs at approximately the same time as the Saharan Debris

Flow (60 kyr; Gee et al., 1999) and turbidites d on the Madeira

Abyssal Plain (Rothwell et al., 1992; Weaver et al., 1992), AB5
in the Agadir Basin (Wynn et al., 2002) and Se on the Seine

Abyssal Plain (Davies et al., 1997) which were emplaced

59 kyr ago at the stage boundary 3/4. Deposition of turbidite T

8-GeoB 8502 at 172 kyr is almost synchronous with a

z170 kyr old slide that onlaps a distal part of the canyon

(Krastel et al., 2004). However, apparent synchronous

emplacement of turbidites in the Cap Timiris Canyon with

mass flow deposits from different source areas suggests

temporal episodes of instability and deposition of separate

events closely spaced in time. Mass flow deposits from other

regions do not correlate with the turbidites in the Cap Timiris

Canyon.

6.2. Sea-level control on turbidite emplacement

Sea-level changes seem to be important driving forces for

the advective sediment flux through a canyon. Our data support

findings in this regard, and even though they do not furnish

information on the underlying physical mechanisms, which are

to date still poorly understood, we may speculate about these

mechanisms. Relative sea-level changes control the accom-

modation space available for sediments (e.g. Posamentier et al.,

1988; Posamentier and Vail, 1988; Vail et al., 1991), and

within this context, several factors may possibly govern the

stability of the accumulated sediment masses on a passive

continental margin. Sea-level fall, for one, causes enhanced

sediment transport to the shelf edge, thereby inducing

depositional oversteepening of the slope. Once the sea-level

falls below the shelf break a loss of buoyancy in the upper slope

sediments may promote slope instability. Sea-level changes

also influence the hydrostatic pressure on a sediment column.

Excess pore water pressure in the near-surface sediments may,

for example, result from low permeability of overlying

sediments and/or high sedimentation rates (e.g. Einsele et al.,

1996). In addition, sea-level changes may induce changes in

the circulation pattern and hydrological properties of the

bottom (e.g. contour) currents which can undercut the foot of

the slope and erode, mould, transport and redistribute

sediments (cf. Simm et al., 1991; Einsele, 1996; Weaver

et al., 2000; Imbo et al., 2003). The magnitude of sea-level

change has further been suggested to broadly correlate with the

volume of turbidites on the Madeira Abyssal Plain (Weaver

and Rothwell, 1987).

6.3. Sedimentation rates in the Cap Timiris Canyon

The large range of average pelagic sedimentation rates

recorded at the four core sites in the Cap Timiris Canyon

reflects their different depositional environments and different

response to factors such as terrigenous input, regional

productivity, or dynamic settings within the canyon system.

All sites receive high eolian input due to their positions below

the African dust plume (Tetzlaff and Wolter, 1980; Pye, 1987;

Wefer and Fischer, 1993). However, site GeoB 8502 is located

in a deeper, more distal part of the canyon well outside the

high-productivity upwelling region off Cape Blanc. Conse-

quently, sediments here show less high pelagic sedimentation



Table 5

Compilation of mass gravity flows that coincide with turbidites in the Cap Timiris Canyon

Turbidite no. in

GeoB 8502-2

Emplacement

time (kyr)

Turbidite no. in

GeoB 8506-2

Emplacement

time (kyr)

Turbidite no. in

GeoB 8507-3

Emplacement

time (kyr)

Turbidite no. in

GeoB 8509-2

Emplacement

time (kyr)

Emplacement synchro-

nous with.
Climate/sea-level

changes

T 1 0.5 Turbidite a, MAP

(!1 kyr)a,b

Turbidite AB1, AB

(!1 kyr)c

T 2 1.7

T 3 2.5

T 4 6.1

T 5 6.7

T 6 9.3

T 1 10.1 T 7 10.4

T 8 12.3 Turbidite b, MAP

(12 kyr)d,b

Stage boundary 1/2

(12 kyr); Termination I;

T 9 12.3 Turbidite AB2, AB

(12 kyr)c

T 10 12.5 Turbidite Sc, SAP

(12 kyr)e

Rapid sea-level rise at

Pleistocene/Holocene

transition

T 11 12.9 Mauritanian Slide

Complex (z11–14 kyr;

own unpublished data)

T 12 12.9

T 13 13.0

T 14 13.4

T 15 14.0

T 1 14.4 T 16 14.3 Canary Debris Flow

(15 kyr)f

T 17 14.5

T 18 14.6

T 1 17.3 T 2 17.9 Lowest sea-level

(K120 m) during

Weichselian glaciationg

T 2 18.9

T 2 24 T 3 25 T 3 25 Balearic Basin Mega-

turbidite (z22 kyr)h

Stage boundary 2/3

(24 kyr); rapid sea-level

lowering to its lowest

stand (K120 m) during

Weichselian glaciationg

Turbidite AB3, AB

(24 kyr)c

Turbidite Sd, SAP

(24 kyr)e

Herodotus Basin Mega-

turbidite (z27 kyr)i,h

T 4 50

T 3 60 Turbidite d, MAP

(59 kyr)d,a

Stage boundary 3/4

(59 kyr)
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Turbidite AB5, AB

(59 kyr)c

Turbidite Se, SAP

(59 kyr)e

Saharan Debris Flow

(60 kyr)j

T 4 105 Turbidite Sh, SAP

(z100 kyr)e

T 5 138 Turbidite AB13, AB

(130–190 kyr)c

Rapid sea-level lower-

ing to its lowest stand

(K150 m) during Saa-

lian glaciationk

Turbidite Si, Sj, Sk, Sl,

SAP (130–150 kyr)e

T 6 157 Cape Blanc Debris Flow

(155 kyr; own unpub-

lished data)

T 7 162

T 8 172 Major sediment slide

onlapping the levees of

the distal Cap Timiris

Canyon (170 kyr)l

T 9 188 Turbidites g and g1,

MAP (186 kyr)d,a

Stage boundary 6/7

(186 kyr)

Turbidite AB14, AB

(190 kyr)c

Turbidite Sr, Ss, SAP

(244 kyr)e

T 10 243 Turbidite i, MAP

(245 kyr)d,a

Stage boundary 7/8

(245 kyr); Termination

III

T 11 243 Turbidite Sr, Ss, SAP

(244 kyr)e

T 12 245

Synchronous units may have been triggered at the same sea-level/climatic conditions but they are not correlative with the turbidites in the Cap Timiris Canyon. AB, Agadir Basin; MAP, Madeira Abyssal Plain; SAP,

Seine Abyssal Plain; LGM, Last Glacial Maximum.
a Weaver et al. (1992).
b Weaver and Thomson (1993).
c Wynn et al. (2002).
d Rothwell et al. (1992).
e Davies et al. (1997).
f Masson (1996).
g Shackleton (1987).
h Rothwell et al. (2000).
i Reeder et al. (2000).
j Gee et al. (1999).
k Chappell and Shackleton (1986).
l Krastel et al. (2004).

K
.
W
ien

et
a
l.
/
M
a
rin

e
a
n
d
P
etro

leu
m

G
eo
lo
g
y
2
3
(2
0
0
6
)
3
3
7
–
3
5
2

3
4

9



K. Wien et al. / Marine and Petroleum Geology 23 (2006) 337–352350
rates of z7.0 cm/kyr which are similar to values of

z4.6 cm/kyr in core GeoB 7919-5 and z1.5–5.6 cm/kyr in

core CD 53-30 (Matthewson et al., 1995).

Higher sedimentation rates are seen at the levee sites GeoB

8506 and GeoB 8507. Both sites are positioned in the more

proximal part of the canyon and receive higher aeolian input

from the African dust plume. Additionally, they are under the

marginal influence of the upper slope Cape Blanc depocenter

which today extends northwards from approximately 208 to

228N between 1000 and 2000 m water depth (Fütterer, 1983;

Bertrand et al., 1996; Martinez et al., 1999). For ODP Site

658C, which is located z18 further to the north off Cape Blanc

at a water depth of 2263 m, an average sedimentation rate of

z18 cm/kyr is reported by deMenocal et al. (2000). This value

agrees with our findings for sites GeoB 8506 and GeoB 8507.

According to our age model, average pelagic sedimentation

rates appear to be doubled at site GeoB 8509 with respect to the

directly adjacent levee structure (site GeoB 8507). These high

sedimentation rates at site GeoB 8509 provide a detailed

temporal resolution for determining turbidite emplacement

times.

High productivity off Cape Blanc and the African dust

plume principally account for the increased average pelagic

sedimentation rates at the levee sites in the canyon system.

High sedimentation may also be attributed to turbidite overspill

which results from separation from a turbidite flow during

downslope transport. The sandy bedload is restricted to the

canyon pathway whereas the fine grained suspended fraction

may be unconfined and can overspill onto the adjacent levee

structures (Masson, 1994; Wynn et al., 2002). This laterally

dispersed mud on the levees cannot always be identified

conclusively as individual turbidites (Dott, 1983; Einsele et al.,

1996). It may dilute pelagites without actually forming distinct

layers and thus is reflected in enhanced pelagic sedimentation

rates. This dilution effect may also be the reason for the

remarkably low amount of identifiable turbidite material at

levee site GeoB 8507 (z6%) in contrast to the directly

adjacent highly turbiditic site GeoB 8509 (z42%).

6.4. Erosiveness of turbidites

Significant intra-element correlations are seen between total

carbonate and the Ca data of cores CD 53-30 (Matthewson

et al., 1995), GeoB 7919-5 and the turbidite-bearing levee core

GeoB 8502-2. Despite interbedded turbidites, the latter core

does not show significant omission of pelagic material except

for one sediment sequence in the lower part. We suggest this

hiatus results from the same erosive event which deposited the

thin turbidite layer in core CD 53-30 (Matthewson et al., 1995).

Most likely this event was triggered at the time of sea-level

lowering at the stage boundary 6/7 around 190 kyr (cf. Fig. 3).

It is unlikely that even larger-volume turbidity currents

travelling channelised in the Cap Timiris Canyon eroded

more than a few centimetres into the underlying substrate at

the distal levee site GeoB 8502. The good correspondence with

the reference cores supports virtually non- or minor-erosive

turbidity currents at the low gradient slope off NW Africa (e.g.
Weaver and Kuijpers, 1983; Masson, 1994; Weaver, 1994).

This seems also to be true for the two other levee-cores GeoB

8506-2 and GeoB 8507-3 further upslope.

Even at intrachannel site GeoB 8509 sedimentation has been

accumulative at least over the last 15 kyr. Groups of turbidite

layers are frequently amalgamated to form thicker composite

beds such as T 1, 6, 12, 15-GeoB 8509 (cf. Fig. 2d). This

suggests that either one series of overlying turbidite layers was

fed from several tributaries during the same event or in several,

consecutive phases. Alternatively, originally subjacent pela-

gites may have been eroded and entrained into the turbidite

flow during the next event (Weaver, 1994).

The young canyon fill at intrachannel site GeoB 8509 raises

the question of how long this accumulative state can be

maintained. Eventually, persistant high sedimentation rates in

this part of the canyon will mean that it will become filled with

sediments. Some large-scale turbidite events should be

sufficient to clear the pathway, however. Although during the

Holocene only small volume turbidites were emplaced, larger-

volume turbidites were deposited during other times and

apparently were erosive enough to remove the previous canyon

fill and thus maintain the pathway (for instance such as those

that deposited the distinctive layers on the levees especially

during glacial OISs or at stage boundaries). We suggest highly

erosive turbidite events at the stage boundary 2/3 (cf. T 2-GeoB

8502, T 3-GeoB 8507 and T 3-GeoB 8506 in Fig. 6) and within

glacial OIS 2 around 17–18 kyr (cf. T 1-GeoB 8506 and T

2-GeoB 8507 in Fig. 6).
7. Conclusions

Application of core-to-core correlation to disturbed sedi-

mentary sequences can be a reliable method of specifying ages

for mass transport processes and can add to our knowledge of

turbidity current processes and their relationship to sea-

level/climatic changes. Element data together with appro-

priately developed age models can be used to:

(1) estimate the emplacement times of turbidites,

(2) estimate the frequency of turbidite emplacement with

respect to climatic and sea-level changes, and

(3) provide information to quantify mass transport within

canyon systems.

The age models for pelagites and turbidites presented in this

study provide data which are necessary to create a mass

balance for gravity-driven downslope transport in the Cap

Timiris Canyon. Although, of course, seismo-acoustic and

sedimentological data are essential to determine the areal and

spatial distribution of turbidite deposits and to understand and

quantify the processes of turbidity current production.
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