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Abstract: The upper part (0–20m) of a long piston core from the SE Balearic Abyssal Plain –
spanning the past 50 ka – has been studied using the ITRAX micro-XRF core scanner to
obtain downcore elemental profiles. The Ca/Fe ratio was found to be an effective parameter
to distinguish between turbidites and pelagites, because turbidites generally have higher Fe
contents and lower Ca contents compared with pelagic intervals. Beds that were obscure
when visually logged could be identified as turbidites or pelagites on their geochemical
characteristics, allowing more complete subdivision of the sequence into genetic units. The
ITRAX XRF data also provide useful information on textural grading, bioturbative
mixing, identification of geochemically distinctive marker beds, indications of differences
in provenance, and confirm or query the presence of early arrivals during turbidite emplace-
ment. A chronostratigraphic framework for the core based on accelerator mass spectrometry
(AMS) radiocarbon dating and correlation with oxygen isotope stages of pelagic intervals in
other cores (using calcium carbonate stratigraphy) was also established. This shows that tur-
bidite emplacement on this part of the Balearic Abyssal Plain has been modulated strongly by
climate and sea-level change, with turbidite emplacement most frequent during the early
Holocene when the rate of post-glacial sea-level rise was greatest. Deposition of the coarsest
(i.e. sand and silt-based) turbidites at the core site was restricted to the full and Late Glacial
(11–25ka). Turbidite emplacement during Oxygen Isotope Stage 3 was rare. Most of the
turbidites at the site are distal, but some coarse-grained-based turbidites are characterized
by higher Sr/Ca ratios (possibly indicating a higher aragonite content), higher Ca and
lower Fe contents compared to other turbidites, and are interpreted as having a more
proximal shelf source. Such turbidites are generally rare, however, and restricted to full Gla-
cial and Younger Dryas time. There is little evidence for large-scale seismogenic turbidites
(expected to be seen as randomly timed emplacement, seemingly independent of eustatic con-
trol) at the core site, despite proximity to the seismically active Algerian margin 100km to the
south. This suggests that seismogenic turbidites must largely bypass this part of the plain.
Although the ITRAX core scanner provides a rapid and non-destructive means of character-
izing downcore geochemical distributions in great detail, interpretation of the data requires
caution and assessment from an informed standpoint. Analytical artefacts such as those
caused by water or organic content, degree of compaction, grain-size and mineral effects,
unevenness of the cut core surface and poor discrimination of closely spaced element XRF
peaks need identification and elimination.

The development of non-destructive X-ray fluor-
escence (XRF) instruments that scan cut sedi-
ment core sections to obtain high-resolution
geochemical profiles has been a major technical
advance for the study of sediment records. The
first instrument for this type of analysis was the
CORTEX XRF scanner developed by The Neth-
erlands Institute for Sea Research, Texel, The
Netherlands, and now marketed by Avaatech
Analytical X-Ray Technology, Texel (Jansen

et al. 1998; Richter et al. 2006). Other XRF
core scanners now available are the ITRAX
micro-XRF core scanner with X-radiography,
manufactured by Cox Analytical Systems of
Gothenburg, Sweden (Croudace et al. 2006)
and a high-resolution XRF core scanner made
by Röntgenanalytik Messtechnik of Taunus-
stein, Germany (Haschke 2006). Most previous
research using XRF core scanning has con-
centrated on palaeoceanographic studies (e.g.
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Haug et al. 2001; Jahn et al. 2003; Kuhlmann
et al. 2004; Lamy et al. 2004, and others). Rela-
tively little work has been carried out on the
application of continuous XRF profiling to
deep-sea basin cores dominated by turbidites,
which are typical of many marine basins, where
the technique may have value in lithostratigraphic
analysis and, perhaps, provenance studies.

Determination of genetic units (i.e. whether
beds are autochthonous or allochthonous in
origin) within cored sediment sequences is a
fundamental prerequisite for lithostratigraphic
and facies analysis, particularly for determining
depositional processes and basin architecture.
Identification of genetic units is necessary to
determine depositional histories, estimate auto-
chthonous and allochthonous sediment fluxes,
and for investigation of the frequency of, and
potential controls on, mass-wasting of con-
tinental margins. In marine basin sedimentary
sequences, individual beds are commonly
formed either through pelagic settling of material
derived from biological surface productivity and
wind-derived material through the water column
(to form pelagites), or through advective sedi-
ment movement, usually involving sediment
gravity flows, commonly turbidity currents that
result in the deposition of turbidites. Turbidites
are the distal products of downslope sediment
transport and may form 90% of the basin-fill in
some deep marine basins (Rothwell et al. 1992).
Turbidites can be characterized on a sequence
of textural characteristics that reflect gravitative
particle settling within the waning flow (Bouma
1962; Stow & Shanmugam 1980; Lowe 1982).
Traditional views hold that movement of terri-
genous sediment to the deep sea by turbidity
currents is greater at times of low sea level
when rivers discharge their sediment loads
closer to the shelf edge (e.g. Vail et al. 1977;
Shanmugam & Moiola 1982, 1984; Posamentier
& Vail 1988; Muto & Steel 2002). Some authors,
however, suggest that sea-level change is an
important factor in turbidite emplacement, and
even that the rate of change of sea level is more
important than low sea level in the generation
of turbidites in aseismic areas (e.g. Weaver &
Kuijpers 1983; Marjanac 1996).

Traditionally, the identification of turbidites
in sediment sequences is based on a range of sedi-
mentological and textural criteria, involving
recording of visual descriptions of sedimentary
structures and lithology, and specialized and
sometimes time-consuming laboratory analyses
such as grain-size determinations. Distinguishing
turbidites in marine sediment cores can be
straightforward if they show clear composi-
tional, textural and colour differences from the

interbedded pelagites (e.g. Weaver & Rothwell
1987). Where the colour and texture of turbidites
and pelagites are similar, however, for example
where turbidites, derived from resuspension and
downslope transport of pelagic sediment from
topographic highs, pond in topographic lows or
where both turbidites and pelagites are strongly
coloured through hydrothermal staining (e.g.
Rothwell et al. 1994), it may be difficult in prac-
tice to distinguish between pelagite and turbidite
beds. Recognition may also be difficult when the
turbidites are highly distal and consist entirely of
mud, lacking textural features normally asso-
ciated with graded bases. Further, it may be dif-
ficult to distinguish turbidite beds from pelagic
layers if they are thin and extensively biotur-
bated. The presence of sharp bed bases and
lack of obvious scattered foraminifers within
the sediment (resulting in smooth structureless
mud) are probably the best visual criteria for dis-
tinguishing turbidites from pelagic/hemipelagic
muds. The upper few decimetres of turbidites
are commonly bioturbated if the overlying
sediment is pelagic or hemipelagic in origin. If
bioturbation is moderate or intense, it can be
difficult to ascertain the upper boundary of
the turbidite bed with the overlying unit. This
leads to difficulty in determining true thicknesses
of pelagic/hemipelagic intervals and accurate
assessment of pelagic accumulation rates and
turbidite emplacement frequencies.

We report here a high-resolution geochemical
and sedimentological study of the upper part of a
long piston core from the SE Balearic Abyssal
Plain in the western Mediterranean Sea. This
core (LC06) was taken by the research vessel
Marion Dufresne in 1995 in 2845m water depth
on the floor of the abyssal plain at 38800.660N
and 7811.090E, 110 km north of Cap de Fer,
Annaba, Algeria, which lies 400 km east of
Algiers (Fig. 1). The core is 31m in length,
although we report here on the succession of
the upper 20m that spans the last 50 ka. We
have sought to answer a number of questions
relating to the usefulness of high-resolution
XRF scanning in lithostratigraphic analysis and
regarding the late Quaternary depositional history
of this part of the Balearic Basin. Specifically:

. What are the best element or element ratio
parameters, derived from high-resolution
ITRAX scanning, for providing information
on compositional contrasts, particle-size
variation, provenance indications, diagenetic
features and presence of exotic layers?

. Does variation in element profiles and sedi-
ment property profiles mirror textural and
sedimentological parameters and enable
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better assessment of distality/proximality
relationships?

. What has been the turbidite emplacement
frequency, has this changed over time, and
how has turbidite emplacement on this part
of the abyssal plain been modulated by
climate and sea-level change?

Methods

Core logging – discrimination of genetic units

Archive core sections from the upper 20m of the
sediment core were re-faced using glass slides
and visually logged by conventional core descrip-
tion (Ocean Drilling Program 1987). Individual
sediment units were identified as pelagites or tur-
bidites on textural and sedimentological criteria,
and where problematic (for example, where turbi-
dites were thin and bioturbated throughout) using
ITRAX-generated geochemical proxy data. Gen-
erally, turbidites were identified on the presence
of burrowed upper boundaries, the absence of
scattered foraminifers within mud intervals, the
presence of sharp planar or eroded bases, and
normally graded silty and/or sandy bases if

present. High Fe relative to Ca, indicative of the
detrital clay to biogenic carbonate ratio, was an
important indicator of Balearic plain turbidite
intervals in the ITRAX data. Most turbidites are
varying shades of olive green in colour, and
some beds had paler green upper parts due to
oxidation by bottom-water O2 after emplacement
(Wilson et al. 1986). Such dual-tone turbidites
occur throughout the sequence studied, although
some deeper turbidites show only one colour.
Pelagic intervals were identified by colour (com-
monly pale fawn or brown) and the presence of
scattered foraminifers and pteropod or shell
debris throughout. Pelagic intervals commonly
show slight–moderate bioturbation and burrowed
lower boundaries. Sediment colour was measured
using a Minolta CM-2002 spectrophotometer.
Each section was independently logged by two
of the authors (R.G. Rothwell and B. Hoogakker)
with good agreement.

Dating of the sediment sequence

Three accelerator mass spectrometry (AMS)
radiocarbon ages were available, determined on
hand-picked planktonic foraminifera samples
from pelagic intervals within the upper 20m of
this core (Table 1). The lowermost age (37 230
calibrated years BP) was disregarded as this
is now believed to have been taken from a
turbidite rather than a pelagic interval, so that
the foraminifers analysed may have been derived
from older deposits.

Hoogakker (2003) demonstrated that the cal-
cium carbonate stratigraphy of pelagic records
from the Balearic Abyssal Plain closely mirror
the oxygen isotope record, with high CaCO3 con-
tents when planktonic foraminifera �18O values
are low. Variation in pelagic calcium carbonate
can therefore be used as a proxy to identify
known oxygen isotope events. Measurement of
the calcium carbonate contents of all pelagic
intervals identified in core LC06 was made by
coulometry. Samples were oven dried at 100 8C
for 48 h, the dried samples were ground and
CaCO3 content measured from CO2 liberated
by addition of 10% phosphoric acid after 6 min
(Hoogakker 2003). The resulting calcium carbo-
nate stratigraphy of core LC06 was compared
with those obtained from pelagic intervals in
two other long piston cores from the Balearic
Abyssal Plain (LC01, 40815.820N, 6853.230E,
water depth 2845m; and LC04, 38839.010N,
6806.640E, water depth 2800m) both within
250 km of the LC06 core site (Figs 1 & 2).
These cores had been calibrated by oxygen iso-
tope measurements and this allowed identi-
fication of dated oxygen isotope events in LC06

Fig. 1. Location of core LC06 on the Balearic
Abyssal Plain in the western Mediterranean Sea.
Position of comparator cores LC01 and LC04 are
also shown. Bathymetric contour interval is 500m.
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(Table 1). The oxygen isotope analyses were
made on hand-picked, consistently sized speci-
mens of the foraminiferNeogloboquadrina pachy-
derma (dextral variety) using a Europa GEO
2020 stable isotope ratio mass spectrometer
with individual acid-bath carbonate preparation
(Hoogakker 2003).

Identification of these absolute age tie points
within the pelagic record of LC06 allowed indivi-
dual turbidites, identified through logging, to be
dated to an approximate emplacement time. This
was done through estimation of pelagic sedimen-
tation rates between the tie points and considera-
tion of the thickness of pelagic intervals between
individual turbidites.

Element profiling using the ITRAX

high-resolution XRF core scanner

Archive core sections covering the uppermost
20m (0–50 ka BP, based on the dating evidence
above) of core LC06 were run through the
ITRAX micro-XRF core scanner. This instru-
ment is designed to undertake high-resolution
energy-dispersive XRF (ED-XRF) measure-
ments along the longitudinal axis of split sedi-
ment cores. An optical image of the full split
core surface and a 20mm-wide continuous
high-resolution X-radiograph are also obtained
using optical and radiographic line cameras.
The X-rays used to irradiate the core section
are generated from a 3 kW Mo target and
focused through a flat glass capillary waveguide
to allow very high-resolution measurement
(down to 200 mm step size). The X-ray dwell
time (for X-radiography), count time (for XRF)
and measurement step size are all user definable.
Each ED-XRF spectrum is recorded and decon-
volved to derive peak area integrals for indivi-

dual elements that are nominally proportional
to concentrations of major and minor elements
within the sediment. Elements can be detected
in the range from Si to U. A more detailed
description of the ITRAX instrument and the
data generated is provided by Croudace et al.
(2006).

In the present study, the selected step size was
0.5mm with a XRF count time at each step of
30 s. Data for Al, Si, Ca, K, Ti, V, Mn, Fe, Ni,
Cu, Zn, As, Br, Rb, Sr, and Zr are deconvolved
from the X-ray spectra as the core runs through
the ITRAX (elements lighter than Al currently
cannot be measured using the ITRAX). In
total, 40 000 XRF spectra over 20m of core
were collected, providing a uniquely detailed
geochemical characterization of part of a deep-
sea long piston core. The resulting XRF element

Table 1. Absolute dates for pelagic intervals in core LC06

Depth
(mbct) Date type

14C age years
BP �1 SD

Calibrated age
(years BP) Age model Source

3.66–3.69� AMS radiocarbon 7991� 43 8381–8481 8400 Hoogakker (2003)
13.46–13.65� AMS radiocarbon 17730� 190 20 126–20 889 20 500 Rothwell et al. (1998)
19.17–19.19� AMS radiocarbon 34380� 660 c. 37 230† c. 37 230 Rothwell et al. (1998)
19.87 Oxygen Isotope Event 3.3‡ – – 50 210 Hoogakker (2003)
20.46 Oxygen Isotope Event 3.31‡ – – 55 450 Hoogakker (2003)

� Depth in metres below core top is given as 1m less than in the source works as we discount the uppermost 1m
core section (core section 31), which was empty and count core top as the top of core section 2. In the source works,
the empty uppermost core section was included in depth calculations.
† Calibrated using the magnetic curve of Laj et al. (1996), other radiocarbon dates calibrated using INTCAL98
(Stuiver et al. 1998).
‡ Inferred from calcium carbonate stratigraphy (see text).

Fig. 2. Graphic logs (left) for cores LC01, LC04 and
LC06. Turbidite intervals are shown as grey, pelagic
intervals as black bands. The pelagic intervals are
then summed to give total pelagic thickness (second
column), which is then expanded by a factor of 8 to
give ‘Pelagic depth’ (third column). This represents
the pelagic sequence if no turbidites had been
emplaced. Nannofossils zones for the pelagic
sequence according to the scheme of Weaver (1983)
are shown in column 4. The boundary between
nannofossil zones 1 and 2 is dated to c. 50,000 years
BP. Calcium carbonate profiles, derived through
coulometry, for each core are shown together with
oxygen isotope measurements for cores LC01 and
LC04. Note the correlation between the calcium
carbonate values and the oxygen isotope
measurements in LC01 and LC04, showing the
calcium carbonate stratigraphy to be a good proxy
for oxygen isotope stages that can be used by analogy
in core LC06. Emplacement of turbidites appears to
cause little or no erosion of substrates. Position and
dates of AMS radiocarbon dates are also shown.
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peak integrals are summarized and stored as .txt
files that can be visualized and manipulated
either in Excel or Itrax.PLOT – a custom-built
program developed by Southampton Ocean-
ography Centre and JF Computing (Stanford
in the Vale, Oxfordshire, UK). Aluminium is at
the limit of ITRAX detection and counts for
this element are low. Therefore we could not
use Al as a reference element and had to find
an alternative detrital divisor element for
normalization purposes.

Grain-size analysis

To test whether variation in element ratio pro-
files determined by ITRAX XRF measurement
mirrored textural parameters, one core section
was analysed for grain size at 1 cm resolution.
The grain-size analyses were carried out using a
Malvern Mastersizer 2000 in combination with
a Malvern Hydro G accessory unit and a 36-
pot Malvern auto-sampler. This instrument is
capable of analysing a size range from 0.02 to
2000mm. Approximately 0.25 (if mud) to 1 cm3

(if sand) of bulk sediment was taken and dis-
persed in a 0.05% sodium polyphosphate
(Calgon) solution by shaking overnight. For
the analyses, a laser-target obscuration (sample
concentration) of 10–20% was selected. Settings
of particle refractive index to 1.52 and an absorp-
tion value of 0.1 provide average values for
mixed mineral assemblage of marine sediments.
Three measurements were carried out on each
sample for which the averages were calculated
and exported in 0.2 phi steps to calculate the
arithmetic mean grain size according to Krum-
bein (1936).

Results and discussion

A graphic log of the lithology of the upper 20m
of core LC06, derived from visual logging and
ITRAX-measured geochemical proxies (princi-
pally the Ca/Fe ratio), is presented as Figure 3.
A total of 52 turbidite beds were identified
above the inferred depth for Oxygen Isotope
Event 3.3 (indirectly dated at 50 210 years BP:
Martinson et al. 1987), which occurs at a depth
of 19.87 metres below core top (mbct), giving
an overall turbidite emplacement frequency of
approximately one event every 960 years.
Emplacement frequency has varied significantly
over this time interval, however. Individual tur-
bidites vary between less than 1 to 555 cm in
thickness, and most turbidites consist of Te divi-
sion mud (Bouma 1962) or graded–ungraded
T6–T8 muds (Stow & Shanmugam 1980). Beds

with silty or sandy bases are generally rare and
make up only about 15% of the total. Turbidites
with basal sands make up 8% of the total. Turbi-
dites with visibly coarser-grained bases, whether
silt and/or sand, only occur between 5.90 and
19.26mbct. Lamination is not seen in the
coarser-grained bases, which commonly appear
as massive, poorly sorted, normally graded
sands and silts.

The response of the ITRAX core scanner to
different element concentrations is variable as is
normally the case with XRF analysis. The mag-
nitude of element integrals depends mostly on
excitation efficiency produced by the particular
X-ray tube primary radiation (in this case a Mo
tube), the energy of the elemental X-rays and

Fig. 3. Graphic log of the upper 20m of core LC06
derived from visual and ITRAX logging. Beds are
identified as pelagic or turbiditic in origin according
to criteria described in the text. Core sections with
illustrated XRF profiles are indicated. The
megaturbidite is a large-volume deposit of basinwide
extent, emplaced at 22 ka, during the last lowstand in
sea level (Rothwell et al. 1998). Graded bases are
indicated with arrows representing direction of fining.
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abundance of the element. For excitation of the
sediments studied, Ca, Fe and Sr provide a
good response, with K, Rb, Ti, Mn, As and Zn
providing a moderate response. Br, Ni and Co
can also provide useful information in organic-
rich sediments (Thomson et al. 2006). A clear
distinction in pelagite/turbidite beds in LC06 is
shown from plots of Ca/Fe. Visual logging
identified a small number of thin (<10 cm)
heavily bioturbated beds of uncertain affinity.
These lacked the sharp bases characteristic of
turbidites, although patchy olive green colour
and blebs of homogenous mud within these
intervals suggested they may be thin turbidites
bioturbated throughout their entire thickness.
Examination of Ca/Fe ratios confirms this inter-
pretation, showing Fe enrichment in all cases and
enabling complete division of the sequence into
genetic units, something that could not be done
confidently on visual logging evidence alone.

Element concentrations are commonly
expressed as ratios to a detrital phase element
to avoid closed sum effects due to variations in
calcium carbonate content, which will auto-
matically cause variations in element profile inte-
grals (Rollinson 1993; van der Weijden 2002).
Usually elements are normalized to Al, but as
this element is at the limit of ITRAX measure-
ment an alternative element divisor characteristic
of the detrital phase was needed. Figure 4 shows
profiles for MoK Compton scattering (the mag-
nitude inversely relating to mean atomic
number), Fe/Al, Fe/Ti, Fe/K, Fe/Rb and other
ratios through LC06 section 30. In this section,
two turbidites, at 120–590 and 590–960mm
below section top, directly overlie one another.
Compton scattering relates inversely to sediment
mean atomic number so that atomic number
increases where Compton scattering decreases.
Visual logging recorded 2mm of silt at 590mm,
but above this the unit appears as uniform homo-
genous olive green mud. Compton scattering
decreases over a much longer interval (500–
590mm), revealing compositional grading not
evident to the eye. Corresponding grading is
not very obvious in the Fe/Ti ratio, except as a
slight increase in Ti. A discrete peak at 380mm,
coincident with a narrow but conspicuous peak
on the As integral profile, may indicate pyrite
authigenesis. We consider K an unreliable divisor
element as increases in K may relate to higher
water content, as Cl from sea-water salt absorbs
potassium K X-rays (Croudace et al. 2006).
Rubidium typically shows a good signal on the
ITRAX, and the Fe/Rb ratio shows the grading
between 500 and 590mm in the upper turbidite
bed, seen as decreased Compton scattering
values. We therefore consider Rb to be an

effective element divisor in the absence of precise
Al, and this element was used in this study.

Element integral ratios or integrals that we
believe likely to be the most informative in
aiding sedimentological study or lithostrati-
graphic analysis are summarized in Table 2
together with their sensitivity to ITRAX detection
and indicator properties. We present these ele-
ment ratios plotted against lithology for three
representative core sections from core LC06
(Figs 5–7). These figures include core photo-
graphs, X-radiographs and profiles for Compton
scattering, Ca/Fe, Sr/Ca, Fe/Rb, K/Rb, Ti/Rb,
Zr/Rb, Cu/Rb, As and Si profiles throughout
core sections 17 (12.91–13.78mbct), 15 (14.78–
15.78mbct) and 11 (18.78–19.78mbct). These
figures illustrate the range of trends seen in
these element ratios and the Compton, As and
Si integrals. Lithology determined by visual
logging and the geochemical profiles is also
shown. The geochemical plots confirm the
lithological subdivision showing clear ‘steps’ or
inflections at bed boundaries, although biotur-
bative mixing leads to gradational profiles in
the upper parts of turbidite beds. Section 15
(Fig. 6) consists entirely of ungraded homo-
genous mud and comes from the mud interval
of a very thick (5.5m) sand-based megaturbidite
previously identified by Rothwell et al. (1998) as
a large-volume last glacial lowstand deposit of
basin-wide extent. The Mo Compton scattering
and element ratio profiles show its uniform
nature. Below we offer observations on the
parameters measured by the ITRAX and their
significance.

Measured integrals and ratios

Compton scattering. The Compton scattering
integral, which relates inversely to mean atomic
number, decreases in the silt and sand layers
due to size/density-related mineral fractionation.
Grading, presumably due to mineralogical
variation, can be also seen in this parameter,
even when not visually obvious. Inflections in
the profiles often correlate with bed boundaries.
Sharp decreases in Compton scattering also
correlate with discrete pteropod layers (e.g.
Section 11, 79 cm, Fig. 7), possibly produced by
current winnowing, as mean atomic number
falls with looser sediment packing.

Ca/Fe ratio. The Ca/Fe ratio reflects carbonate
content and in core LC06 generally shows a
strong correlation to sedimentary units. In gen-
eral, turbidite sands, silts and muds, presumably
sourced from shallower water, are richer in Fe
and poorer in Ca than pelagic interbeds. The
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Table 2. Property, element ratios or integrals believed to be informative in aiding sedimentological or
lithostratigraphic analysis in clayey, sandy and carbonate-rich marine sediments together with their sensitivity to
ITRAX detection (using a Mo X-ray tube) and indicator properties

Property, element
ratio or integral

Sensitivity to
ITRAX detection Indicator properties

Compton scattering High . Relates inversely to mean atomic number, commonly decreases
in silt and sand layers due to size/density-related mineral
fractionation

. May show grading due to mineralogical variation

. Inflections in profile commonly correlate with bed boundaries

. Mean atomic number falls with looser sediment packing, so
winnowing of sediment may be seen as decreased Compton
scattering

Ca/Fe High . Indicative of biogenic carbonate:detrital clay ratio
. May show strong correlation with sedimentary units
. Turbidites sourced from shallow water tend to be richer in Fe and

poorer in Ca than pelagic interbeds
. Ca/Fe profile is a good proxy for sediment grading, for identifying

textural subdivisions within turbidites and for assessing source
distality–proximality relationships

. Ca/Fe profile within pelagites typically more variable than in
turbidites, reflecting more heterogeneous sediment fabric

. Ca peaks or their absence (commonly associated with increased Si)
within turbidite bases distinguish foraminifer- or shell-rich and
more terrigenous quartz-rich bases

Sr/Ca High . Enhanced Sr may indicate presence of high-Sr aragonite which
requires a shallow-water source

. Affected by sediment packing/porosity and grain-size/shape
variations

Fe/Rb Good . Commonly shows grain-size related fractionation effects within
turbidites

. Fe mobilized during redox-related diagenesis and elevated Fe
commonly seen in oxic, or formerly oxic, parts of turbidites

. Rb is an element commonly associated with detrital clay and may
be enhanced in turbidite muds

K/Rb Moderate . K is commonly associated with detrital clay and may be enhanced
in turbidite muds

. Unreliable parameter as sea-water Cl absorbs potassium X-rays, so
apparent high K may reflect increased porosity

Zr/Rb
Ti/Rb

Moderate . Zr and Ti high in heavy resistate minerals and may be enhanced in
turbidite bases

. Sediment source/provenance indicators

Cu/Rb Moderate . Behaviour of Cu poorly understood but Cu peaks largely of
diagenetic origin

As Moderate . Commonly an indicator of pyrite which may be detrital or
authigenic in origin

Br/Cl Moderate–low . Indicator of organic-rich layers as Br high in organic-rich
sediments. For marine sediments a constant ratio implies sea-water
ratio

Si Moderate–low . Important terrigenous or productivity indicator
. Normalization using detrital divisor can distinguish terrigenous or

productivity origin
. When terrigenous, useful as a sediment source and perhaps

provenance indicator
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Ca/Fe profile shape within turbidites appears to
mirror grading, or its absence (Fig. 8), and pro-
vide clear indication of the Piper (1978) and
Stow & Shanmugam (1980) textural subdivisions
without the need for grain-size analysis. Biotur-
bative mixing of pelagite into the upper parts of
turbidites causes the Ca/Fe ratio to decrease in
the tops of the turbidite units. Identification of
textural subdivisions is important in assessing
source distality–proximality relationships. Cal-
cium peaks, or lack of Ca peaks (commonly
associated with increased Si), within turbidite
bases distinguish foraminifer- or shell-rich and
more terrigenous quartz-rich bases. A small
number of turbidites with sandy bases have
relatively higher Ca and lower Fe compared to
the others, and may have a more proximal
source. The Ca/Fe profile within pelagites is typi-
cally more variable than in turbidites, reflecting
the more heterogeneous bioturbated sediment
fabric (Fig. 8).

Sr/Ca ratio. Biogenic low-Mg calcite from sur-
face ocean production has a limited Sr/Ca range
(e.g. 1100 and 1900 mg Sr g�1 CaCO3 in forami-
niferal and coccolith calcites according to Stoll
& Schrag 2000) and enhanced Sr may indicate

the presence of high-Sr aragonite, which requires
a shallow-water source (Thomson et al. 2004).
Shallow and lagoonal waters on subtropical and
temperate continental shelves are commonly rich
in Halimeda (a macroscopic green calcareous
algae whose calcified segments are composed of
very fine-grained aragonite). Halimeda-rich sedi-
ments are described from shallow temperate bays
alongMediterranean coastlines (e.g. Fornos et al.
1992; Hieke & Werner 2000). Where it occurs
Halimeda is an important contributor to neritic
sediments. Many neritic invertebrates, such as
bivalves, gastropods and corals, have aragonitic
shells. Hence, neritic carbonate debris is richer
in aragonite than ocean productivity derived
low-Mg calcite of foraminifera and coccoliths,
so the Sr/Ca ratio may reflect provenance. Turbi-
dites with sandy bases, apart from the megabed
(13.5–19mbct, Fig. 3), generally show higher
Sr/Ca values than turbidites lacking coarse-
grained bases, perhaps indicating a different,
more proximal provenance (e.g. North African
or Sardinian shelf). The Sr/Ca ratio, however,
like the other parameters measured, is affected
by sediment-packing/porosity and grain-size/
shape variations. Pelagic intervals containing
abundant pteropods commonly register high

Fig. 8. Grain-size profiles and Ca/Fe ratio through LC06 section 11, 15–97 cm (cf. Fig. 7). Note the close
correspondence between the Ca/Fe profile and the mean grain size and the proportion of grains >32 mm in the
sediment, suggesting that Ca content closely relates to the presence of foraminifers. The Ca/Fe ratio seems a
good proxy for textural variation. Grain-size measurement was made at a resolution of 1 cm over the interval
studied.
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Sr/Ca, although pteropod shells are composed of
low-Sr aragonite (Krinsley & Bieri 1959; Kins-
man 1969; Rutten et al. 2000) so, in these cases,
the high Sr/Ca values must be a texturally related
effect (Fig. 7).

Fe/Rb ratio. The Fe/Rb ratio, like Sr/Ca, also
commonly shows grain-size-related fractionation
effects within turbidites. Fe is mobilized during
redox-related diagenesis, so elevated Fe contents
are seen within bioturbated (formerly oxidized)
parts of turbidites that have been affected by
post-deposition oxidation by bottom-water O2

diffusion into the turbidite after emplacement
(e.g. section 11, 62.5–67 and 91.5–95 cm, Fig.
7). Increased Rb within turbidite muds reflects
greater clay contribution to the sediment.

K/Rb ratio. The K/Rb ratio commonly shows
low values in silts and sands compared to mud
intervals reflecting the presence of K (like Rb)
in clays and porosity-related artefacts associated
with sea-water Cl absorbing potassium X-rays
(Croudace et al. 2006).

Zr/Rb and Ti/Rb ratios. Zirconium and Ti con-
tents are high in heavy resistate (i.e. resistant to
chemical and mechanical erosion) minerals (de
Meijer 1998) and these accessory minerals are
commonly enriched in the bases of some turbi-
dites due to gravitative settling. Differences
seen in different turbidite bases may reflect dis-
tance from sediment source and provenance dif-
ferences. In Figure 5, the thin silt turbidite
between 38 and 41 cm has a lower Zr content
than the overlying sand at 29–38 cm, but is very
similar to the overlying graded silt at 16–29 cm.
The silt bed at 38–41 cm may, therefore, be an
early arrival of the overlying graded turbidite at
6–38 cm (see discussion below).

Cu/Rb. The behaviour of Cu in marine sedi-
ments is poorly understood. The Cu/Rb profile
shows great variability with Cu peaks, appar-
ently largely of diagenetic origin, occurring in
both pelagic and turbidite intervals (e.g. Fig. 7).
We believe that the discreet nature of the peaks
discounts the possibility of any Cu artefact
significantly affecting the data.

As. Arsenic is efficiently excited using a Mo
tube, so that coherent As signals are seen with
the ITRAX even at low concentrations. Arsenic
may be present as a detrital or authigenic phase
and commonly indicates the presence of pyrite
(FeS2). Indeed, As is a better indicator of this
mineral than Fe, due to high background levels
of Fe in detrital phases making it difficult to dis-
tinguish the relatively small additional amounts

of Fe in authigenic pyrite. In contrast, As has a
low concentration in detrital phases but a high
concentration in pyrite. Pyrite occurs in a wide
range of grain sizes. Authigenic pyrite is wide-
spread in marine sediments and can form in loca-
lized microenvironments where oxygen depletion
and sulphate reduction occurs, such as within
burrows and foraminifer test chambers. In core
LC06 the As integral profiles suggests that
detrital pyrite, seen within turbidite bases, is
commonly of restricted grain size and more
abundant in turbidite silts than sands (e.g. Fig.
5, 15–41 cm). This suggests either that sand-
sized pyrite has settled out more proximally, or
that the pyrite present is of restricted grain size,
perhaps occurring mainly as framboids (spheroi-
dal grains composed of pyrite microcrystallites),
the most common form of pyrite in marine
sediments, formed by sulphate reduction within
microfossil tests.

Br/Cl. Bromine contents are high in organic-
rich sediments (Ten Haven et al. 1987; also fig.
4 in Thomson et al. 2006) causing the Br/Cl
ratio to increase over the constant sea-water
value. No organic-rich layers were identified in
core LC06, however, and Br/Cl ratios are con-
sistently low in all sections.

ITRAX applications and limitations

ITRAX-acquired geochemical data are essen-
tially semi-quantitative in nature and need to
be interpreted with caution. Errors may arise
due to poor peak discrimination in the X-ray
spectra, porosity changes, compaction or grain-
size/shape-related artefacts (recorded for K and
Sr), low count rates and crack-related effects.
Invalid data may be recorded when the X-ray
detector is not in the correct position, particu-
larly when the cut core surface is uneven or
shows sudden variability. Careful study of varia-
tion in the element integral profiles, the Compton
scatter integral and the detector–sediment dis-
tance index can aid in identifying invalid data.
The data visualization program Itrax.PLOT
can temporarily remove these suspect data
prior to final presentation; the original data are
never modified. The ITRAX profiles do allow
useful primary textural- and depositional-related
and secondary diagenetic features to be identified
and their character studied in unprecedented
detail.

Early arrivals

A further application of the ITRAX data may be
in the identification of turbidite early arrivals.
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Early arrivals represent portions of a turbidity
current that reach the point of deposition earlier
than the main flow, usually due to flow division
on the slope or rise. Such division may occur
where canyons or channels divide or there is
canyon overspill. Early arrival deposits are well
documented from deep-sea basins (e.g. Weaver
& Rothwell 1987) and commonly appear as
basal silts and sands with thin mud caps, which
are then directly overlain by the sand and/or
silt of the main flow. The sand and silts of the
early arrival and the main flow are usually very
similar in composition. Several possible early
arrivals were identified during visual logging of
core LC06 on the basis of textural and colour
similarities to the overlying turbidite. However,
the ITRAX data showed that in many cases
there were significant geochemical differences in
the presumed early arrivals and overlying turbi-
dites, possibly because the element/Rb values
are different in different grain-size classes. It
may be that some early arrivals had entrained
other material on their passage downslope or,
rather than being early arrivals, some beds may
have different sources, representing distinct sepa-
rate events. Comparison of element/Rb values in
some ‘early arrival’ silts with those in the silts
above overlying sands, however, did suggest
some beds were probably related to the same
turbidity current flow.

Climatic modulation

Identification of individual turbidites, through
visual and ITRAX logging, and placing them in
a time stratigraphic framework allows assess-
ment of any climatic modulation of emplacement
(Fig. 9). This shows that turbidite emplacement
at the LC06 core site has varied markedly with
time over the last 50 ka, with a significantly
increased frequency of turbidite emplacement
after 20 ka. Thouveny et al. (2000) demonstrated
through magnetic susceptibility measurements of
sediment fabric and sedimentation rate studies of
Calypso piston cores that the upper 10–15m of
some, if not all, Calypso cores are up to 1.5–2
times longer than the same sequence recovered
by conventional piston cores on the same site.
This is interpreted as being due to syringing or
oversampling of the sediments in the upper por-
tion of these long cores due to cable rebound
resulting in upward piston acceleration and a
microfabric rotation into the vertical during the
coring process. Skinner & McCave (2003) also
show that the upper 5–15m of Calypso piston
cores are affected by such oversampling on soil
mechanics considerations. Turbidites within the
upper 20m of the sediment sequence in core

LC06 are much thicker than those below this
level (fig. 3 in Rothwell et al. 1998). Further,
the time-stratigraphic framework suggests
significant stretching of pelagic intervals within
this part of the sequence. Uncorrected average
pelagic accumulation rates are 11 cmka�1

between 0 and 3.5mbct, 8 cmka�1 between 3.5
and 13.5mbct, and approximately 1 cmka�1

below 13.5mbct. Therefore, stretching of the
sequence is implicit over the interval 0–15mbct.
This stretching does not, however, negate the
increase in turbidite frequency seen within the
upper 20m of the sequence.

In Figure 9 turbidite thickness and basal
sand/silt content are plotted against estimated
emplacement time (see the Methods section for
method of calculation). The times of emplace-
ment for turbidites above the AMS radiocarbon
datum of 8.4 ka are maximum ages only as it is
unknown how much of the most recent sediment
was lost during the coring process. It is apparent
from the figure that the full and Late Glacial of
the Late Devensian glaciation and the post-
glacial rise in sea level were significant times for
turbidite emplacement. Between 26 and 45 ka
turbidite emplacement at the LC06 core site
was rare with a frequency of one event every 8–
9 ka, so that only three thin (from 2 to 11 cm in
thickness) mud turbidites were emplaced over
this 19 ka time span. The full glacial (26–14 ka)
saw a marked increase in both frequency and
magnitude of turbidite deposition. During this
12 ka period, 18 turbidites (from >1 to 555 cm
in thickness) were deposited with a frequency of
one event every 600–700 years, although em-
placement frequency increases towards the Late
Glacial (Fig. 9). The thickest turbidite present
in LC06 was deposited at the Late Glacial Max-
imum at 22 000 years BP. This 5.5m-thick bed is a
megaturbidite of basin-wide extent that can be
mapped as a conspicuous acoustically trans-
parent layer on high-resolution seismic profiles
(Rothwell et al. 1998). This bed, previously
described from five long piston cores and high-
resolution seismic profiles across the abyssal
plain from as far west as 58300E and as far
north as 418100N, has a massive sandy base
that thickens and coarsens towards the north,
suggesting a source on the southern European
margin (Rothwell et al. 1998). All turbidites
with silty and/or sandy bases in core LC06 were
emplaced during full or Late Glacial times (Fig.
9). During the Younger Dryas and Holocene
(14–0 ka) there was frequent emplacement of
mud turbidites. During this time interval 26 tur-
bidites are recorded in LCO6, giving an emplace-
ment frequency of one event approximately every
500 years. The magnitude of Holocene turbidites

ITRAX XRF SCANNING OF TURBIDITE CORES 93



is difficult to assess as their thicknesses recorded
in the core are clearly stretched. Overall, it seems
clear that turbidite emplacement frequency has
increased during the Holocene, but that emplace-
ment was most frequent when the rate of change
(i.e. rise) of sea level was greatest (Fig. 9). A simi-
lar relationship has been reported for the recent
and more distant geological record in aseismic
areas. Wynn et al. (2002), for example, showed
that turbidites within the Moroccan Turbidite
system (NE Atlantic) were emplaced at Oxygen
Isotope Stage boundaries during periods of

rapid sea-level change. Marjanac (1996) attribu-
ted the deposition of large turbidites in the
Eocene–Miocene flysch of central Dalmatia
(Croatia) to periods of sea-level rise. Turbidites
on the Madeira Abyssal in the NE Atlantic are
also reported to have been emplaced at Marine
Isotope Stage boundaries at times of sea-level
change (Weaver & Kuijpers 1983; Weaver et al.
1992). In the present study, low sea level seems
to have been particularly important for the
emplacement of large-volume turbidites (assum-
ing thickness correlates with volume in this

Fig. 9. Emplacement time and bed thickness for turbidites identified in core LC06, 0–20mbct. Black bars
indicate individual mud turbidites, with blue and red bars indicating the thickness of silt and sand, respectively,
within turbidite bases, where present. The sea-level curve of Shackleton (1987), and oxygen isotope and climatic
boundaries are also shown. Dates for the Younger Dryas and Bolling/Allerod are taken from Hughen et al.
(2000). Note that emplacement of sand and silt-based turbidites is largely confined to Oxygen Isotope Stage 2
and that frequency of turbidite emplacement strongly correlates to sea-level change, emplacement being most
frequent when the rate of sea-level rise is greatest (during the early post-glacial).
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depositional setting), but increased turbidite
emplacement frequency is essentially a Late
Glacial–post-glacial phenomenon.

Turbidite internal subdivisions

Most of the turbidites cored in the sequence
are highly distal, many consisting entirely of
ungraded E3 (Piper 1978) or T7–T8 mud (Stow
& Shanmugam 1980). Indeed, the ITRAX geo-
chemical profiles often provide an excellent
proxy for determining grading within turbidite
muds (Fig. 8) and identification of their textural
subdivision according to the Piper and/or Stow
and Shanmugam scheme, for example, allowing
discrimination of graded and ungraded mud. In
this way ungraded E3 and T7–T8 muds can be
distinguished from graded E2 (Piper 1978) or
T6 mud (Stow & Shanmugam 1980), a distinc-
tion that cannot be made with the human eye.
The ITRAX data therefore allow the distality
of individual turbidites to be assessed.

Source of turbidites

The pattern of allochthonous sedimentation seen
at the LC06 core site suggests that climate and
sea-level change are important, even dominant,
factors both in affecting turbidite emplacement
frequency and the deposition of large-volume
beds. The core site is only 100 km distant from
the North African margin. The Algerian
margin is steep (slopes are 158 or more), incised
by canyons (Rehault et al. 1985; Déverchère
et al. 2005) and the hinterland mountainous.
The African–Eurasian plate boundary runs in
an east–west direction close to the Algerian
margin. The African plate moves to the north
towards the Eurasian plate in a NNW direction
with a translation to the east resulting in seismo-
genic strike-slip faulting along the margin
(Thomas 1976). Large offshore earthquakes on
the continental shelf and slope have occurred
(Ambraseys 1982; Harbi et al. 1999). Some his-
torical earthquakes on the Algerian coast have
been destructive. Over 95 earthquakes (including
47 withM > 5) have been recorded in NE coastal
Algeria (between 358 and 388N, 48–98300) since
1357 AD (Harbi et al. 1999, fig. 2). The main
river discharging on the eastern Algerian
margin is the River Soumam which enters the
Gulf of Bejaia, 200 km west of Annaba. The
thick sedimentary accumulation offshore of the
river mouth is affected by faulting which has
generated submarine landslides moving sedi-
ments to the basin through the Bejaia Canyon
(Harbi 1996; Harbi et al. 1999). One submarine
earthquake on 21 August 1956 caused a tsunami

along the coast of Jijeli on the eastern coast of the
Gulf of Bejaia (Rothé 1950). Seismicity and over-
steepening of the shelf edge seawards of river
mouths have long been held as potential triggers
for turbidity currents. However, there seems little
evidence for emplacement of southerly derived
turbidites initiated by seismicity or shelf over-
steepening at the LC06 core site – a surprising
finding considering the known seismicity of the
Algerian margin. This suggests that either few
turbidites have been generated from the adjacent
parts of the Algerian shelf and slope or that they
have largely bypassed the LC06 core site. The
water depth at the LC06 core site is 15m less
than that recorded in the central Balearic Abys-
sal Plain (Rothwell 1995) and turbidity current
pathways to the deep basin may bypass the
LC06 location.

Sand-based turbidites are generally rare in the
sediment sequence – only four turbidites with
sandy bases are recorded and all were emplaced
during the full or Late Glacial. One of these is
the basinwide megaturbidite identified by
Rothwell et al. (1998), known to have a northern
provenance. The other three show generally
higher Sr/Ca ratios (although this may be a
size-fraction effect) than the other turbidites
and the geochemistry/mineralogy of the sands
(typically high Ca, low Fe and, sometimes,
increasing Si towards the base, and commonly
containing rare to common rounded hematitic
quartz) suggests a local shelf source. Potential
sources for turbidites at core site LC06 are varied
and include the southern European margin,
Balearic Rise, Algerian shelf and slope, and the
Sardinian margin. However, the paucity of proxi-
mal sandy turbidites with a neritic geochemical
signature suggests that any locally derived
allochthonous contribution to LC06 is small.

Conclusions

. The ITRAX core scanner provides rapid and
non-destructive characterization of downcore
geochemical distributions in unprecedented
detail along with visual and X-radiographic
images. Such data when gathered from turbi-
dite-bearing sequences can provide significant
information on grading and bioturbative
mixing of turbidites, allow identification of
geochemically distinctive marker beds, give
indications of differences in provenance
between beds, and confirm or query the
presence of early arrivals. In the sediment
sequence studied, variations in Ca/Fe gener-
ally provide a suitable proxy for the occur-
rence of pelagites and turbidites, allowing
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discrimination of genetic units, if this param-
eter is coupled with others. This, together
with a chronostratigraphic framework
based on AMS radiocarbon dating and indir-
ect correlation with oxygen isotope stages,
demonstrates the dominance of climatic
modulation of turbidite deposition in this
area, despite proximity of a seismically
active continental margin to the south.

. Grading in the Ca/Fe ratio within turbidite
beds closely mirrors textural grading and
allows discrimination of graded and ungraded
turbidite muds without the need for grain-size
determinations. Identification of fine textu-
rally related detail, which may be invisible to
the naked eye, suggests ITRAX data may
allow assessment of turbidite distality in
cored sequences and observations on the
proximity of source areas.

. Semi-quantitative high-resolution geochem-
ical profiling using the ITRAX micro-XRF
core scanner has identified a few turbidite
beds with distinctive geochemistry and these
are potential marker beds for correlative
purposes if found in other Balearic Abyssal
Plain cores. The ITRAX micro-XRF core
scanner data also provide useful information
to confirm or query beds postulated as early
arrivals of overlying turbidites.

. High-resolution geochemical profiling
through sediment sequences containing tur-
bidite beds provides a wealth of detailed
geochemical information related to texture,
mixing, provenance and diagenesis. These
data need to be interpreted with caution
and from an informed standpoint, however.
Artefacts related to porosity, compaction
and grain-size/shape changes, unevenness of
the cut core surface, poor discrimination of
close element peaks or instrument sensitivity
issues relating to particular elements can
complicate interpretation. The ITRAX data
as presently recorded are best viewed as
semi-quantitative in nature, and more studies
are needed to compare and calibrate the
records obtained with those measured using
traditional destructive analysis (XRF or
ICP-OES).

. Deposition of sand and/or silt-based turbi-
dites on the SE Balearic Abyssal Plain during
the last 50 ka is restricted to the full and Late
Glacial. The thickest (largest volume) turbi-
dites are also emplaced at this time. Turbidite
emplacement frequency increases during the
Holocene and is most frequent when the rate
of post-glacial sea-level rise is greatest.

. Proximal turbidites with a southerly (Algerian
margin) or northeasterly source (Sardinian

margin) are rare at the LC06 core site. Such
turbidites, some perhaps seismically initiated,
may bypass this location to reach the deeper
parts of the Balearic Basin.

The authors are very grateful to Drs A. Cattaneo and
T. Courp for their reviews that significantly improved
the paper. Professor P. Weaver is thanked for his
editorial handling of the manuscript.

References

Ambraseys, N.N. 1982. The seismicity of North Africa:
the earthquake of 1856 at Jijeli, Algeria. Bollettino
di Geofisica a Teorica ed Applicata, 24, 31–37.

Bouma, A.H. 1962. Sedimentology of Some Flysch
Deposits. Elsevier, Amsterdam.

Croudace, I.W., Rindby, A. & Rothwell, R.G. 2006.
ITRAX: description and evaluation of a new multi-
function X-ray core scanner. In: Rothwell, R.G.

(ed.) New Techniques in Sediment Core Analysis.
Geological Society, London, Special Publications,
267, 51–63.

de Meijer, R.J. 1998. Heavy minerals: from ‘Edelstein’
to Einstein. Journal of Geochemical Exploration, 62,
81–103.
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