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Abstract: The ITRAX micro-X-ray fluoresence (XRF) core scanner has been applied in a 
sediment geochemistry investigation. The core sections selected contain examples of the 
organic-rich sedimentary units (sapropels) that form periodically in the eastern Mediter- 
ranean basin. Sapropels are visually obvious from their dark coloration, but the ITRAX 
X-radiograph also reveals physical property changes that result mainly from the high 
pore-water content of sapropels. A consideration of wavelength-dispersive XRF data from 
discrete samples of the most recent sapropel (S1) was made along with the set of elements 
reported by the ITRAX instrument's energy-dispersive XRF system over core sections 
containing S1. This allowed selection of a suite of eight inter-element ratios or element 
integrals through which characteristic features of sapropel development and geochemistry 
were revealed. While recognizing that the measured XRF element integrals from the 
ITRAX do not have an exact constant relationship with element concentration over changing 
sediment types, this combination of ratios provides significant information for geochemical 
interpretation. These include evidence for: (i) the presence of high Corg contents in the visual 
sapropel from Ba/Ti and Br/C1 ratios; (ii) a thinning of the original sapropel thickness by 
post-depositional oxidation from Mn/Ti and Cu/Ti ratios; (iii) pyrite authigenesis in the 
residual visual sapropel from Fe/Ti and S/C1 ratios and the As integral; and (iv) aragonite 
formation in and around the sapropel from the Sr/Ca ratio. These same ratios were then 
used to interpret ITRAX data from a deeper section of the same core containing the older 
sapropel $3, where the same characteristics, including the relict post-depositional oxidative 
thinning of the original unit, could be identified with only minor differences of detail. Direc- 
tions of supply of Fe, As and Cu into the sapropels could be inferred from profile shapes. 

The often-continuous record of past environ- 
mental conditions and changes that is contained 
in deep-sea sediments makes them a valuable 
resource for palaeoceanographic and palaeocli- 
matological research. Detailed sampling for spe- 
cialist investigations at marine core repositories 
is greatly facilitated if logging data are available 
that profile some aspect of the changes in sedi- 
ment characteristics that occur downcore. Cur- 
rent logging techniques include gamma-ray 
attenuation, P-wave attenuation and X-radio- 
graphy that give information on changes in 
sediment density, and digital photography, 
magnetic susceptibility and X-ray fluorescence 
that give information on changes in sediment 
composition. The ITRAX instrument, developed 
by Cox Analytical Systems of Gothenburg in 
association with Southampton Oceanography 
Centre (SOC, renamed as National Oceanogra- 
phy Centre, Southampton - NOCS - 1 May 
2005), is a new micro-X-ray fluorescence (XRF) 
and micro-X-radiograph scanner designed for 
rapid, automatic, non-destructive characteri- 
zation of the optical, density and chemical 
composition variations in split sediment cores 
(Croudace et al. 2006). 

Compositional data from energy-dispersive 
X R F  (ED-XRF) scanners, for example the 
CORTEX system (Jansen et al. 1998), have 
mainly been applied to: 

�9 studies of climatologically driven cyclicities 
in sediment deposition that are reflected, 
for instance, in CaCO3 or Fe content fluctua- 
tions over time (e.g. Peterson et al. 2000; 
Palike et al. 2001); or 

�9 sedimentological applications, where fea- 
tures such as ash layers, turbidite units or 
ice-rafted deposits may be recognized 
through their exotic compositions or their 
localized or organized bed characteristics 
(e.g. Hebbeln & Cortes 2001; Richter et al. 
2001; Rothwell et al. 2006). 

A further obvious application is to diagenetic 
geochemical studies, where the key is identifica- 
tion of unusually high contents of redox-sensitive 
elements in arrangements that are characteristic 
of some diagenetic process. Initial experience 
with the ITRAX system at the British Ocean 
Sediment Core Research Facility (BOSCORF) 
at SOC in such a diagenetic application is pre- 
sented here. A wealth of published geochemical 
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informat ion  and interpreta t ion is now available 
on eastern Medi te r ranean  sapropels, part icularly 
on the most  recent interval, sapropel S1. An 
example of  this unit  was first examined to ascer- 
tain which elements measured  by the I T R A X  
core scanner  yield informat ion  on the character-  
istic elemental  distributions that  are k n o w n  to 
occur in S 1 f rom data  measured  on discrete sam- 
ples by convent ional  techniques. Profile scans of  
the same elements f rom the next oldest sapropel 
($3) that  occurs deeper  in the same core were 
then examined in the light of  this experience 
with the S1 profile scans. 

Material and methods 

Core LC21 is a 10cm-diameter giant (Calypso) piston 
core collected from a topographic high to the west of 
Karpathos Basin, NE of Crete, at 35~ 
26~ in 1522m water depth (Rothwell 1995). 
The core is 13.5 m long and is stored at BOSCORF as 
11 sections of 1.5 or 1.0m nominal length. Sapropel 
S I in particular from this core has been comprehen- 
sively investigated (Mercone et al. 2000, 2001; Casford 
et al. 2001, 2003; Rohling et al. 2002), and can be 
considered as a reference core for the Aegean area of 
the eastern Mediterranean during S1 times. 

Core SL104 is a 4.8 m-long, 11 cm-diameter gravity 
core collected SE of Crete on Meteor cruise M51-3 at 
34~ 27~ in 2155m water depth 
(Hemleben et al. 2001). The subsections of the core 
examined in this work were contained in polyvinyl 
chloride (PVC) U-channels of 1 m length by 2 x 2cm 
cross-section that are often used in logging magnetic 
parameters (Weeks et al. 1993). 

A more detailed description of the prototype 
ITRAX core scanner used is presented elsewhere 
(Croudace et al. 2006), and only an outline description 
is presented here. The instrument is computer con- 
trolled and designed for automatic, high-resolution 
logging of sections of split-sediment cores up to 10cm 
in diameter and 1.8 m in length. Core sections are first 
scanned to ascertain whether a constant working 
distance for the X-ray detector can be achieved, using 
a laser distance finder to map the topography of the 
cut core surface. Regions where the detector will be 
retracted to avoid contact with the core surface are 
recorded. Simultaneously, a digital line camera 
captures a photographic image of the whole core 
surface. This process requires approximately 2 min 
for a core section I m long. 

After photography, the core is automatically 
returned to the zero position and a stepper motor 
drives the scan at a line resolution that can be as fine 
as 100 gm. At each measurement position a 2 cm-wide 
high-resolution X-radiograph is recorded using a 
charge-coupled device (CCD) line camera and an ED- 

XRF spectrum is recorded using a Si-drift chamber 
detector. The time for each measurement, selected by 
the operator and dependent on the element detection 
sensitivity required, is typically 600-700ms and 10- 
40s, respectively. The X-ray beam used to irradiate 
the core section is generated from a 3 kW Mo target 
(typically run at 55kV and 50mA) that is focused 
through a flat capillary waveguide. Each ED-XRF 
spectrum recorded is stored along with header data, 
but spectra are also deconvolved in live time to build 
up profiles of peak area integrals for individual 
elemental and the coherent (Rayleigh) and incoherent 
(Compton) X-ray scattering peaks. These elemental 
peak areas are roughly proportional to the concentra- 
tions of major and trace elements present in the sedi- 
ment. For the core LC21 and SLI04 sections, scans 
were made every 0.5 mm with an excitation slit dimen- 
sion of 20 mm x 200 gm and XRF analysis times of 35 
or 45 s per measurement, so that processing each 1 m of 
core required 20-25 h. 

Results and discussion 

I n o r g a n i c  g e o c h e m i s t r y  o f  s a p r o p e l s  

The sediments deposited in the eastern Mediter-  
ranean  basin are mostly Corg and sulphide-poor  
clayey nannofossi l  oozes (subsequently referred 
to as 'marls ') ,  but  sapropels, sharply-defined 
dark  sedimentary units with high contents  of  
organic mat ter  (Corg) and sulphide, occur as 
discrete beds within the sequence (Calvert  1983; 
Wehausen  & Brumsack 2000; Calvert  & Fon-  
tugne 2001). Sapropels form only at times of  
max imum summer  insolation in the nor thern  
hemisphere,  with a frequency of  23 ka mainly 
set by variations in the Ear th ' s  orbital  precession 
(Rossignol-Strick 1983; Hilgen 1991; Lourens  
et al. 1996; Tuenter  et al. 2003). Each  sapropel 
has a dura t ion  of  only a few thousand  years, 
and not  every insolat ion m a x i m u m  produces  a 
sapropel (van Santvoor t  et al. 1997; Bard et al. 
2002). Inorganic  geochemical  investigations of  
the composi t ional  differences between the enclos- 
ing marls and sapropels have demons t ra ted  that  
many  redox-sensitive elements show large sys- 
tematic enr ichments  in sapropels (e.g. Calvert  
1983; Thomson  et al. 1995; Nijenhuis  et al. 
1999; Wehausen  & Brumsack 2000; Calvert  & 
Fon tugne  2001; Mercone  et al. 2001). 

Sapropel S1 formed between 10 and 6 14C ka 
Bt' (Mercone  et al. 2000). Mercone  et al. (2001) 
investigated its inorganic geochemistry in core 
LC21 with wavelength-dispersive X R F  (WD- 
X R F )  data  and coulometr ic  Corg and CaCO3 
analysis (Figs 1 & 2). As in most  sapropels, the 
CaCO3 content  of  sapropel S1 is lower than 
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Fig. 1. CaCO3, Corg and S concentration (wt%) and Al-normalized mass ratios of Si, Ti, Zr, Mg, Ba, Fe and 
Mn v. depth in core LC21 (after Mercone et al. 2001). All data are from WD-XRF except Corg and CaCO3 
which were measured by coulometry. The depth axis is cm below sea floor, and section 11 of the core 
containing sapropel S1 is at 138.5-219.5 cm below sea floor. The lightly shaded zone indicates sapropel S1. 

those of the marls that enclose it, and, because 
biogenic CaCO 3 is a relatively pure phase, the 
concentrations of elements mainly present in 
the detrital aluminosilicate phase (e.g. Si, A1, 
Ti, K, Rb, Zr) must increase in the sapropel as 
a direct consequence of the decrease in CaCO3 
content. Geochemical data are therefore often 
expressed as a ratio to A1 or some other element 
that is taken to be characteristic of the detrital 
phase in order to overcome this closed sum 
effect (Rollinson 1993; van der Weijden 2002). 

In contrast to the essentially constant ele- 
ment/A1 ratios found for the detrital elements 
(Fig. 1), many redox-sensitive elements when 
normalized to A1 show distinct enrichments 
within sapropel S 1 compared with the lower (det- 
rital) levels observed in the enclosing marls (Figs 
1 and 2). The S1 sapropel in core LC21 has two 
distinct lobes, although the central region still 
has a much higher Corg content than the marls 
above and below. Besides Corg , the elements 
showing the clearest enrichments in these two 
lobes are the Corg or sulphide-associated ele- 
ments S, Fe, As, Mo and V. Other chalcophile 
elements (e.g. Cu, Ni, Pb and Zn) also show 
enrichments in the lobes of the sapropel, 

although the magnitude of these enrichments in 
excess of the detrital element/A1 ratio is less 
marked than for As, V and Mo. In the enclosing 
marls, the concentrations of As and Mo are close 
to or below the detection limit of the W D - X R F  
instrument used, but both elements are readily 
detectable within the sapropel. 

The relationship between the concentration of 
an element in the sediment (as measured for 
example by WD-XRF)  and its peak area integral 
measured by ED-XRF excitation will not neces- 
sarily be constant along a core section of wet 
sediment (Jansen et  al. 1998). Fluctuations in 
sediment mineralogy, particle size or water con- 
tent, for example, will all influence the mean 
atomic number of the sediment under the X-ray 
excitation beam and, hence, affect the X-ray 
absorption and Compton and Rayleigh scatter- 
ing. Thus, the higher water content of sapropels 
causes an increase in Compton scattering com- 
pared with the enclosing marls, and this alters 
the sensitivity of the system for different elements 
by different amounts. While recognizing the 
problems presented by such fluctuations in detec- 
tion efficiency, a selection of parameters was 
made based on a consideration of: (i) the data of 
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Fig. 2. Corg and C1 (wt%), Br and I (pgg-1), Al-normalized mass ratios V, Cu, Ni, Zn, Mo, As v. depth in core 
LC21. All data except Corg are from WD-XRF. The depth axis is in cm below the sea floor. Lightly shaded 
zone indicates sapropel S1. 

Figures 1 and 2 along with those elements that 
were recorded by the ITRAX instrument for the 
archive section of the core from which the data 
of Figures 1 and 2 were gathered (Table 1); and 
(ii) those elements recorded by the ITRAX instru- 
ment for the two sections of core SL104 containing 
sapropels (Fig. 3). The ITRAX response (scan 
integrals) to the concentration of an element in 
sediments varies greatly between different ele- 
ments (Table 1), and some elements with both 
low mean concentrations and low mean scanner 
integrals (e.g. S, As) prove critical for interpreta- 
tion of the localized elemental enrichments in the 
sapropel. 

On the following reasoning, seven element 
integral ratios and one direct integral from the 
element scans were selected to identify critical 
sapropel features. 

Ba/Ti  integrals ratio. High Ba/AI levels have 
been shown to occur in sapropels where Corg 
values are high, due to the presence of bio- 
genic Ba associated with organic matter, 
and these high Ba/A1 values appear to be pre- 
served in sapropels even if Corg is oxidized at 
a later stage (Thomson et al. 1995, 1999; van 

Santvoort et al. 1996, 1997). Aluminium was 
not detected efficiently with the ITRAX con- 
figuration used, and in the absence of A1 data 
the possible alternatives as the element for 
detrital aluminosilicate normalization 
among the elements detected by ITRAX 
(Table 1) are Ti, K and Rb. Although Lou- 
rens et al. (2001) have demonstrated that 
the Ti/A1 ratio in Pliocene eastern Mediterra- 
nean sediment sections containing sapropels 
shows a remarkable cyclicity with lower 
values in sapropels compared with the 
enclosing marls, this effect does not appear 
so marked in more recent sapropels (Fig. 
1). Ba/Ti ratios were therefore selected on 
the expectation that they would behave simi- 
larly to Ba/A1 ratios. 
Br/Cl integrals ratio. Marked enrichments in 
Br content are found in sapropels (Ten 
Haven et al. 1987; Mercone et al. 2001) (Fig. 
2), partly due to an enrichment of Br with 
Corg , and partly due to the higher porosity 
and, hence, higher sea-salt content in the 
pore waters of the sapropel compared with 
the enclosing marls. The latter factor also 
causes relatively high C1 contents in sapropels. 
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Table |. Mean response o f  the I T R A X  system over core LC21 section 11 compared with mean WD-XRF 
concentrations determined in individual samples from the same core section. The I T R A X  data are the means o f  1590 
element peak area integrals, each collected over a width o f  200 #m for 40 s at a spacing o f  O.5 mm over 81 cm, while the 
WD-XRF data are 23 analyses o f  1 cm-thick samples. Note that the concentrations o f  redox-sensitive elements in 

particular are highly variable in this section (Figs 1 & 2) 

ITRAX ITRAX ITRAX WD-XRF WD-XRF WD-XRF 
Element Mean integral SD on mean SD/mean% Mean (gg g-l) SD on mean SD/mean% 

Fe 167646 19 087 11 28 418 2498 9 
Ca 96203 13 549 14 171414 8516 5 
Sr 54567 5648 I0 750 68 9 
Zr 28732* 860* 3* 78 6 8 
Br 3752 1317 35 104 33 32 
Ni 3600 414 11 211 19 9 
K 3472 812 23 2402 786 33 
Rb 3171 482 15 n.a.* 
Co 3142 847 27 n.a.* 
Ti 2592 336 13 2285 135 6 
Mn 2284 5243 230 1676 1668 99 
Zn 1055 173 16 66 3 5 
Cu 973 214 22 71 I0 14 
C1 923 197 21 22 578 7280 32 
Cr 622 213 34 197 10 5 
As 483 543 112 10 12 117 
V 127 113 89 128 46 36 
Pb 122 87 71 12 2 14 
Ba 95 63 67 316 135 43 
S 24 64 264 4343 2313 53 

Si n.dfl 132028 7228 5 
A1 n.d. ~ 41 739 2321 6 
Mg n.d. * 29848 1265 4 

* Prototype ITRAX Zr data compromised by a detector contamination. 
n.a.*: not available. 
n.d.~: not detected by the ITRAX system with the Mo target X-ray tube used. 

The Ba/C1 ratio is chosen to reveal the pre- 
sence of additional Br associated with Corg in 
excess of the constant Br/CI sea-salt ratio. 

�9 M n / T i  integrals ratio. High Mn/A1 values in 
two separated peaks are commonly observed 
above the visual S 1 unit, as a result of oxida- 
tion of Mn 2+ in the sediment pore waters or 
sea water to MnOx by increased bottom 
water 02 levels that become available at the 
end of sapropel formation (Thomson et al. 
1995, 1999; Calvert & Pedersen 1996; van 
Santvoort et al. 1996). This parameter is 
important in defining the extent of post- 
depositional oxidation of sapropel. 

�9 Cu/T i  integrals ratio. This ratio was initially 
included because Cu, like several other chal- 
cophile elements, generally shows an increase 

- .  

in sapropels (Fig. 2). The ratio also turned 
out to be a useful marker ofpost-depositional 
oxidation, as discussed below. 

, Fe /T i  integrals ratio. Pyrite (FeS2) forms in 
sapropels (Passier et al. 1996, 1999), and 
the enrichment of Fe content causes an 

increase in the Fe/Ti ratio over the assumed 
constant Fe/Ti detrital value. 
S / C l  integrals ratio. The S/C1 ratio is chosen to 
reveal the presence of additional S associated 
with pyrite or Corg (Passier et al. 1999) in 
excess of the constant S/C1 sea-salt ratio. 
As  integral. Arsenic is strongly incorporated 
into FeS2 (Peterson & Carpenter 1986; 
Huerta-Diaz & Morse 1992). Arsenic data 
have not been normalized to Ti because As 
is generally close to its XRF limit of detec- 
tion except where pyrite occurs (cf. Fig. 2). 
St~Ca integrals ratio. This ratio is monitored 
because the Sr/Ca ratio in sapropel units 
has been reported to be consistently higher 
than in the enclosing marls (Calvert 1983). 
The substantial CaCO3 content in eastern 
Mediterranean sediments (e.g. generally 40- 
50%, Fig. 1) means that an increased Sr/Ca 
ratio requires the presence of some phase 
with an unusually high Sr/Ca ratio. This 
has been identified as aragonite that has 
been postulated to form as a consequence 
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of the alkalinity produced by sulphate reduc- 
tion diagenesis within sapropels (Thomson 
et al. 2004). 

Inorganic geochemis try  o f  sapropel S1 as 

revealed by I T R A X  in section 5, core S L I 0 4  

Sapropel S1 is present as a dark band at 130- 
230mm in the uppermost section 5 of core 
SL104. When submitted to ITRAX analysis, 
the dark band in the visual image is revealed by 
the X-radiograph to have a lower sediment den- 
sity than the remainder of the section (Figs 3 & 
4). This lower density of the sapropel sediments 
is due to their increased porosity, as revealed 
by the increased CI content from the increased 
pore-water content per unit sediment volume, 
and is the cause of increased Compton (incoher- 
ent) scattering in the sapropel (Fig. 4). This may 
be the reason for the local effect seen in the K/Ti 
ratio that was expected to be approximately con- 
stant from WD-XRF data on sapropel S1. 

High values of the Ba/Ti and Br/CI ratios are 
present through the 10cm-thick dark band, but 
while the Br/C1 ratio is high in exact coincidence 
with the dark coloration, high values of the Ba/Ti 
ratio continue for approximately 4cm immedi- 
ately above it (90-130mm; Fig. 4). The Ba/Ti 
ratio profile also has a central minimum, similar 
to the two peaks in the Ba/AI ratio that follow 
the fluctuation of Corg in the two sapropel lobes 
in core LC21 (Fig. 1). Two clear peaks in the 
Mn/Ti ratio occur immediately above the visual 
sapropel, the upper of which has its maximum 
coincident with the point where high Ba/Ti 
values return to the detrital baseline, while the 
lower has its maximum on the upper face of 
the visual sapropel where Br/C1 values return to 
the salt baseline (Fig. 4). Such Ba, Mn and Br 
profiles are interpreted as due to the oxidation 
of Corg and sulphide from the upper reaches of 
the original sapropel S1 by bottom-water 02, 
with the upper Mn peak marking the end of 
sapropel formation and the lower Mn peak 
marking the progress of oxidation into the sapro- 
pel since that time (Thomson et al. 1995, 1999; 
van Santvoort et al. 1996). (Note that core 

Fig. 3. Colour photograph, X-radiograph and 
intensity v. depth profiles for the 10 elements with the 
largest integrals reported by the ITRAX ED-XRF on 
scans along sections 5 and 3 of core SL104. The XRF 
data are displayed as three-point running means of 
45 s XRF integrals and the depth scale is the depth in 
core in mm. Shaded and diagonal-hatched 
backgrounds indicate the zones of unoxidized 
(residual or visual) sapropel and the inferred oxidized 
sapropel, respectively. 

LC21 (Figs 1 & 2) was selected for intensive 
study by Mercone et al. (2000, 2001) because 
the sediments of that core had accumulated so 
rapidly that these post-depositional oxidation 
effects on the S1 unit were minor or absent in 
that core.) The Br/C1 and Ba/Ti profiles in core 
SL104 section 5 are consistent with a loss of Br 
along with Corg on oxidation (Shimmield & Ped- 
ersen 1990), whereas Ba is retained after Corg oxi- 
dation (Thomson et al. 1995, 1999). In this 
example, the sapropel is interpreted as having 
been 14cm thick initially, with the upper 4cm 
oxidized since deposition and the lower 10cm 
remaining as the present visual sapropel. As the 
top of the visual S1 unit is only 13cm below 
the sea floor, this oxidation of the sapropel is 
expected to be active, and expected to continue 
either until the sapropel is fully oxidized or for 
as long as bottom-water O2 can diffuse down to 
the upper face of the sapropel. 

While the maximum of the lower Mn/Ti peak 
is located immediately above the visual sapropel, 
a clear peak in Cu/Ti occurs immediately below 
this Mn/Ti peak, exactly at the top of the visual 
sapropel (Fig. 4). In the raw data, high Mn 
values fall off at exactly the same level as the 
highest value on the upper face of the Cu peak 
rises to fall off over < 1 cm (Fig. 5). Other trace 
elements (Se, Hg and Ag) not detected by the 
ITRAX have also been shown previously to 
have large narrow peaks exactly at the top of 
the visual sapropel, i.e. on the anoxic side of 
the limit of oxidation (Mercone et al. 1999; Cru- 
sius & Thomson 2003). Such peaks are produced 
by the repeated mobilization of elements present 
at enhanced concentration in the original sapro- 
pel by oxidation with bottom-water 02 after 
sapropel formation, followed by their repeated 
immobilization by reduction in the anoxic condi- 
tions of the unoxidized sapropel. These peaks are 
expected to move downwards below the advan- 
cing oxidation front and continue to be augmen- 
ted for as long as the oxidation front is active. 
The peak should remain in place in anoxic condi- 
tions as a relict marker of the oxidation process 
thereafter. This feature does not appear to have 
been reported previously in sapropel Cu profiles, 
probably because of the relatively small size of 
the Cu/Ti peak relative to the detrital back- 
ground in the lower-resolution sampling under- 
taken for conventional analysis that is generally 
undertaken on sample increments no finer than 
0.5-1 cm thick. 

The two Fe/Ti peaks in the sapropel are prob- 
ably related to the two Ba/Ti peaks that should 
mark increases in Corg content which drives 
sulphate reduction, although the corroborative 
S/C1 and As evidence for pyrite formation is 
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Fig. 5. Detail of the ITRAX Mn/Ti and Cu/Ti ED-XRF scans from section 5 of core SL104. These are the raw 
XRF count integral data plotted without smoothing. The level where Mn/Ti decreases and Cu/Ti increases 
(dotted line) marks the inferred location of the active oxidation front in this S 1 sapropel. 

now only present in the lower peak because of the 
effects of the inferred oxidation front (Fig. 4). 
The upper Fe peak with its maximum close to 
the upper face of the visual sapropel may have 
been initially present as FeS2, as in the example 
of Figure 1. This peak must have formed later 
than the lower Fe/Ti peak, and it contains a 
much lower As concentration. The Fe/Ti, S/C1 
and As profiles all suggest that pyritization has 
been most intense towards the base of the 
visual S1 unit. In a reverse of the explanation 
proposed above for the Cu/Ti peak at the limit 
of oxidation, the shapes of the Fe/Ti and As pro- 
files, with maximum values at the lower face of 

Fig. 4. Colour photograph, X-radiograph and ratios 
of the ITRAX ED-XRF scan integrals for the Mo 
Compton scatter peak, K/Ti, Ba/Ti, Br/C1, Mn/Ti, 
Cu/Ti, Fe/Ti, S/C1 and Sr/Ca and the As integral as a 
function of depth in sections 5 and 3 of core SL104. 
The XRF data are displayed as three-point running 
means. The high water contents in the unoxidized S 1 
sapropel at 130-230 mm in section 5 and in the visual 
$3 unit in section 3 at 2350-2430 mm cause local 
increases in Compton (incoherent) scattering, and the 
resultant changes in excitation efficiency probably 
affect the expected constancy of the K/Ti ratio. 
Shaded and diagonal-hatched backgrounds indicate 
the zones of unoxidized (residual or visual) sapropel 
and the inferred oxidized sapropel, respectively. 

the sapropel and peak shapes that tail upwards 
into the sapropel unit, probably indicate the 
direction of supply of the extra Fe and As now 
found in FeS2. Berner (1969, 1984) has discussed 
how production of sulphide driven by organic 
matter oxidation with sulphate reacts with Fe z+ 
from the reduction of Fe oxyhydroxides in 
order to form diagenetic FeS2. The situation in 
the S1 unit in core SL104 section 5 is similar to 
Berner's (1969) case where supply of Fe z+ is suf- 
ficient to consume the HzS produced by sulphate 
reduction close to its locus of formation and 
thereby limit HzS diffusion. Passier et al. (1996, 
1999) have demonstrated that a diffusive export 
of sulphide out of sapropel units can occur, in 
which case FeS2 forms below the sapropel, but 
in the case of the S1 unit in core SL104 the 
shapes of the Fe/Ti, S/C1 and As profiles suggest 
that most of the pyrite must have formed just 
inside the lower level of the sapropel. Consistent 
with this explanation, the lowest Fe/Ti values in 
this entire core section are found in the 20 cm- 
section immediately below the sapropel, which 
probably represents a loss of Fe oxyhydroxides 
that were reduced to Fe z+ that diffused upwards 
and is now immobilized in the sapropel as FeS 2. 
The colour of the sediment in this 20 cm-section 
has been altered from buff to grey, also suggest- 
ing localized reduction. 
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The Sr/Ca profile (Fig. 4) has its maximum 
value close to the level of maximum pyrite forma- 
tion. High Sr/Ca values in sapropels are indica- 
tive of the presence of aragonite (Thomson et al. 
2004), and here these occur through both the 
residual and oxidized sections of the sapropel 
and for at least approximately 5 cm below. This 
is likely to reflect some diffusion of carbonate 
system species in solution before crystallization 
to aragonite. 

Inorganic  g e o c h e m i s t r y  o f  saprope l  $3  as 

revealed  by  I T R A X  & sect ion 3, core S L I 0 4  

Sapropel $2 is rarely reported in the eastern 
Mediterranean sedimentary record and its for- 
mation is controversial, but sapropel $3 did 
form approximately 85ka ago (Bard et al. 
2002). The $3 unit is clearly evident in both the 
visual image and the X-radiograph at 2350- 
2430mm depth in core in section 3 of core 
SL104 (Figs 3 & 4). High Br/CI values are exactly 
coincident with this 8cm-thick lower-density 
dark band, but high Ba/Ti values continue 
through the dark band and for approximately 
l l c m  (2240-2350mm) above it. By analogy 
with the Br/CI and Ba/Ti profiles of sapropel 
S 1 in this core discussed above, post-depositional 
oxidation of the upper 11 cm of an $3 sapropel 
that was originally 19 cm thick is indicated. In 
this case the overall Ba/Ti profile is Gaussian in 
shape without the central dip in the profile seen 
in the S 1 sapropel (Figs 1 & 4), and the maximum 
Ba/Ti is up to 1.5 times that of the S1 sapropel 
(Fig. 4). Calvert & Fontugne (2001) have 
reported maximum Corg contents of 2.0 and 
2.8wt% Corg in sapropels S1 and $3, respec- 
tively, suggesting that the Ba/Ti ratio may be 
broadly proportional to Corg content in core 
SL104. 

The sediments at the depths of section 3 in 
core SL104, almost 2m below the sea floor, are 
now in anoxic conditions. The post-depositional 
oxidation of this $3 unit could only have contin- 
ued for as long as diffusional contact with 
bottom-water O2 was maintained, and all evi- 
dence of post-depositional oxidation of sapropel 
$3 must now be relict (van Santvoort et al. 1997). 
The Mn peaks at the tops of sapropels initially 
form as MnO x containing Mn[IV] and Mn[III], 
which is unstable under anoxic conditions, so 
that any solid-phase Mn enrichment formed 
above sapropel $3 is expected to have been 
reduced on burial. It might therefore be expected 
that the Mn 2+ produced by reduction would 
have diffused away in pore-water solution, but 
the largest solid-phase Mn/Ti peak in this core 

section still appears to be in position above the 
sapropel (Fig. 4). This Mn/Ti peak is broad 
and much smaller than the corresponding Mn/ 
Ti peaks in sapropel S1, however, and lacks 
any evidence of the two sharp peaks that are 
characteristic of the active oxidation of sapropel 
S1 (e.g. Fig. 4). Another difference is that the 
excess Mn in the $3 unit appears to have pene- 
trated slightly into the visible sapropel. One 
likely explanation is that diffusion of Mn 2+ 
away from the site of MnOx localization has 
been limited by sorption on to carbonate sur- 
faces, a phenomenon that has been shown to be 
prevalent in carbonate-rich sediments (Boyle 
1983; Thomson et al. 1986; Middelburg et al. 
1987). A related possibility is the formation of 
a mixed Mn-Ca carbonate phase, a conversion 
process that forms authigenic carbonates as 
chemical laminations in the brackish sediments 
of Baltic Sea deeps after episodic oxygenation 
events (Huckriede & Meischner 1996). Kulik 
et al. (2000) have concluded that the critical 
requirement for Mn-Ca carbonate formation is 
the development of very high local pore-water 
Mn 2+ concentrations from MnOx reduction in 
the presence of alkalinity. 

As in the S1 profile in section 5, there is a peak 
in the Cu/Ti profile with a flat upper face and a 
downwards tail over approximately 20ram at 
the top of the visual sapropel at 2350mm (Fig. 
4). This peak shape and position is consistent 
with the inferred limit achieved by post-deposi- 
tional oxidation in this sapropel when active. 
This is neither the largest nor the only Cu/Ti 
peak in this section, however. Two larger 
peaks, both with sharp upper cut-offs, are pre- 
sent at 2300 mm in the oxidized sapropel and at 
2660mm well below the sapropel. Localized 
enrichments with high Cu contents have been 
noted in deep-sea sediments elsewhere, although 
the mechanism for their formation and the 
source of the additional Cu remain enigmatic 
(Siesser 1976; van Os et al. 1993; Thomson et al. 
1996). van Os et al. (1993) reported two different 
types of Cu enrichment, one that occurs in an 
association with other trace elements that 
appears similar to a MnOx association, and a 
second that occurs as thin purple-coloured 
bands that fade rapidly with time (oxidize?) and 
are apparently associated only with S. Such 
purple bands do not appear to have been 
reported hitherto from sapropels, but van Os 
et al. (1993) have suggested that they result 
from mobilization of an unidentified Cu-S spe- 
cies from organic-rich turbidite units. Another 
possibility is that Cu is mobile in an organo-S 
complex rather than as a Cu-S species (e.g. Skra- 
bal et al. 2000). 
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Pyritization of the $3 unit is revealed by the 
Fe/Ti and S/C1 ratios and As values. Again, 
pyrite formation is most intense just above the 
base of the sapropel, and the mean value of the 
Fe/Ti ratio is again lower for tens of cm below 
the sapropel than above it, consistent with a 
loss of Fe from reduction of oxyhydroxides to 
supply the extra Fe found in the sapropel as 
FeS2 (Fig. 4). The cause of the second Fe peak 
in the oxidized section of sapropel $3 at 
2310 mm is not clear. This peak is not associated 
with S or As, and it may represent solid-phase 
Fe(III) formed by a reduction and displacement 
of Mn(II) from Mn(III,IV)Ox by Fe 2+, a process 
discussed by Postma & Appelo (2000). 

The Sr/Ca profile in this section (Fig. 4) has its 
maximum in the visual sapropel but higher Sr/Ca 
values also occur approximately 30 cm above and 
about 20cm below, much more widely spread 
than the corresponding St/Ca peak in S1. It is 
not clear whether this represents the initial pat- 
tern of formation of aragonite in and around 
this sapropel, or whether some later dissolution 
of aragonite with an outwards diffusion of Sr 2+ 
has occurred. 

Data for this study were gathered with the pro- 
totype ITRAX system, but modifications and 
improvements to the primary X-ray excitation, 
X-ray detection and data processing of later 
ITRAX systems allow collection of quantitative 
data for a range of elements from A1 through to 
Zr (Croudace et al. 2006). Such data are achievable 
on favourable fine-grained sample types (e.g. com- 
pressed rock powder), but calibrated data for a 
larger set of elements can now also be obtained 
from split cores. We make the caveat that such 
data should not be expected to be truly quantita- 
tive in all cases, however. On unprocessed sedi- 
ment in cores, XRF scanner systems cannot be 
expected to deliver a quality of data comparable 
to that of WD-XRF systems because of the small 
excitation volume used, the air path, and the 
effects of mineralogical, particle size, porosity 
and water content variations. The primary 
strength of scanner systems is their analytical 
rapidity and the potential of their high-resolution 
capability to provide insights not possible with 
conventional methods where cm-scale discrete 
samples are required to provide sufficient material 
for analysis. 

Conclusions 

Several similar geochemical characteristics could 
be recognized in the most recent sapropel S 1 and 
in the older sapropel $3 through the combination 
of visual and X-radiograph images and XRF 
elemental ratio profiles obtained using the 
ITRAX core scanner. Element/Ti ratios of the 
semi-quantitative XRF integrals from the scanner 
appear to provide an acceptable alternative to the 
element/A1 ratios that are customarily used to 
define detrital aluminosilicate levels, and ele- 
ment/C1 ratios can be employed to indicate 
where S and Br increase markedly over their sea- 
salt values due to pyrite formation or association 
with Corg , respectively. Evidence of the localized 
enrichments ofredox-sensitive elements associated 
with Corg or  sulphide formation is readily identi- 
fied in sapropels through the selected ratios, and 
profile trends reveal evidence of the oxidation 
that many sapropels undergo after deposition. 
The directions of movement of certain elements 
(Fe and As, Cu) during diagenesis can be inferred 
from profile shapes. The extra level of detail 
recorded by continuous high-resolution sampling 
with the finely collimated X-ray beam of the 
ITRAX provides a considerable advantage over 
conventional sampling and analysis, particularly 
for identification of narrow zones of unusually 
high concentrations of particular elements, such 
as the Cu localizations encountered in this study. 
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