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[1] Among the late Quaternary Mediterranean sapropels, the S5 (125 ka) is one of the best preserved due to its
high organic carbon content that has limited postdepositional oxidation. The high uranium content in this
sapropel, >40 dpm g ', makes this layer interesting for studying uranium series disequilibrium in organic-rich
sediments. For this reason, the present work provides isotopic measurements of the U decay series in a S5
sapropel by applying more precise mass spectrometric methods, TIMS/MC-ICPMS, and gamma spectrom-
etry. Assuming that U in the sapropel mostly originated from seawater the (*>*U/***U), (**°Th/?*%0),
(**°*Ra/**°Th) and (**'Pa/**>U) activity ratios show systematic deviations from the theoretical values for a
closed-system evolution of the U series over the 125 ka since sapropel formation. The radiogenic ***U,,q
and **°Ra show clear evidence of migration in the sapropel with modeled diffusion coefficients of (7.1 +
1.1) x 10 2 cm? s ' and (1.6 £ 0.2) x 107" cm? s, respectively. The diffusion of ***U,,q cannot explain
the high (**°*Th/?**U) and (**'Pa/**>U) activity ratios observed in the sapropel. Two possible mechanisms
or a combination of both are proposed for explaining the irregular (***Th/***U) and (**'Pa/**>U) activity pro-
files in sapropel S5. The first one is an enhanced export flux of 230Th,, and **'Pa, excesses exceeding the
production rate in seawater, during the time of sapropel formation, and the second one is diffusion of authi-
genic U,y in the sapropel. However, the ambiguous determination of >>°Thy and **'Pa, in the sapropel and
the poorly understood processes that might lead to U4, migration in anoxic sediments still limit a final expla-
nation for the deviation of (***Th/***U) and (**' Pa/*>>U) activity ratios from their expected theoretical values.
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1. Introduction

[2] Sediment cores from the eastern Mediterranean
Sea contain numerous dark colored layers rich in
organic carbon and commonly laminated. These
organic-rich layers are called sapropels (from the
Greek sapros — rotten and pelos — soil) provided
their thickness exceeds 1 cm and the total organic
carbon (C,,,) content exceeds 2% [Kidd et al.,
1978]. Among the late Quaternary Mediterranean
sapropels (S1 to S11), the S5 (125 ka) is one of the
best preserved due to its high organic carbon content
[Lowemark et al., 2006]. Two different models have
been proposed for sapropel formation. The first one
is the stagnation model that assumes that reduced or
nonexistent deep-water ventilation, due to stratifi-
cation of the water column, leads to anoxic condi-
tions at seafloor and consequently to preservation of
organic material [Aksu et al., 1995; Cita et al., 1977;
Thunell and Williams, 1989]. The second one is the
productivity model, which proposes elevated pri-
mary production due to the increased nutrient
availability in the surface water [Castradori, 1993;
De Lange and ten Haven, 1983]. A combination of
these two models, reduced deep-water ventilation
and increased productivity in the surface water, has
been proposed by more recent studies [Emeis et al.,
2000a, 2000b; Rohling, 1994; Warning and
Brumsack, 2000].

[3] The chronology of the sapropel layers has
previously been determined by oxygen isotope
stratigraphy, biostratigraphy, tephrochronology and
radiocarbon '*C dating for the youngest ones
[Hilgen, 1991; Jorissen et al., 1993; Lourens et al.,
1996; Paterne et al., 1986; Thomson, 1982].
Pioneering work based on alpha spectrometry,
by Mangini and Dominik [1979] and later by
Severmann and Thomson [1998], tried to use U
series daughters (U/Th) in order to provide more
accurate and precise sapropel ages. However,
precise U series chronologies were not achieved
due to postdepositional diagenesis leading to open-
system evolution of the U-series nuclides in sapro-
pels. Severmann and Thomson [1998] proposed the
231pa/235U dating technique as a possible alterna-
tive for dating sapropels but the much lower
detection limits required for **U and **'Pa are not
easily achievable by traditional alpha spectrometry.

[4] This work provides isotopic analysis of the
U series nuclides (**°U, 2*U, U, 23°Th, #**Th,
231pg) for one Mediterranean S5 sapropel by using
mass spectrometric methods, TIMS and MC-ICPMS.
In addition, **°Ra activities were acquired using low

level gamma spectrometry. The Mn and organic
contents of the sapropel and overlying sediments
were also measured.

[5] In the following, the activity ratio distributions
of (234U/238U), ( 30Th/238U), (226Ra/230Th) and
(**'Pa/**°U) are discussed in comparison with the
expected theoretical closed system of the U series
nuclides under the presumption of a seawater ura-
nium origin. Our objective is to shed new light on the
diffusion of radionuclides in organic-rich sediments
and to refine the diffusion coefficients needed to
potentially date such archives using U series open-
system models in the future.

2. Material and Methods

[s] Here, we have investigated in great detail the
so-called S5 sapropel (125 ka) from a gravity core
(ADE3-24) collected in the Eastern Mediterranean
sea (33°66'N, 20°86'E) at a depth of 2630 m. The
core (2.45 m long) sealed in a PVC liner was stored
in a constant temperature room (~10°C) for one
year. One hour after the core opening in the labo-
ratory, the sapropel layer was sampled every cm. All
samples were dried at 50°C and ground in an agate
mortar and sealed in plastic tubes for further geo-
chemical analysis.

[7]1 In this core, the S5 sapropel is 11.5 cm thick,
faintly laminated layer, and it is located between the
core depths 214.0 cm and 225.5 cm.

[8] For U-Th analysis, the total sample dissolution
method was used and all samples were spiked with a
mixed >**U-?**U-**’Th spike. U and Th were sep-
arated and purified by ion-exchange chemistry
[Lawrence et al., 1987] and were deposited on rhe-
nium filaments. The samples were analyzed using
a thermal ionization mass spectrometer (Finnigan
MAT262) at LSCE-Gif-sur-Yvette. Mass frac-
tionation of **U/***U isotopic ratio and ***U con-
centrations were estimated using the known
233U/%°U ratio and *°U concentration in the spike,
respectively.

9] For thorium isotope ratio measurement the
32Th/”*Th and **Th/%°Th ratios were measured
separately (in a two different runs) due to the high
232Th abundance, and no corrections for isotope
ratio fractionation were applied. For the 2°Th/***U
isotope ratio an external correction (linear law) was
done by using a sample-standard bracketing proce-
dure every two samples. The bracketing procedure
was performed by using the HU-1 reference material
and the values reported by Cheng et al. [2000]. The
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reproducibility of (***U/**®U) activity ratios and
U concentrations are better than 4%o and that of
(**°Th/?*®*U) activity ratios are better than 8%o.

[10] Full procedural blanks had an average value of
3.8 ng for **U, 30 fg for »*°Th and 0.3 ng for »**Th
and are negligible with respect to the amounts of
238U, 24U, #*°Th and ***Th in the analyzed sample
aliquot.

[11] For ?*Ra nuclide determination, powdered
samples weighing between 1.8 g and 2 g were sealed
in plastic cylindrical tubes and were analyzed at the
underground laboratory of Modane (Laboratoire
Souterrain de Modane, French Alps) by using
low level gamma spectrometry. High-efficiency,
low-background, well-type germanium detectors
(430 cm® and 950 cm® active volume) were used
[Reyss et al., 1995]. These detectors are shielded
from cosmic radiation by 1700 m of rocks, which
results in very low background less than 0.6 cpm
between 30 and 2700 keV. Because **°Ra activity is
determined from the 2'*Pb (295 and 352 keV) and
214Bj (609 keV) peaks, gamma analyses were per-
formed about one month after the samples were
sealed in order to assure ensure radioactive equi-
librium between the isotopes.

[12] *'Pa measurements were carried out using
about 50 mg of sediment for each sample. The
samples were spiked with ***Pa and ***U prior to
total digestion. The Pa and U fractions were sepa-
rated and purified using anion exchange chroma-
tography AG1x8 BioRad® [Guihou et al., 2010].
The Pa and U fractions were analyzed using a MC-
ICPMS (Nu 500 HR at Laboratoire de Géologie de
Lyon, Ecole Normale Supérieure de Lyon, France).
Ratios were corrected for instrumental background
noise, blank contributions and tailing of ***Th on
mass 231 and 233. The overall correction was below
5% for Pa and 5% for U. The instrumental mass bias
was monitored by standard bracketing with the
IRMM 184 uranium isotopic standard.

[13] Mn contents were determined using X-ray
micro fluorescence with a iMOXS X-ray source
combined to a JEOL 840 Scanning Electron
Microscope (SEM). Multielement spectra were
obtained with an Energy Dispersive Spectrometer
(EDS) equipped with a high purity Ge detector from
PGT. X-ray micro fluorescence analyses were per-
formed on a few milligrams of compacted sediment
powders and USGS rocks were used as standards.
No specific sample preparation was required.

[14] For organic carbon analyses two different
measurements were done on each sediment sample:

total carbon on bulk sediment, and organic carbon
after sediment leaching with 0.6N HCI for 3—4 days
until no further gas bubbling is recognized. About
15-20 mg of sediment was weighed using tin cups
for measurement (with a precision of 1 ug). The
sample was combusted in a Fisons Instrument NA
1500 Element Analyzer and carbon content deter-
mined by the Eager software. An acetanilide standard
(71.07%wt of carbon) was inserted every 10 samples.
Assuming that mineral carbon exists only in the
form CaCQOj;, the organic carbon content in bulk
sediment was deduced. Results are reported in
weight % of organic carbon/bulk sediment.

3. Results and Discussion

3.1. Uranium Series Radionuclide Profiles
in the S5 Sapropel

[15] High organic carbon (C,,) contents and high
uranium (***U, #*®U) activities are observed in the
sapropel unit compared with the surroundings
sediments (Figures 1a and 1b; see also Table 1). The
high uranium activities are the result of anoxic
conditions prevailing during sapropel formation.
Dissolved seawater U(VI+) is reduced to U(IV+)
under anoxic conditions and is removed from solu-
tion into marine sediments [4Anderson et al., 1989a;
Barnes and Cochran, 1990; Barnes and Cochran,
1991; Cochran et al., 1986; Klinkhammer and
Palmer, 1991; McManus et al., 2005]. How-
ever, particulate nonlithogenic uranium has been
observed in the Santa Barbara Basin sediment
showing evidence for an association of U with
organic matter in seawater [Zheng et al., 2002]. We
consider that during uranium removal from sea-
water, either by precipitation in the sediments and/or
in form of particulate nonlithogenic uranium, no sig-
nificant isotopic fractionation between ***U and
23817 is observed. Therefore, the seawater-derived
uranium in the sediments acqzuires the isotopic
fingerprint of seawater with a (>**U/**®U) activity
ratio equal to 1.147 [4Andersen et al., 2010; Chen
et al., 1986]. This uranium is called authigenic
(Uaum) and is the most important uranium fraction
in Mediterranean sapropels [Mangini and Dominik,
1979; Severmann and Thomson, 1998; Thomson,
1982]. U, dominates largely over the detrital
uranium (Uge) originating from mineral lattices of
the terrigenious sediment fraction. However, this
view for a marine origin of uranium in sapropels has
been challenged by Bernat et al. [1989] who sug-
gested that the uranium is derived almost entirely
from terrigenous material [Bernat et al., 1989].
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Figure 1. Vertical distribution of (a) Mn and C,,, and (b) 238U decay products and **Th in the studied core. The
Mn-rich zone and the sapropel unit are marked by the striped and the shaded areas, respectively. Error bars are
included in the symbols and are expressed at a 95% confidence level.

[16] In contrast to the uranium in the sapropels,
232Th is primordial and exclusively derived from
detrital material of erosional debris. “**Th activity in
the sapropel is consistently lower than 1.3 dpm g~
with little variation with depth. (Figure 1b).

[17] Sedimentary 239Th consists of three distinct
sources: (1) detrital **°Thg, from terrigenous
minerals, (2) nonsupported excess of ***Thy pro-
duced in seawater from the decay of dissolved 23*U,
and (3) authigenic 30T hum produced within the
sediments from radioactive decay of 23U uth-
Because **°Th, is rapidly scavenged from the water
column by adsorption on the surfaces of sinking
particles, the flux of 230ThXS to the seafloor is con-
sidered to be close to its rate of production by ***U
decay in the overlying water column [Henderson
et al., 1999a; Yu et al., 2001]. Once stored in the
sediment, 230Thxs decazys according to its half-life of
75.7 ka. Due to high 34Uamh activities in sapropel
and because of the age of S5 (125 ka), sufficient time
has elapsed leading to a distinct ingrowth of the
>3OTh activity toward radioactive equilibrium with
234U. This leads to ***U and **°Th profiles, which
are rather similar (Figure 1b).

[15] Like *°Th, three different sources for sedimen-
tary **°Ra have also to be distinguished: (1) detrital
*2°Rage locked in the mineral lattices of erosional
debris, (2) *°Ray derived from the seawater by in
situ formed settling barite minerals [Bishop, 1988;

Stroobants et al., 1991], and (3) authigenic ***Ra,un
produced in sediment by radioactive decay of ***Th
(**°Thyyq, and/or 2°Thy). **°Ra,, decays with a half-
life of 1.6 ka and thus in S5 sapropel has totally
decayed, such that **°Ra should be in secular equi-
librium with 2*°Th. ?*°Ra activity profile in the
sapropel is similar to that of ***Th due to the
ingrowth of 225Rauum activity toward radioactive
equilibrium with 2*°Th (Figure 1b).

3.2. Evidence for Postdepositional
Diffusion of Uranium Decay Products

3.2.1. Authigenic Versus Detrital Sources
in the S5 Sapropel

[19] Activity ratios for the detrital component in the
sapropel are estimated from the measured ***Th
activity and an inferred (***Uye/***Th) activity ratio
for the detrital material, assuming that all decay
products of ***U are in secular equilibrium, hence
(*P*Uded) = (**Uge) = (P Thye) = (**°Ragey). The
detrital (**®*Uye/***Th) activity ratio for the eastern
Mediterranean Sea used in this work is equal to
0.76 £ 0.1 [Thomson, 1982]. This value is in a good
agreement with previous in-house measurements of
Mediterranean sediment cores (0.69-0.83, J.-L.
Reyss, unpublished data, 2004). Broadly similar
mean (***Uge/2*?Th) activity ratios have also been
suggested for Atlantic (0.6 =0.1), Pacific (0.7 £0.1)
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and Southern Ocean (0.4 + 0.1) [Henderson and
Anderson, 2003]. The calculated average contribu-
tion of the detrital fraction to the total activities of
234U, 28U, 2°Th and **°Ra of the sapropel is < 4%.
Furthermore, if the assumption for secular equilib-
rium between the decay products of ***Uge is
not respected due to the alpha recoil effect
[Fleischer, 1988], the (3*U/2%U)ger, (°Th/*?0) gess
(?°Ra/**8U)yq activity ratios should be <1. In this
case, the detrital faction contribution to the total
activities of the isotopes is even smaller. The rela-
tive difference between uncorrected and detrital-
free activity ratios is found to be <0.8% for
*U”U) and (P°Th/**U) and <1.7% for
(**°Ra/**°Th). This difference is within the analyti-
cal errors of the activity ratios and thus the detrital
contribution in the sapropel can be neglected.

231Pa/235U

226R /30T
0.75 £ 0.04
1.94 £ 0.04

230Th/23 SU

3.2.2. Radiogenic 234U,.4 Diffusion

[20] The primary control on the (***U/**®U) activity
ratio in the sapropel at the time of its formation is the
relative contribution of authigenic and detrital U. As
mentioned above, the detrital contribution does not
significantly change this ratio in the S5 sapropel.
Therefore, the (2*#U/?*8U) activity ratio in the S5
sapropel is mostly controlled by authigenic uranium
that has acquired the isotopic fingerprint of the
seawater that prevailed during sapropel formation.
Considering that the seawater (>**U/?38U) activity
ratio was presumably identical to the one of modern
seawater (1.147) for the period of time that covers
the age of S5 sapropel [Henderson, 2002], the
theoretical activity ratio expected from radioactive
decay of ***U and for a closed-system evolution

23452385 2301, /234
Activity Ratio Activity Ratio Activity Ratio Activity Ratio Activity Ratio

1.182 £ 0.013 0.755 + 0.086 0.639 + 0.073 0.92 + 0.11

1.191 £ 0.006 0.930 + 0.012 0.781 + 0.011
1.213 £ 0.006 1.133 +0.028 0.934 + 0.024 2.05 £ 0.07

1.147 £ 0.009 1.101 £ 0.010 0.960 + 0.011 1.28 + 0.03
0.999 =+ 0.009

1.015 £ 0.004 0.836 + 0.005 0.824 = 0.006 0.63 + 0.01
1.123 £ 0.007 0.895 £ 0.010 0.797 + 0.010 0.80 + 0.03
1.135 £ 0.006 0.953 = 0.009 0.839 + 0.009 0.82 + 0.02

1.221 £ 0.004 0.711 £ 0.014 0.582 + 0.012 0.84 £ 0.03
1.04 + 0.02 44.657 + 0.014 35.68 £ 0.18 22.60 + 0.30 2.02 + 0.05 1.002 + 0.004 0.799 + 0.004 0.797 £ 0.005 0.63 = 0.01 0.979 + 0.025

1.218 £ 0.004 0.803 + 0.008 0.660 + 0.007 0.65 + 0.02
1.231 £ 0.006 0.869 + 0.007 0.706 + 0.006

231Pa
(dpm/g)

226Ra
(dpm/g)
450 + 0.12

17.20 £ 0.30
217.5 9.672 £0.193 555 +29 1.29 £ 0.03 47.570 = 0.081 39.67 + 0.25 27.20 = 0.30 2.09 £ 0.06 0.971 £ 0.004 0.834 £ 0.005 0.859 + 0.006 0.69 + 0.01 0.953 + 0.027

219.5 4.670 £ 0.093 784 £39 0.90 £ 0.02 43.248 £ 0.030 34.58 + 0.46 22.51 = 0.32 2.27 £ 0.05 0.992 + 0.006 0.800 £+ 0.011 0.807 + 0.012 0.65 + 0.01 1.137 + 0.024

230Th
(dpm/g)

1.63 £ 0.02 3.117 £ 0.008 2.35+0.27 2.17 £ 0.05
6.482 £ 0.013 5.64 +£0.04 1091 +0.23

5.778 £ 0.007 4.64 +0.05 3.01 = 0.09
7.537 £0.010 5.36 +£0.11
1.44 £0.04 5.165+0.010 5.85+0.14 11.99 = 0.26

1.26 £0.02 3.617 £0.004 3.36 +£0.04 2.51 £0.12
aSamples that comprise the sapropel unit are shown in bold. Weighting errors are taken into account for concentrations and activities final error calculation. Errors are expressed at a 95% confidence level.

221.5 8.774 £ 0.175 670 £33 0.73 £ 0.01 43.944 = 0.011 36.10 = 0.37 28.12 + 0.48 2.51 £ 0.05 0.987 + 0.005 0.821 £ 0.008 0.832 + 0.009 0.78 + 0.02 1.239 + 0.026
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given to the daughter >*Th damages locally chem-
ical bounding and is sufficient in many cases to
cause the daughter >**Th to be displaced from its
lattice site to an interstitial location where it then
rapidly decays, producing ***U,,q [Fleischer, 1988].
This process makes 34U,.q more reactive and prone
to preferential diffusion relative to 238Uauth. The
violation of the closed-system evolution of the S5
sapropel due to the preferential migration of ***U,,4
was the most important drawback for Mangini and
Dominik [1979] and later Severmann and Thomson
[1998] for obtaining the correct age of the S5
sapropel by employing the *°Th/***U disequilib-
rium dating method.

3.2.3. 2°Th,, Versus U,,q4, Diffusion

[21] The (3*°Th/***U) activity ratio in the S5 sapro-
pel is primarily controlled by the radioactive
ingrowth of ?*°Th,,, toward radioactive equilib-
rium with 2**U. The theoretical >>°Th/>**U activity
ratio after 125 ka for a closed—sg/stem evolution of
the *®U chain, with an initial (***U/***U) activity
ratio equal to 1.147, and without **°Th initially
present, is ~0.76. As can be seen from Figure 2b the
measured (**°Th/**®U) activity ratios in the S5
sapropel are higher compared to the theoretical
value. Considering that the detrital fraction does not
significantly change the (***Th/**®*U) activity ratio,
we propose two possible processes to explain this
deviation.

3.2.3.1. 2Th,, Contribution in the S5 Sapropel

[22] An estimate of the **°Th, fraction in the S5
sapropel, neglecting the detrital fraction, is given by
the following equation:

230Th
BOrp, = KW> —0.76} X 8 Uneas
meas

where **®Upneas and (P°Th/*®U)eas are the mea-
sured 22U activity and (**°Th/***U) activity ratio of
the sapropel, respectively. The value 0.76 is the
theoretical (**°Th/***U) activity ratio for a closed-
system evolution of the ***U to *°Th. The calcu-
lated **Th,, values for the S5 sapropel are given in
Table 2 (closed system). A relationship can be
established between the calculated > OThXS activity
in the sapropel and the sedimentation rate S,
assuming that during sapropel formation the flux of
scavenged 2*Th, was equal to its production rate in
the overlying water column:

(1)

. Py x Z
"~ DBD x 30T,

—A230t

S X e

)
where Py, is the production rate of 230Th in sea-
water, Z is the sediment core water depth, DBD is the
dry bulk density of the sapropel, A3 the decay
constant for the 22°Th, and ¢ the time elapsed after
239Th, deposition in the sapropel. An estimate of
the sedimentation rate for the different ***Thy
activities of the S5 sapropel can be obtained from the
equation 2, by using Pz, =2.67 dpmem “ka ' km ™
[Francois et al., 2004], Z=2.63 km, an average dry
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Table 2. Values of 2°Th,, »*!Pa,,, and Age-Corrected (B'Pa/?'Th),,,, for the S5 Sapropel®

**Thy (dpm/g)

(23 1 Pa/ZBOTh)XS‘O

Depth (cm) Closed System Open System 1pa ¢ (dpm/g) Closed System Open System
214.5 2.66 = 0.08 2.11 £0.08
217.5 3.52+£0.26 5.69 +0.26 0.051 + 0.049 0.065 + 0.063 0.040 + 0.039
219.5 1.71 £ 0.46 3.14 £ 0.46 0.413 + 0.048 1.084 + 0317 0.591 £ 0.110
221.5 2.70 + 0.37 4.19 +0.37 0.625 + 0.052 1.038 £ 0.167 0.668 + 0.081
222.5 2.72 £0.19 3.84 £0.19
223.5 1.74 £ 0.18 371 £0.18 0.101 £+ 0.051 0.261 = 0.134 0.122 £ 0.062
225.25 1.93 £0.15 0.99 £0.15

“The ***Th,, and, by consequence, the (*>'Pa/** OTh)XS’O ratios are calculated by considering a closed-system evolution of the sapropel (“Closed
System” entries) and with the model (“Open System™ entries) that takes into account the impact of >>*U,aq diffusion on 2*°Th,,, formation. For
age correction all sapropel samples are assumed to be the same age (125 ka). Errors are expressed at a 95% confidence level.

bulk density for the sapropel of about 1 g cm™
[Diester-Haass et al., 1998; Nijenhuis et al., 2001],
A30=9.16 x 10 ka ', and 7= 125 ka as an average
age for the S5. The estimated sedimentation rate
during S5 sapropel formation varies between 0.6 and
1.3 cm ka ! (Figure 3). This range of sedimentation
rates during S5 sapropel formation appears low
compared to what would be expected from previous
studies. Considering that the average sedimentation
rate of the eastern Mediterranean Sea is of about
2 cmka ! [Murat and Got, 1989] and that S5 sapropel
corresponds to an episode of increasing input of
freshwater and high primary productivity [Emeis
and Sakamoto, 1998; Lowemark et al., 2006;
Osborne et al., 2010; Rohling et al., 2006; Weldeab
et al.,2003], the estimated sedimentation rate for the
S5 sapropel should not be less than 2 cm ka '. This
underestimation of the sedimentation rate can
probably be explained b;l a disturbance of the bal-
ance between the flux of “*°Th, scavenged from the
water column and its rate of production. The
underlying assumption that the flux of 2*°Thy
scavenged to the seafloor was exactly equal to its
rate of production in the overlying water during S5
sapropel formation might not be valid under condi-
tions where there is a large vertical particle flux.
There is a process known as ‘boundary scavenging’
[Spencer et al., 1981] in which a somewhat higher
flux of 23'OThxs relative to its production rate is
observed in regions of high particle flux. As can be
seen from the equation 2 a somewhat higher flux of
230Th,, than the production rate should underesti-
mate the sedimentation rate of the sapropel. How-
ever, the very short residence time of 239Th,, (10—
50 years) in seawater indicates that the processes
that can disturb the balance between the flux of
230Th ¢ and its rate of production must be limited
and thus the flux of 2*°Th,, should always be close
to its rate of production [Anderson et al., 1990].

3.2.3.2. Diffusion of U,,q4,

[23] The diffusion of U,., in the center of the
sapropel unit might be an alternative process that
could explain the observed high (*°Th/*U)
activity ratio. Considering that *°Th is immobile
due to its high particle reactivity, diffusion of U,g,
away from the U concentration peak in the center of
the sapropel would result in a higher (**°Th/***U)
ratio compared with the expected value assuming a
closed-system evolution. Although U(IV) is con-
sidered geochemically immobile, the occurrence of

cm/ka
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Figure 3. Estimated sedimentation rates for the S5
sapropel, calculated using three different methods (see
text for details): (1) using the calculated 230Th, for a
closed-system evolution with no ***U,,q migration
(squares), (2) by taking into account the et migration
(open dots), and (3) by using the 21pa, . (diamonds). The
dashed line represents the average sedimentation rate for
the eastern Mediterranean Sea [Murat and Got, 1989].
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high dissolved U concentrations in pore waters
of anoxic sediments has already been reported
[Anderson et al., 1989b; Chaillou et al., 2002;
Cochran et al., 1986]. In most cases the authors
attributed this presence to air contamination during
the process of sampling the pore waters that induced
reoxidation of U(IV) to soluble U(VI). However,
oxidation of U(IV) to U(VI) by nitrogen species
under anoxic conditions [Finneran et al., 2002], and
the production of authigenic colloidal U(IV) by
microbial remediation, has also been demonstrated
[Fredrickson et al., 2000]. In our case, gamma
measurement of **Th in one sample from the
sapropel, two days after opening of the core in the
laboratory, was found to be in secular equilibrium
with 2**U measured by TIMS. We believe that, even
if U has been oxidized after the core opening it
should not diffuse in the sapropel. Therefore, we
propose that if U,,, diffusion in the sapropel
occurred, it would have been a continuous process
over the last 125 ka since the sapropel formation.
However, the remaining **°Th, in the sapropel and
the poorly understood processes favoring U diffu-
sion in anoxic sediments make U,,q diffusion in
the sapropel unclear.

3.2.4. Is Diffusion Process in S5 Sapropel Still
Active?

[24] The (***Ra/**°Th) activity ratio can be used as a
tool for investigating if migration of radionuclides in
the S5 sapropel was continuously active up until the
present day or if it was inhibited several thousand of
years after S5 sapropel deposition by processes like
sediment compaction. It is well known that the **°Ra
nuclide has a high mobility in pore waters of near
surface sediments [Cochran, 1980; Cochran and
Krishnaswami, 1980; Ku, 1965] and in organic-
rich turbidites [Colley and Thomson, 1992]. Con-
sidering that **°Th in sediments is immobile and that
the half-life of >*°Ra is just 1.6 ka, the return to
secular equilibrium of (***Ra/**°Th) activity ratio
after a system disturbance (gain or loss of 22Ra) is
ragid (<9.6 ka). Therefore, disequilibrium between
22°Ra and #*°Th in the S5 sapropel indicates the
active migration of **°Ra (and probably of ***U,,q)
since the last 115 ka. Indeed, as can be seen from the
Figure 2¢ **°Ra shows clear evidence of diffusion in
the S5 sapropel. Diffusion of *°Ra away from *°Th
peak emphasizes the (***Ra/**Th) ratio depletion at
the *°Th peak. On the contrary, excess of ***Ra is
observed only in the top of the sapropel unit showing
probably a preferential upwards migration of **Ra
(Figure 2c).

3.2.5. Mn-Rich Zone: Evidence for Outward
Nuclide Diffusion From the Sapropel

[25] Bottom water reoxygenation after sapropel
formation generated a progressive downward
migrating oxidation front that has burnt down the
high C,,, contents of the top of the S5 sapropel.
When the oxidation front meets the dissolved Mn(II)
in the sapropel pore water that is used as a ter-
minal electron acceptor, Mn precipitates forming a
Mn-oxide peak (Mn-rich zone). For this reason
Corg content is very low in the Mn-rich zone and
sharply increases at the upper edge of the S5
sapropel (Figure 1a).

[26] This phenomenon has been intensely studied
for the most recent S1 sapropel [De Lange et al.,
1999; Jung et al., 1997; Mercone et al., 2001; ten
Haven et al., 1988; Thomson et al., 1999].

[27] During the early stages of sapropel burn-down
significant amounts of U, is released to pore water
and diffuses along the concentration gradient. Part of
the dissolved U diffuses back into the ocean and in
many cases a downward migration and redeposition
of U below the oxidation front has been observed
[Colley et al., 1989; Mangini et al., 2001]. Here,
small but significant ***U and **®U peaks were
observed in the Mn-rich zone (Figure 1b). We
believe that after oxidation a part of the mobilized U
coprecipitates with Mn-oxides (due to the high U
affinities with Mn) forming a characteristic U peak
in the Mn-rich zone. Therefore, U in the Mn-rich
zone i1s a mixture of Uy, and U,y with a
(P*UPPU)ge ratio <1 and a (P*U/A%U),uq ratio
after 125 ka equal to ~1.10. The high (***U/***U)
activity ratios (>1.2) observed in the Mn-rich zone
(Figure 2a) clearly point toward a continuous out-
ward 2**U,,4 diffusion from the sapropel and fixa-
tion in the Mn-rich zone. We should point out that
pelagic sediments generate >*U,,q in the pore waters
as well, but here we consider that the sapro}pel with
high uranium contents is at the origin of ***U,,q in
the pore waters.

[2s] High variations of the (**°Th/***U) activity
ratio in the Mn-rich zone are observed (Figure 2b).
Theses variations could be explained by the low
23OThauth in situ produced by U, decay and the
high 29T hye and 2*°Th,, contributions.

[29] A small but significant **Ra peak is also
observed at the bottom of the Mn-rich zone
(Figure 1b). Higher **°Ra affinities for Mn than U
might be probably the reason for U and **°Ra
decoupled peaks (Figure 1b). The high *?°Ra excess
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Figure 4. The model >**U initial conditions derived from
the 2**U measured g)roﬁle and the initial (3**U/2**U),
(**°Th/”**U) and (***Ra/**°Th) activity ratios. The outer-
most black areas represent the boundary boxes used in
the model.

at the bottom of the Mn-rich zone (Figure 2¢) shows
clear evidence of continuous diffusion of **°Ra out
of the sapropel and fixation in the Mn-rich zone.
Thus we believe that continuous supply of 226Ra
originating form the sapropel dominates **°Ra
loss by radioactive decay malntalmng the high
(***Ra/**°Th) activity ratios in the bottom of the
Mn-rich zone.

3.3. Estimation of Diffusion Coefficients

3.3.1. One-Dimensional Diffusion Box Model

[30] Inorder to test the influence of nuclide diffusion
on CHUASU), (B°ThABU) and (2°Ra/*°Th)
ratios for S5 sapropel, a simple 1-D diffusion box
model was developed. By tuning the model to gen-
erate activity ratio profiles that match the observed
profiles, an estimate of the diffusion coefficients was
made. The processes that are modeled are diffusion
of 2*U,,q and **°Ra and radioactive decay of the
B30 — MU - P°Th — **°Ra chain. “°Th is
considered as immobile due to its high particle
reactivity. The intermediate daughter radionuclides
of the decay chain may be ignored because their
half-lives are too short to consider significant dif-

fusion from the production site. The model system
equation follows the next form:

dN£38

28 = —A23eNisg 3)

Pt i, (4)

ngij(i) = )\238N£38 - /\234Ngj(i) + Draa (928]\2?1 (%)
d]YT%O = /\234N£34 + >\234N£§lz<i) - /\230N530 (6)
d]YTzi% = A230N339 — A226N3g6 + Da % (7

where Nbsg, Nbsa, N4, N’go, N5, are the number
of nuclides for box «i» of 28U 2> Ui 22U s
230Th nd Ra respectlvely, )‘2389 )\234, )\230, )\226
are the radloactlve decay constants for 2**U, 2*U,
239Th and **°Ra respectively; and # is the time before
present since S5 formation (i.e., 125 ka Dmd and
Dy, are the diffusion coefﬁments for Urad and
22°Ra, respectively. As can be seen from the equa-
tion 5, radiogenic 234U 4 is considered separately as
in the approach of Robinson et al. [2006], who tried
to model diffusion of 2*U,,4 in deep water corals.
The initial condltlons of the model are derived by
dividing the ***U measured proﬁle in 37 parallel
boxes of 3.1 mm width and using the ***U activities
of the center of the boxes (Figure 4).

[31] In addition to **®U initial activities, the initial
(3**U/*®U) ratio in the sapropel is considered to be
equal to the modern seawater value of 1.147 and no
initial *°Th and **°Ra are present (**°Th/***U =
22°Ra/°Th =0) (Figure 4). We should point out that
for the initial model conditions we consider that the
oxidation of the upper edge of the sapropel that can
modify the shape of the ***U profile, is a rapid
phenomenon compared to the age of the S5 sapropel.
For the model boundary condltlons a low 238U
activity of about 2 dpm g ' is used and the radio-
active chain 2*U — U — #°Th — ?*°Ra is
considered to be in secular equilibrium. The best fit
of the model is assessed by minimizing the Sums of
Squares of Differences (SSD) between the model
output and measured activity ratios. The fit error
typically of about 15% is given as the uncertainty in
the diffusion coefficients.
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Figure 5. Best fit model (open dots) for the (***U/***U), (**°Th/***U) and (***Ra/**°Th) activity ratio profiles (squares)

through the S5 sapropel.

3.3.2. 2%U_.4, **°Ra Diffusion Coefficients
and 23°Th,, Revaluation

[32] The model allows running processes of radio-
active decay and diffusion for 125 ka. The best fit for
the (3**U/?38U) ratio is obtained for a diffusion
coefficient D,,, of about (7.1 +1.1) x 10 "2 cm? s~
(Figure 5a). This value is in a good agreement with
the diffusion coefficient reported by Mangini and
Dominik [1979] who propose a D, value for a S5
sapropel varying between 10" and 107'? cm? s\,
Other scientific works have reported higher D,,,
values (1-4.5 x 107® cm? s™') from a variety of
sediment types [Henderson et al., 1999b; Ku, 1965].
In organic-rich turbidites of Madeira Abyssal Plain a
good chemical closure in the 238U—23Th decay
sequence has reported with D, diffusion coeffi-
cients <10'°> = 10""* cm? s™' [Colley and Thomson,
1990; Colley and Thomson, 1992]. The D, g~ 7 X
102 ¢cm? s™' found for the S5 sapropel is 10°—
10° times lower than for conservative species in
marine sediments [Li and Gregory, 1974]. This
suggests that prevailing reducing conditions in
sapropels or turbidites are probably the cause of the
apparent retardation of the diffusion of 234Urad
atoms.

[33] Based on our best estimate of D,,;, the model
allows calculation of the (**°Th/**®U) ratio taking
into account the impact of the 234Urad diffusion on
the 2*°Th radioactive ingrowth toward ***U. As can
be seen from Figure 5b, the modeled (**°Th/***U)
profile is systematically lower than the measured
one. This model deviation from the experimental
data can be explained by the contribution of ***Thy
initially present in the sapropel. Therefore, a simple
subtraction of modeled and measured (>3°Th/?38U)

ratios can be used for the recalculation of the >**Thy
(Table 2). This approach for **°Th,, calculation
seems more realistic because the theoretical value of
(0.76 that was used in the section 3.2.3 for calculating
20Th, is for a closed-system evolution (without
234U,q diffusion).

[34] From the recalculated ***Th,, and by using the
equation 2 a revaluation of the sedimentation rate
during S5 sapropel formation can be made. The
revaluated sedimentation rate for the center of the
sapropel unit is even lower compared to the sedi-
mentation rate calculated in the section 3.2.3 and
equals to ~0.5 cm ka ' (Figure 3, open dots). This
lower average sedimentation rate boost the discor-
dance between the mechanisms of S5 sapropel for-
mation that have been advanced and the estimated
sedimentation rate from **°Thy in this work. This
discordance, as mentioned above, involves a dis-
turbance of the seawater *°Th, flux during sapro-
pel formation and/or U, diffusion.

[35] A new version of the model taking into account
not only the 234U ,.q diffusion but also the diffusion
of the U,y should be a good approach to test the
impact of the Uy, diffusion on the (**°Th/?**U)
ratio. However, one major drawback for testing
U,um diffusion is lack of knowledge on the initial
U conditions because continuous U,y diffusion
inhibits the use of the measured profile as initial
conditions.

[36] The best fit for the (***Ra/***Th) ratio between
the modeled and the measured profiles is obtained
for a diffusion coefficient Dy, of about (1.6 = 0.2) x
10 "%m? s™" (Figure 5c). This value is comparable
to the diffusion coefficient reported by Colley and
Thomson [1992] (Dge~7 * 10 ' cm? s7") for deep
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Figure 6. (**'Pa/**°U) activity ratio profile through the
S5 sapropel. The dashed line represents the theoretical
activity ratio, assuming a closed-system evolution for
the sapropel with no initial **'Pa. Error bars are expressed
at a 95% confidence level.

sea turbidites with the presumption that 100% of
22°Ra is mobile. The model poor precision for the
lower edge of the sapropel is probably due to a
preferential upward diffusion of **°Ra that has not
been taken into account in the model.

3.4. U Decay Chain as an Alternative
Dating Tool

[37] In order to avoid system closure problems due
to ***U,,q migration the **°U decay chain was
studied. The 23U — 23!Th — 23!Pa chain is inde-
pendent of the mobility of radiogenic 234Urad and
geochemistry of *'Pa (32.76 ka) is similar to that of
230Th showing high affinities with particle surfaces
and thus can be considered as immobile. The inter-
mediate 2*' Th nuclide can be ignored because of its
very short half-life (25.5h). Therefore, the radioac-
tive ingrowth of **'Pa toward **°U can be used as
an alternative dating tool for the S5 sapropel.

[38] Like **°Thand **°Ra three distinct sources have
also to be distinguished for sedimentary 2*'Pa: (1)
detrital **!'Pay. locked in the mineral lattices and
which is considered in secular equilibrium with
BUger (2) authigenic 1Pa,um produced in the
sediments from the radioactive decay of the seawater
derived *¥° Usum, and (3) = Pa, scavenged from the
water column by adsorption on the settling particles.

[39] As stated in the section 3.2.1., due to low ***Th
activities in sapropel compared with the high U
activities, the detrital fraction can be neglected. The
relative difference between the uncorrected and
the detrital-free (**'Pa/**°U) ratio varies between
0.01% and 0.3% which is smaller than the analytical
uncertainty (~2%).

[40] For*'Pa analyses four samples from the center
of the sapropel with high 2**U activities and similar
(33*U/?38U) ratios were selected. Considering a
closed-system evolution for the sapropel without
initial *'Pa present and for 125 ka elapsed after
system closure the theoretical (**'Pa/**°U) activity
ratio must be equal to 0.93. As can be seen from
the Figure 6 the measured (**'Pa/***U) ratios in the
center of the sapropel unit are surprisingly higher
compared to the expected theoretical value. Thus,
the 23'Pa,, contribution in the sapropel was inves-
ti%ated as a potential explanation for the high
(*'Pa/?? >U) ratios. An estimate of the 21pg  for
the S5 sapropel is provided by using the following
equation:

231P 238 U"
Blpg, = KJ> - 0.93} X 72 (8)
meas N

where (3*'Pa/**>U) peas is the measured (2 'Pa/>*>U)
ratio and 28U, e, is the measured >**U activity. The
calculated values of the 2*'Pa, are given the Table 2.
The **'Pa production rate in the seawater can be
calculated according to equation (9):

Ppa =0.115dpm 17! x 2.11 x 1072 ka~' x 100 1 cm™2 km™!
=0.243 dpm cm™2 km™! ka™! 9)

where 0.115 dpm 1" is the seawater *°U activity for
a salinity of 35 %o [Pates and Muir, 2007]], 2.11 %
102 ka ' is the decay constant of **'Pa and,
100 1 cm 2 km™! is the volume of water per km
height over an area of 1 cm?.

[41] Assuming that during S5 sapropel formation the
flux of scavenged **'Pa, was equal to its production
rate in the water column, the equation 2 can be
rewritten for 2*'Pa allowing the evaluation of the
sedimentation rate. As can be seen from the Figure 3
(diamonds), the high ?*'Pa, values lead to unreal-
istic low sedimentation rates for the center of the S5
sapropel. We calculated, the (**'Pa/**°Th) excess
corrected to the time of deposition in the sediment
(*'Pa/® OTh)xs,O) to infer any effect of boundary
scavenging on 2*°Th and 2*!Pa during the deposition
of'the sapropel [Bacon, 1988; Francois et al., 2007].
This ratio was calculated (1) considering a closed-
system evolution for the >*°Thy, and (2) by taking
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into account the >*U,4 diffusion (ogen system). As
can be seen from Table 2, the (**'Pa/**°Th).
values for the open system are significantly lower
compared with the values of the closed system. The
open-system approach for calculating the
(31Pa/?9Th),, ¢ seems to be more realistic because
of 234Urad diffusion that has been taken into account
in the >*°Thy, calculation.

[42] At present, there are no similar data for the
modern Mediterranean Sea for comparison. For the
samples 217.5 and 225.25 the high uncertainty on
the (231Pa/230Th)XS,0 values does not allow a satis-
factory interpretation. However, it seems that the
(231Pa/230Th)XS,0 values of samples 219.5 and 221.5
are unrealistically high for both open- and closed-
system calculations. Such high ratios have never
been found, even in high productivity, high opal flux
regions such as the Southern Ocean [Anderson et al.,
2009; Walter et al., 1997] or the Equatorial Pacific
[Bradtmiller et al., 2006; Pichat et al., 2004].
Although we cannot completely rule out the possi-
bility of enhanced boundary scavenging during
sapropel formation, these unrealistically high
G 1Pa/zz’OTh)XS,O ratios call probably for other pro-
cesses like a combination of U, diffusion over the
time and an enhanced boundary scavenging during
sapropel formation. The study of well-preserved
sagropels older than S5 (e.g., S7-S11) in which the
29Th, and **'Pa,, has completely decayed away,
might provide a more suitable case for investigating
U,um migration processes.

4. Conclusion

[43] This work provides isotopic measurements of
the U decay series across a~125 ka S5 sapropel layer
from the Mediterranean Sea, using more precise
mass spectrometric methods (TIMS/MC-ICPMS)
and high-efficiency low-background gamma spec-
trometry. The exceptionally high organic carbon
concentration of the S5 sapropel limits postdeposi-
tional oxidation and makes this sapropel among one
of the best preserved. Deviation of the (234U/238U)
activity ratio from the theoretical value, assuming a
seawater U origin and a closed-system evolution,
confirms ***U,,4 migration away from the U peak in
the center of the sapropel. In addition, the fact that
*2°Ra with a short half-life is not in secular equi-
librium with *°Th, shows that migration of 22°Ra
(and probably of ***U,,q) is a quasi-continuous
process acting since the formation of S5. Apparently
this migration is not limited to the inside of the
sapropel. High (***U/?®U) and (**°*Ra/**°Th)
activity ratios in the overlying Mn-rich zone show

evidence of nuclide migration out of the sapropel. In
order to constrain diffusion coefficients for 23*U,,q
and **°Ra a simple 1-D diffusion model was
developed. The best fit between the model output
and the measured (***U/*®U), (***Ra/**°Th) pro-
files was obtained for D,,, and Dg, equal to (7.1
1.1)x 107" em?s ' and (1.6 £0.2) x 10 % cm?s ',
respectively. However, 23“Urad diffusion cannot
explain the high (3*°Th/***U) activity ratio values
observed in the sapropel. Two possible mechanisms
or a combination of both of them are proposed for
explaining the irregular (**°Th/>*®U) activity profile
in the S5 sapropel. The first one is an important flux
of 2*°Th,, higher than its production rate in the water
column during sapropel formation and the second
one is diffusion of U,,q, in the sapropel. We believe
that, if U, diffusion in the sapropel exists, the
scenario of U diffusion after the core opening seems
unlikely because ***Th was found to be in secular
equilibrium with #*®U two days after the core
opening. It was hoped that the use of the
(?3'Pa/?*3U) ratio might be an alternative dating tool
for the sag)ropel S5. Unfortunately, surprisingly high
(**'Pa/**>U) activity ratios compared to the theo-
retical value are observed in the center of the S5
sapropel. A high #*'Pa, flux during sapropel for-
mation and/or U,y migration is proposed in order
to explain the high (**'Pa/**°U) activity ratios. The
study of sagropels older than S5, in which the
20T, and **'Pa, has completely decayed away,
should provide a better example to investigate U,
migration processes.
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