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[1] Abstract: It has often been suggested that U series disequilibria measured in mid-ocean ridge
basalts (MORB) can be perturbed by contamination with sedimentary or hydrothermal material found
near the ridge axis where the basalts are erupted. Here we provide an independent way of estimating the
maximum degree of contamination by sediment using constraints from 10Be. Since 10Be is mostly a
cosmogenic nuclide and has a half life of 1.5  106 years, any 10Be found in a MORB glass must result
from contamination by sedimentary material where cosmogenic 10Be is enriched. Four MORB samples
with a wide range in Th concentrations (87 ± 550 ppb) were measured for U decay series and 10Be. No
10
Be above the detection limit (6  104 to 1  105 atoms) was measured in the glasses except for one
sample that was not picked. Considering that the sedimentary contaminant contains 109 to 1010 atoms/
g, the maximum fraction of contaminant in the picked glasses is 10 4 to 10 5. Mass balance
calculations between a surficial contaminant and a hypothetical pristine glass with (231Pa/235U) = 1 and
(10Be/9Be) = 0 show that only for the unpicked sample, nearly all the measured excess 231Pa can be
accounted for by contamination. For the other samples, <15% to <1% of the excess 231Pa and 230Th can
be explained by incorporation of sedimentary material. This study reemphasizes the need for careful
sample preparation for U series measurements in MORB, especially at low U levels (<50 ppb). It also
confirms that the large U series excesses in carefully picked and cleaned MORB samples are magmatic
in origin.
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1. Introduction
The large parent-daughter fractionation in
the U series decay chain first found by alpha
spectrometry and then by mass spectrometric
measurements of mid-ocean ridge basalt
(MORB) glasses remains a paradoxical observation [Condomines et al., 1981; Goldstein
et al., 1989]. All the U series nuclides used in
mantle geochemistry (U-Th-Pa-Ra) are largeion lithophile elements and are thus highly
incompatible elements during melting processes. For the large degrees of melting found
in mid-ocean ridge basalts, small fractionation
in the parent-daughter ratio (e.g., (238U/230Th))
is expected. These observations are generally
difficult to explain with traditional melting
models for the behavior of trace elements.
This has led to the development of more
sophisticated models that take into account
both radioactive decay and transport of the
nuclides [McKenzie, 1985; Williams and Gill,
1989; Spiegelman and Elliott, 1993]. These
models still require rather extreme values of
melt porosity (1%), which are usually
taken as a free parameter in the modeling
and are sometimes the subject of controversy
[Chabaux and AlleÁgre, 1994; Sims et al.,
1995; Elliott, 1997]. Thus establishing that
the measured U series disequilibria do not
result from seafloor contamination is a basic
requirement before more inferences can be
drawn about melting processes.
[2]

Additionally, early measurements using
gram quantities of MORB glasses had shown
how sensitive the glasses are to surficial contamination. For example, Mn oxides that often

[3]

coat MORB glasses are enriched in 231Pa and
Th relative to their parent nuclides. Some
indicators of contamination by seawater-derived material such as 234U/238U, 87Sr/86Sr,
and B contents have been used in the literature
[Condomines et al., 1981; Goldstein et al.,
1989; MacDougall et al., 1979]. None of these
is particularly sensitive considering their respective analytical uncertainties and the difference in
concentrations between contaminant and glass.
In this study, 10Be has been used to estimate the
maximum amount of sedimentary contaminant
that could have been incorporated in the MORB
glasses via assimilation, alteration, or surface
contamination. There is virtually no 10Be in the
mantle, so there should be no 10Be in an uncontaminated MORB glass. This makes 10Be a
very sensitive tracer to contamination considering that it is particularly enriched in sedimentary
material (108 ±1010 atoms/g).
230

2. Sample Selection and Analytical
Methods
The samples selected for this study are a
series of MORB glasses with variable Th-U
concentrations, which should be variably sensitive to sediment contamination. All these
samples are taken from the ridge axis, which
presumably means that they must be young:
VE32 is from the East Pacific Rise, north of
the Orozco transform; sample DO3-1B is from
the Lucky Strike seamount, Mid-Atlantic
Ridge; and D15 is from the Mid-Atlantic
Ridge near the Azores at 37817N, south of
the Lucky Strike area. These samples were
selected because large amounts of fresh glass

[4]
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were available for both 10Be and U series
analysis. As 5±10 g of picked glass were
necessary for 10Be analysis, this limited the
set of samples that could be used for this
study.
Glass chips were carefully selected under a
microscope by removing all chips showing
signs of alteration or Mn crust coatings, except for sample DO3-1B-unpicked (u), which
was not picked. This sample (same as DO31B-picked (p) except for its selection procedure) is used throughout this study as a
reference for the maximum contamination.
Clearly, all the glasses but DO3-1B-u were
clean and did not show any signs of alteration
or coatings. The surface of DO3-1B-u was
tarnished but did not show any palagonite or
typical alteration phase. The samples were
then ground in an agate mortar that had been
previously cleaned with quartz.

[5]

The leaching methods used for removing
contamination in U series and 10Be studies are
generally distinct. For the purpose of this study,
only one method, originally designed for effi-

[6]

Table 1.
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cient leaching of authigenic 10Be through dissolution of hydrous phases such as Mn oxides
[BourleÁs, 1988], was selected because the estimate of the fraction of sediment present in the
sample is based on 10Be. It was then checked
that this leaching method efficiently dissolves
Pa. This was done by leaching a MnO2 precipitate doped with 233Pa with the same solution as the one used for leaching the glass.
Since 100% of the 233Pa within the precipitate is released during this procedure, any Pa
contained within the natural MnO2 matrix will
be dissolved during the leaching procedure.
This means that we can assume that the dissolution of MnO2 does not lead to Pa-Be
fractionation during experimental processing
of the samples.
The glass chips were leached with a 20 mL
mixture of 0.04 M NH2OH, HCl (hydroxylammoniumchloride, Merck2) in 25% volume
acetic acid at 908C for 6 hours [BourleÁs,
1988]. Subsequently, the samples were rinsed
four times with distilled water and we saved the
leachates for Be analysis. After drying, the
glass samples were ground in an agate mortar
[7]

U Series Data for Leached MORB Glassesa
Sample

U, ppb
Th, ppb
Pa, fg/g
(230Th/232Th)
2s
(230Th/238U)
Th/U
(231Pa/235U)
2s
(234U/238U)
2s
(226Ra/230Th)
2s

DO3-1B-u

DO3-1B-p

VE32

D15

TML-Standard

33.1
87.2
37.8
1.426
0.038
1.231
2.639
3.438
0.033
1.0146
0.0038

31.6
89.1
25.8
1.268
0.019
1.170
2.822
2.455
0.023
1.0028
0.0066

133
365
101
1.270
0.012
1.139
2.742
2.285
0.018
1.0006
0.0015
2.34
0.07

164.
554
109
1.161
0.005
1.279
3.367
1.989
0.023
1.0016
0.002
2.96
0.06

10860
30750
3535
1.072
0.007
1.001
2.832
0.999
0.006
0.9984
0.002
-

a
Errors for U and Th concentrations are <0.3% and <0.4%, respectively, at the 2s level. Errors for Pa concentrations are <1.1% at the
2s level. Blanks for U, Th, and Pa are 17 pg, 63 pg, and <0.1 fg, respectively. Blanks for U and Th isotope compositions are 150 pg and
330 pg, respectively.
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Figure 1. Th versus U concentrations in the leached MORB glasses. The samples selected in this study
span much of the range found for MORBs in the literature [Bourdon et al., 1996a, 1996b].

washed with water and acetone. The reagents
that we used are analytical grade reagents and
did not leave any residue on the glass surfaces.
The leachates and residues were analyzed
for 10Be and 9Be following the analytical
procedure described by BourleÁs [1988]. Uncertainties on 10Be were estimated by propagating a 5% instrumental uncertainty (1s)
based on counting statistics of 10Be events
and a uncertainty in blank correction (1s).
The 9Be measurements were made by standard additions using graphite furnace atomic
absorption spectrometry (Perkin Elmer model
Zeeman/3030 spectrometer, model HGA furnace, model AS-60 autosampler). A constant
conservative uncertainty of 5% (1s) for 9Be
determinations was adopted on the basis of
reproducibility tests and on best fit lines
obtained by standard addition methods. The
leached MORB glasses were analyzed for U
and Th, Ra and Pa by isotope dilution
following the procedure described by Goldstein et al. [1989], Pickett et al. [1994], and
[8]

Claude-Ivanaj et al. [1998]. Uncertainties
and procedural blanks related to these methods are given in the Table 1 footnotes.

3. Results
3.1. U Series Disequilibria
[9] The Th and U concentrations for the
MORB samples range from 87 to 554 ppb
and from 33 to 165 ppb, respectively (Table 1
and Figure 1). This is a rather large range for
normal MORB (NMORB) and enriched
MORB (EMORB). Blanks are negligible relative to the amount of Th and U that are
measured here and cannot account for the
differences in concentrations. Rather, we believe that the difference between the DO3-1Bu and DO3-1B-p samples can be attributed to
contamination since sediment is an obvious
component of the ``unpicked`` sample. It could
also be due to sample heterogeneity because
this sample contains small plagioclase phenocrysts.
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Figure 2. The 231Pa/235U versus 234U/238U activity ratios for the leached MORB glasses. All the samples
display equilibrium values for 234U/238U except for the unpicked MORB glass DO3-1B-u. In addition, the
231
Pa/235U ratios of DO3-1B-u and DO3-1B-p samples are significantly different.

Both (230Th/238U) and (231Pa/235U) data for
the leached MORB are well within the range
found for MORBs in the literature [Goldstein et
al., 1989, 1991; Lundstrom et al., 1995; Bourdon et al., 1996a, 1996b; Pickett and Murrell,
1997; Goldstein et al., 1993] (Table 1 and
Figure 2). There is a marked difference in
(230Th/238U) in samples DO3-1B-p (1.17) and
DO3-1B-u (1.23). This difference can be attributed to contamination by Mn crusts, which are
230
Th rich and may have not been completely
leached from DO3-1B-u. Similarly, the highest
(231Pa/235U) value (3.44) was found for the
unpicked sample DO3-1B-u and is significantly
higher than for the picked sample DO3-1B-p
(2.45). It is not surprising that 231Pa-235U disequilibrium should be sensitive to contamination, but this had not been previously reported
in the literature.
[10]

The (234U/238U) ratios were also measured
in the MORB glasses. All the samples except
for sample DO3-1B-u show equilibrium values
within error (Figure 2). Sample DO3-1B-u

[11]

shows contamination by seawater-derived material with a (234U/238U) ratio of 1.15.
Two of the MORB glass residues (D15 and
VE32) are all characterized by excess 226Ra
relative to 230 Th. This indicates that the
MORBs must all be young (less than ~10 kyr
old) unless all the 226Ra excess is due to
contamination by a Ra-rich phase.
[12]

3.2. Be Isotopes
Beryllium isotopes (9Be and 10Be) were
measured in the leachate solutions as well as
within the leached glasses. In both cases, their
abundance were normalized to the mass of
glass leached to allow comparison (Table 2).

[13]

The 9Be concentrations of the leachates are
relatively constant and range from 9.3 to 13.3
ppb. The highest 10Be concentration measured
in the leachate solutions was measured for the
unpicked glass DO3-1B-u (9.3  106 atoms/g
of leached glass). For the other samples the
[14]

The

10

Be, 9Be, and (10Be/9Be) Data for Leachates and Leached MORB Glassesa
Sample
D03-1B-u

10

Be, 106 atoms
10
Be, 106 atoms/g
9
Be, 1016 atoms
9
Be, ng/g glass
9
Be, 1016 atoms/g
10
Be/9Be, 10 10
a

leachate
26.9  1.6
0.259  0.013
13.3
103.7  8.1

D03-1B-u
glass
2.69  0.30
1.58  0.08
1.71  0.21

All the glasses are leached. Errors are given at the 1s level.

D03-1B-p
leachate
4.26  0.49
0.232  0.012
13.8
18.4  2.3

D03-1B-p
glass
<0.0626
1.45  0.07
<0.043

D15
leachate
<0.127
0.127  0.006
8.51
<1.00

D15
glass
<0.0730
3.08  0.15
<0.024

VE32
leachate
0.43  0.13
0.086  0.004
9.33
5.04  1.56

VE32
glass
<0.101
5.03  0.25
<0.020
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in leachates

10Be (x10 6atoms)

100

DO3-1B- u

10

DO3-1B- p
1

D15
0.1

0.01
0.01

VE32

0.1

1

10

10Be/ 9Be in leached glass
Figure 3. The amount of 10Be in the leachates versus (10Be/9Be) in the leached MORB glasses. Significant
levels of 10Be are found in the leachates, while the leached glasses have very low (10Be/9Be) ratios. This
diagram shows that some contamination may be left in the glasses even after leaching since DO3-1B-u has
10
Be level well above the detection limit, although it was leached like the other samples.

leachate 10Be concentration normalized to glass
weight is at least 6 times lower. The (10Be/9Be)
ratios in the leachates range from <1  10 10
for D15 to 1  10 8 for the unpicked sample
(Figure 3). This variability induced by variations of 10Be concentration in the leachate
solutions most likely reflects disparities in the
amount of contaminant present on the glass
chips prior to leaching. Since the glasses
were slightly etched after leaching, some
9
Be might be coming from the leached glass
itself.
The 9Be concentrations in the leached
glasses range from 0.22 to 0.75 ppm. The
fraction of 9Be contained in the leachates relative to the leached glasses represents 5±6% of
the total. For all the samples but DO3-1B-u,
10
Be concentrations within the leached glasses
are below the detection limit (0.6 1  105
atoms of 10Be) and are lower than the values
given by Valette-Silver et al. [1987] for MORB
glasses.
[15]

These data indicate that little, if any, 10Be
is contained within the glass. Most of the
measured 10Be in sample DO3-1B-u is most
likely associated with surface contamination.
This also demonstrates that chemical cleaning
of MORB samples through a leaching procedure is not always sufficient for removing all
traces of contamination and that sample selection is critically required. Tests in previous
studies [e.g., Reinitz and Turekian, 1989] had
not proven that all the contamination had been
entirely removed. Using 10Be as a monitor, we
show that even after leaching, some contamination can remain.
[16]

4. Mass Balance Calculations for
Glasses and Leachates
4.1. U Series
[17] In order to determine the contribution of U
series excess nuclides that is linked to sedimentary contamination, we developed simple mass
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DO3-1B-u

DO3-1B-p

10 -3

VE32
D15

Max. fraction of sediment
in leached MORB glass

10 -2

10 -4

10 -7
5x10-8
-8
10

10 -5

10 -6
0.01

0.1

10Be/9Be

1

(x1010)

10

in MORB glass

Figure 4. Estimated mass fraction of sedimentary contaminant versus (10Be/9Be) ratios in leached MORB
glasses. See text for details of the calculation. The estimates strongly depend on the (10Be/9Be) assumed for
the sedimentary contaminant. For all the samples but DO3-1B-u the estimates correspond to upper limits.

balance calculations. To do so, some assumptions are required. First, we assumed that there
is no 10Be in the glass prior to contamination
because the mantle beneath the ridge cannot
contain a nuclide that is only produced at
significant rates in the atmosphere. Second,
we assumed that the measured U series nuclides as well as the measured 10Be were part
of the same sedimentary phase and that there
is a single contamination process. This last
assumption relies on the fact that 10Be is only
cosmogenically produced. Finally, we also
assumed that the analyzed glass is characterized by no disequilibrium in the U series chain
prior to contamination. We make this last
hypothesis to test whether all the observed
disequilibrium can be explained by contamination. The maximum contribution of sedimentary phase is thus calculated using the
maximum amount of 10Be present in the glass
after leaching.
234

238

[18] The (
U/ U) activity ratio >1 (Table
1) measured for DO3-1B-u unambiguously
indicates contamination of the U-series nu-

clides in this MORB glass sample. The U
series characteristics of the contaminant may
thus be determined using the differences between DO3-1B-u and DO3-1B-p samples by
determining the fraction of U in the glass
derived from sediment. For this, we assume
that the (234U/238U)sed ratio is equal to the
seawater value (1.15) since sediments at the
ridge axis must be very recent. Then, the best
way to proceed is to estimate the fraction of
sediment Xsed based on Be systematics, as
shown below.
Assuming that the (10Be/9Be) of the contaminant end-member is in the range of Atlantic Ocean surface manganese crusts (i.e., 1 
10 7 to 1  10 8 [BourleÁ s et al., 1991;
BourleÁ s, 1992; von Blanckenburg et al.,
1996]), the fraction of sedimentary contaminant
can be estimated:
[19]

Xsed   9 Be basalt

10

Be=9 Be mix

= 9 Be sed

10

Be=9 Be sed

 9 Be basalt

10

Be=9 Bemix

10
10

Be= 9 Be basalt 
Be=9 Be basalt 

10

Be=9 Be basalt :
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Compositions of Sedimentary Contaminant in MORB Glasses
Value Used in Calculation

U, ppm
(234U/238U)
(230Th/238U)
(231Pa/235U)
9
Be, atoms/g
10
Be/9Be

1
1.15  0.01a
6.25
30
3  1016
5  10 8 ± 1  10

7

Total Rangea
0.3 ± 3a
2.5 ± 6.8
10 ± 33
1 ± 3  1016a
5  10 8 ± 1  10

7a

a
Estimates based on literature data [Shimmield and Price, 1988; Anderson et al., 1990; German et al., 1993; BourleÁs et al., 1991;
BourleÁs, 1992; von Blanckenburg et al., 1996]. Other estimates are based on mass balance calculations explained in the text.

The results of the calculations, taking 3  1016
atoms/g as the 9 Be concentration in the
sediment, are plotted in Figure 4. A larger
(10Be/9Be) value of the contaminant endmember (e.g., 1  10 7, as in the Pacific
Ocean) would lower the estimated amount of
contamination, which, in turn, would mean a
smaller effect on the U series nuclides. For
samples DO3-1B-p, VE32, and D15 the maximum amount of sedimentary contaminant
ranges from 2.9  10 5 to 5.2  10 5, which
implies that the U concentrations in the
contaminant range from 0.3 to 3 ppm (Table
3). A further step is to determine the U series
characteristics of the sedimentary contaminant.
This can be done through evaluation of the
(231Pa/235U) and (230Th/238U) ratios (Table 3)
based on the estimated fraction of U in the glass
derived from sediment. Both estimates compare
well with (231Pa/235U) and (230Th/238U) ratios
of metalliferous sediments found near ridges
[Shimmield and Price, 1988; Anderson et al.,
1990; German et al., 1993]. The range for
estimates reported in Table 3 takes into account
uncertainties in the various parameters.
[20] On the basis of these estimates the effect of
contamination on the ( 2 3 1 Pa/ 2 3 5 U) and
(230Th/238U) ratios can be calculated assuming
no excess daughter prior to contamination
((231Pa/235U) = 1 and (230Th/238U) = 1) (Figure
5). The mixing lines shown in Figure 5 thus
represent the maximum effect of contamination
on (231Pa/235U) and (230Th/238U). For sample

DO3-1B-p, using the maximum (10Be/9Be),
contamination results in a <5% excess of
231
Pa over 235U, while for the two other samples, VE32 and D15, the induced excess is
<1%. The same methodology can be applied
to (230Th/238U) disequilibrium. Once again, the
effect of sedimentary contamination is <1%,
using conservative estimates for the (10Be/9Be)
ratios in the sedimentary contaminant (Table 3).
[21] If one considers that the sedimentary contaminant is characterized by a (10Be/9Be) ratio of
1  10 8, the value measured in the DO3-1B-u
leachates, the (231Pa/235U) resulting from contamination in DO3-1B-u is 1.20. This should,
however, be considered a maximum value since
the leaching procedure may leach some 9Be
from the glass and thus lower the (10Be/9Be)
ratio in the contaminant. For the other glasses
the effect of such a contamination is <1% for
both (231Pa/235U) and (230Th/238U) ratios.

4.2. Osmium
[22] This study also enables us to address the
question of the impact of sedimentary contamination on Os isotope systematics. On the basis
of the 10Be measurements the fraction of contaminant does not exceed 5  10 5 to 10 4 in
leached MORB glasses. This value will perhaps depend on the leaching procedure being
used, but it nevertheless permits us to give a
first-order assessment of contamination in the
case of the Re-Os system. Os concentrations
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DO3-1B- p
10 -8
5x10 -8
10-7

-2

10 -3

1

2

3

4

5

6

(231Pa/235U)

10Be/ 9Be

(x1010)

10 2

b
10

1

Mn crusts

10 0

DO3-1B- u

10 -1

10 -2

10 -8
5.10 -8
10 -7

DO3-1B- p

10 -3
1

1.2

1.4

1.6

1.8

2

(230Th/238U)
Figure 5. (a) The (10Be/9Be) versus (231Pa/235U) in the leached MORB glasses. The model curves
computed using three different (10Be/9Be) ratios for the sedimentary contaminant represent mixing lines
between a hypothetical MORB glass with a (231Pa/235U) ratio equal to 1 and a Mn crust with the
characteristics given in Table 3. None of the samples except DO3-1B-u can be explained by such a mixing
process. The dashed lines join the measured value to the model value of (231Pa/235U) for a given (10Be/9Be)
ratio. Measured (231Pa/235U) ratios are greater than model values, which shows that mixing with Mn-crusts
cannot explain (231Pa/235U) in basalts. (b) The (10Be/9Be) versus (230Th/238U) ratios in the leached MORB
glasses. The model curves calculated using three different (10Be/9Be) ratios for the sedimentary contaminant
represent mixing lines between a hypothetical MORB glass with (230Th/238U) = 1 and a Mn crust whose
characteristics are given in Table 3. As in Figure 5a, the measured (230Th/238U) are too large to be explained
entirely by contamination with Mn crusts.
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measured in MORB range from 1 to 30 ppt
[Schiano et al., 1997], which is considerably
smaller than Os concentrations found in Mn
crusts (1000±3000 parts per trillion (ppt)). If
one assumes a fraction of assimilated sediment
of 1 to 5  10 5, the calculated 187Os/186Os ratio
of the mixture is 1.49 for an initial Os concentration of 1 ppt (Xs = 1  10 5) and 1.086 for an
initial concentration of 30 ppt (Xs = 5  10 5).
Thus, given the maximum sediment fractions
deduced from 10Be, there is leverage for covering the whole range in (187Os/186Os) ratios isotopes found in MORB glasses by sediment
contamination. This simple model calculation
does not necessarily mean that all the Os isotope
data in MORB glasses are explained by contamination by Mn crusts. It indicates that when
considering the maximum amount of sediment
included in MORB glasses, caution is in order
especially when dealing with low-level samples.

5. Discussion and Perspective
[23] This study using combined U-series nuclides and cosmonuclide 10Be measurements
in MORB glasses shows that the amount of
contamination by sedimentary material is lower
than 10 4 for most samples. This implies that
sedimentary contamination accounts for <1% of
the excess nuclides (230Th and 231Pa) measured
in these leached MORB glasses. As expected,
this effect is slightly more pronounced for
depleted samples (<50 ppb U), which are intrinsically more sensitive to contamination. The
consequences of sedimentary contamination on
226
Ra are more difficult to assess since the
carrier of this nuclide is likely to be barite
instead of manganese oxides. Early work by
Krishnaswami and Cochran [1978] has shown
that the surfaces of Mn nodules are depleted in
226
Ra relative to 230Th. Thus contamination by
Mn oxides should not lead to 226Ra in the lavas.
To confirm this proposition, more data combining 10Be and 226Ra in sediments, including
sediments that are Ra-rich, are needed.
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Overall, this study demonstrates that even
with the low fraction of contaminant found
here, some geochemical tracers in MORB
glasses (e.g., Os isotopes) can be very sensitive
to near-ridge sediment contamination and that
cosmogenic 10Be may be a very powerful tool
for distinguishing pristine magmatic signature
from secondary contamination. A combined
study using both 10Be and Os isotopes would
help in assessing the origin of radiogenic 187Os
signatures in MORB. Finally, the main result of
this study is to confirm that the large U series
daughter excesses in carefully picked and
cleaned MORB samples are magmatic in origin
and not due to contamination by Mn crusts.
[24]
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