EPSL

ELSEVIER Earth and Planetary Science Letters 197 (2002) 65-81

www.elsevier.com/locate/epsl

Thallium isotope variations in seawater and
hydrogenetic, diagenetic, and hydrothermal ferromanganese
deposits

Mark Rehkdmper®*, M. Frank?, J.R. Hein®, D. Porcelli?, A. Halliday?,
J. Ingri®, V. Liebetrau?

& Institute of Isotope Geology and Mineral Resources, ETH Ziirich NO C61, CH-8092 Ziirich, Switzerland
b US Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025, USA
¢ Division of Applied Geology, Lulea University of Technology, S-95187 Luled, Sweden
d GEOMAR, Wischhofstr. 1-3, D-24148 Kiel, Germany

Received 13 September 2001; received in revised form 10 December 2001; accepted 18 December 2001

Abstract

Results are presented for the first in-depth investigation of Tl isotope variations in marine materials. The Tl
isotopic measurements were conducted by multiple collector-inductively coupled plasma mass spectrometry for a
comprehensive suite of hydrogenetic ferromanganese crusts, diagenetic Fe-Mn nodules, hydrothermal manganese
deposits and seawater samples. The natural variability of Tl isotope compositions in these samples exceeds the
analytical reproducibility (£0.05%o0) by more than a factor of 40. Hydrogenetic Fe-Mn crusts have £%Tl of +10 to
+14, whereas seawater is characterized by values as low as —8 (£°°Tl represents the deviation of the 2°>T1/2*TI ratio
of a sample from the NIST SRM 997 Tl isotope standard in parts per 10%). This ~2%o. difference in isotope
composition is thought to result from the isotope fractionation that accompanies the adsorption of Tl onto
ferromanganese particles. An equilibrium fractionation factor of a~1.0021 is calculated for this process.
Ferromanganese nodules and hydrothermal manganese deposits have variable Tl isotope compositions that range
between the values obtained for seawater and hydrogenetic Fe-Mn crusts. The variability in £%Tl in diagenetic
nodules appears to be caused by the adsorption of TI from pore fluids, which act as a closed-system reservoir with a
T1 isotope composition that is inferred to be similar to seawater. Nodules with £€%°Tl values similar to seawater are
found if the scavenging of Tl is nearly quantitative. Hydrothermal manganese deposits display a positive correlation
between €% Tl and Mn/Fe. This trend is thought to be due to the derivation of Tl from distinct hydrothermal sources.
Deposits with low Mn/Fe ratios and low €%TI are produced by the adsorption of Tl from fluids that are sampled
close to hydrothermal sources. Such fluids have low Mn/Fe ratios and relatively high temperatures, such that only
minor isotope fractionation occurs during adsorption. Hydrothermal manganese deposits with high Mn/Fe and high
£%T1 are generated by scavenging of Tl from colder, more distal hydrothermal fluids. Under such conditions,
adsorption is associated with significant isotope fractionation, and this produces deposits with higher €% Tl values
coupled with high Mn/Fe. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The search for anomalies in the abundance of
205T] in meteorites due to the decay of now-extinct
205Pb (1, ~15 Myr) has been the primary moti-
vation of most TI isotope studies conducted dur-
ing the past 30 yr [1-6]. A few of these studies
also analyzed various terrestrial samples for TI
isotope variations caused by mass-dependent frac-
tionation processes, but they were unable to re-
solve differences [2,7]. This observation can be
readily understood in the context of the following.
First, Tl is one of the heaviest naturally occurring
elements with two nuclides, 2*TI and 2%°TI, that
have a mass spread of only about 1%. Differences
in isotope composition due to fractionation pro-
cesses are thus expected to be relatively small.
Second, all older TI isotope studies were con-
ducted by thermal ionization mass spectrometry
which is unable to achieve the measurement pre-
cision required to resolve small (permil level) var-
iations of TI isotope compositions.

Similar analytical difficulties have long rendered
the search for natural variations in the stable iso-
tope compositions of most elements with atomic
masses >40 amu very difficult. With only a few
exceptions, past stable isotope studies have thus
been restricted to a few light elements (e.g. C, O,
S). The advent of multiple collector-inductively
coupled plasma mass spectrometry (MC-ICPMS)
has ameliorated this limitation. This technique
permits stable isotope ratio measurements of
‘heavy’ elements at a level of precision that is
sufficient for the resolution of small isotopic var-
iations [8]. Accordingly, MC-ICPMS investiga-
tions of natural fractionations of elements such
as Fe, Cu, Zn and Mo have attracted significant
interest in the last 3 yr [9-11].

In a reconnaissance study, Rehkdmper and
Halliday [12] measured the Tl isotope composi-
tions of five terrestrial rock samples and the Al-
lende carbonaceous chondrite using MC-ICPMS.
Three igneous rocks and the Allende meteorite
were found to display small (< 0.4 %o ) but signif-

icant differences in their Tl isotope composition.
Two ferromanganese crusts furthermore displayed
fractionations of up to about 1%o. Thallium is
thus the heaviest element for which natural iso-
tope fractionations have been identified.

Based upon this result, we have performed an
in-depth investigation of Tl isotope variations in
ferromanganese crusts and nodules, hydrothermal
manganese deposits and seawater. For these sam-
ples, we determine an overall variation in TI iso-
tope compositions that exceeds 2 %o . The analyses
were conducted using improved chemical separa-
tion and MC-ICPMS measurement protocols
that permit reliable TI isotope ratio measurements
with a reproducibility (26) of better than
1 0.05 %o . The natural variability of the Tl isotope
composition thus exceeds the analytical reproduc-
ibility by more than a factor of 40.

2. Samples

A total of 38 samples were analyzed, and brief
sample descriptions, including locations and water
depths, are given in Table 1. The sample suite
comprises ferromanganese (Fe-Mn) crusts and
nodules, hydrothermal manganese deposits and
three seawater samples. The deposits are catego-
rized by their geochemistry, mineralogy and tex-
ture as hydrogenetic, diagenetic (mostly mixed di-
agenetic/hydrogenetic), hydrothermal, and mixed
hydrothermal/hydrogenetic. Sample MWS8801 is
classified as a mixed hydrothermal/hydrogenetic
Fe-Mn crust based on its similarity with sample
Vulcan 5 D34-39 with respect to its Tl isotope
composition and concentration (Table 1). The
Fe—Mn crusts and nodules were selected to obtain
a global dataset, whereas the hydrothermal depos-
its were chosen to cover different tectonic settings
(ridge, arc, hotspot).

For the Fe-Mn crusts and some of the nodules,
only the most recent growth layers were sampled
to a depth of 0.5-2 mm. Most bulk samples were
received as powders and analyzed without further
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preparation. Otherwise, bulk sample powders
were prepared by manual grinding of small sam-
ple chunks in an agate mortar. The seawater sam-
ples were acidified to a pH of 2 directly after
collection using concentrated HCI. The surface
seawater sample from Tenerife, which was col-
lected directly off the shoreline, was filtered
through a 0.45 um Millipore filter prior to analy-
sis. The two Arctic Ocean seawater samples were
analyzed without prior filtration.

3. Analytical methods

For the ferromanganese deposits, approxi-
mately 2-100 mg of sample powder was used for
the analyses. The powders were first leached for
15-30 min on a warm hotplate with 6 M HCI and
any undissolved (detrital) material was separated
from the solution by centrifugation. Following
this initial step, the chemical methods applied
are similar to those previously described by Reh-
kdmper and Halliday [12]. Only a single pass
through a small anion-exchange column (contain-
ing 100 ul of AG1 X 8, 200400 mesh resin),
however, was used to obtain purified fractions
of Tl and Pb for isotopic analysis. The blanks
for Tl and Pb were monitored repeatedly and
found to be insignificant at <0.1% of the extant
Tl and Pb in the analyzed sample splits.

A modified version of the ion-exchange chem-
istry was utilized for the pre-concentration of TI
from the seawater samples. Approximately 1-1.5 1
of seawater was acidified with 11 M HCI to ob-
tain a total acid molarity of 0.1 M HCI. Follow-
ing the addition of 1% (v/v) of saturated bro-
mine water, the samples were left to stand for at
least 24 h to ensure complete oxidation of TI* to
TI3*. The seawater was then passed through a
column filled with 1 ml of AGl X 8 (200-400
mesh) anion-exchange resin, which had been
cleaned and equilibrated as described by Rehkidm-
per and Halliday [12]. Previous studies have
shown that trivalent Tl is quantitatively adsorbed
from seawater onto the anion-exchange resin
under such conditions [13,14]. The elution of ma-
trix elements and Tl from the resin followed stan-
dard procedures [12]. Experiments, which were

conducted with seawater samples doped with
large quantities of NIST SRM 997 TI, confirmed
that the procedure achieves quantitative adsorp-
tion of Tl from seawater and demonstrated that
the isotope composition of the isolated Tl is not
fractionated with respect to the original sample.

All TI isotopic measurements were performed
with a Nu Plasma MC-ICPMS instrument at the
ETH Ziirich using techniques adapted from pub-
lished measurement protocols [12,15]. The meth-
ods permit the determination of Tl and Pb isotope
compositions as well as Tl concentrations on the
same sample aliquot. All Tl isotope data are re-
ported relative to the Tl isotope composition of
NIST SRM 997 Tl (National Institute of Stan-
dards and Technology Standard Reference Mate-
rial), which has a 2TI/2TI isotope ratio of
2.3871 [7]. Owing to the small natural variations,
an &notation is used as follows:

2Tl = (M—I)MOOOO (1)
Std

where Rsymple and Rgyg denote the 2°°TI/2% Tl iso-
tope ratio of the sample and standard, respec-
tively. Positive &€%TIl values are thus obtained
for samples enriched in 2°TI, whereas negative
£%5T1 values denote samples with isotopically
light TI.

Repeated analyses of an Aldrich Tl solution
and of an in-house Fe-Mn crust standard were
performed to monitor and evaluate the quality
of the analytical data. For the Aldrich solution,
which was analyzed without chemical processing,
an external reproducibility (26) of +0.29 £%Tl
units (n=14, where n is the number of analyses
on separate measurement sessions) was obtained.
For the Fe-Mn crust standard, the external repro-
ducibility is slightly worse at +0.45 £%TI units
(based on the results of 12 analyses of three sep-
arate dissolutions; one dissolution was split into
four aliquots that were processed individually
through the column chemistry).

The Pb isotope results are reported relative to
the Pb isotope composition of Todt et al. [16] for
the NIST SRM 981 Pb. The Pb data obtained for
the in-house Fe-Mn crust standard indicate
an external precision (26) of ~150 ppm for
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206pp/204pb, 207Pb/2%Pb, and 2Pb/2**Pb. The TI
concentrations are estimated to have a precision
and accuracy of ~10-25% and this is sufficient
for the purposes of this study.

4. Results

The TI isotope results obtained for the Fe—-Mn
deposits and seawater samples (Table 1) are plot-
ted in diagrams of €% Tl vs. Tl concentration and
£%Tl vs. Mn/Fe in Fig. la,b. It is noteworthy
that the different deposit types occupy distinct
fields that have only minor overlap in both dia-
grams.

4.1. Hydrogenetic ferromanganese crusts and
seawater

The hydrogenetic Fe-Mn crusts (including the
nodule TBD 463 6854-6) are characterized by the
heaviest Tl isotope compositions, with €Tl val-
ues that fall into a narrow range between +10.0
and +14.5 (Table 1, Fig. 1). The Tl concentrations
are observed to vary from 10 to 90 ppm, with an
average abundance of about 50 ppm (Fig. la).
Our analyses yield lower Tl concentrations for
Fe-Mn crusts than previous studies [17] and it is
likely that this mainly is an artifact of our sam-
pling techniques. First, only the most recent sur-
face layers of the Fe-Mn crusts were sampled,
and the sample powders were ubiquitously con-
taminated with the resin that was used to preserve
the structure of the bulk crusts. Second, the sam-
ples were not dried to remove hygroscopic water
prior to weighing. Third, the samples were only
leached, rather than totally dissolved for analysis.
In the following, we assume that ferromanganese
crusts display a range in Tl abundances (30-200
ppm) that is similar to nodules, in accordance
with the results of previous studies [17]. In Fig.
1b, the Fe-Mn crusts occupy a distinct field, be-
cause they are characterized by both low Mn/Fe
ratios (~0.5-2) and high £%TI values.

The seawater samples display, on average, the
lowest €%°Tl values. The lightest TI isotope com-
position was measured for the seawater sample
collected in the North Atlantic off Tenerife, which

Fe-Mn Deposits: O Hydrogenetic
B Diagenetic (deep-sea) @ Diagenetic (shallow-water)
A Hydrothermal @ Hydrothermal-hydrogenetic
IIIIIIl T T IIIIIIl T L] IIIIIIl T
- (@)
10 | -
l: -
o =
&
w -
o0+ 4
_10-......| s sl TR | L
1 10 100
TI (ppm)
rrnn L T IIIIIIl T T IIIIIIl T
5
10 -® > -
5 LT N J
E n \\, \\ p
8 | | Z
ol Yy ]
_10-......| TR | TR | L ]
1 10 100
Mn/Fe

Fig. 1. Plots of (a) €Tl vs. Tl concentration and (b) €Tl
vs. Mn/Fe ratio for the samples analyzed in this study. Note
the logarithmic scales. The shaded field denotes the range of
Tl isotope compositions for seawater samples (£”Tl~ —5 to
—8).

has £%Tl~ —8. The two other seawater samples,
which were collected at different depths at a single
location in the Arctic Ocean, have Tl isotope
compositions that are identical within error at
£5Tl~—5.5 (Table 1). The minor difference in
TI isotope compositions between the Atlantic and
the two Arctic Ocean samples may indicate small
variations of TI isotope ratios in the oceans.
Large differences in €%TI are not expected, be-
cause Tl has an estimated global oceanic residence
time of about 1-3x 10* yr [18,19]. The observed
variations may nonetheless reflect distinct conti-
nental inputs because (1) the Arctic Ocean basin
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is relatively isolated and (2) the Tenerife seawater
was collected directly off the coast of the island. It
is unlikely that the difference is related to the
presence of particulates in the unfiltered Arctic
Ocean samples, because sample collection was
performed in a permanently ice-covered area
where the water has very low particle concentra-
tions.

4.2. Diagenetic ferromanganese deposits

The diagenetic/hydrogenetic deep-sea Fe-Mn
nodules and crusts (simply termed deep-water di-
agenetic deposits in the following) exhibit a much
larger range of Tl isotope compositions than the
hydrogenetic ferromanganese crusts, with &%TI
values of between 0 and +9 (Fig. 1, Table 1).
Within this group of samples, one of the highest
£%T1 values is displayed by the Fe-Mn crust
VAI16 13KD-1, which has recent growth layers
that show a clear diagenetic signature in both
major and minor element contents (M. Frank,
unpublished results). The deep-water deposits
have Tl concentrations that vary from 30 to al-
most 200 ppm (Fig. la), in accordance with the
results of previous nodule studies [17]. The sam-
ples also show a good correlation (r=0.97) of
increasing &€%Tl with decreasing Mn/Fe ratio
(Fig. 1b).

The two shallow-water diagenetic deposits from
the Baltic Sea have €Tl values of 0 and —35,
coupled with relatively low Tl concentrations of
only about 17 and 5 ppm, respectively. Thus, they
plot in a field that is distinct from the diagenetic
deep-water deposits in Fig. la, at low £%TIl and
low Tl abundances.

4.3. Hydrothermal manganese deposits

The six hydrothermal manganese deposits are
similar to the diagenetic samples, in that £%TIl
ranges between the values obtained for seawater
and hydrogenetic Fe-Mn crusts. The range of Tl
concentrations is large, with abundances varying
from 0.7 to 44 ppm (Fig. 1, Table 1). The hydro-
thermal deposits define a trend in Fig. la, in
which the samples with the lowest Tl concentra-
tions have the heaviest Tl isotope compositions. A
positive correlation is observed between Tl
and Mn/Fe, whereas the deep-sea diagenetic de-
posits show a negative trend, albeit at much lower
Mn/Fe ratios (Fig. 1b).

The mixed hydrothermal/hydrogenetic Fe-Mn
crusts are characterized by TI (and Pb) isotope
compositions and TI concentrations that are inter-
mediate with respect to ‘pure’ hydrothermal and
hydrogenetic ferromanganese deposits (Fig. la,
Table 1). These samples will not be discussed ex-
plicitly in the following, because they are assumed
to form either by a process that is intermediate
between the hydrothermal and hydrogenetic
growth mechanisms or a combination of these
two processes.

5. Discussion

5.1. The relationship between seawater and
hydrogenetic ferromanganese crusts

One of the key results of this study is the lack
of a correlation between the (non-radiogenic) iso-
tope ratio of Tl and the radiogenic isotope com-

Table 2
Tl isotope ratios and concentrations of hydrogenetic Fe-Mn crusts and seawater
9Tl Tl
Hydrogenetic Fe-Mn Crusts — range +10.4 — +14.3 12 — 200 ppm
Seawater — range —52 - 8.1 2 — 20 ppt
Hydrogenetic Fe-Mn crusts — preferred 14.0 90 ppm
Seawater — preferred -7 15 ppt
Fractionation factor () Tl distribution coefficient (D)
Hydrogenetic Fe-Mn crusts — seawater 1.0021 6x10°

These values were used to calculate the equilibrium fractionation factor and apparent bulk distribution coefficient of TI for the

adsorption from seawater onto ferromanganese deposits.
The TI concentrations of seawater are from [18,50,51].
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positions of Pb, despite significant variability of
the latter (Fig. 2, Table 1). A comparison with the
Nd [20-25] and Hf [21,26] isotope data of pre-
vious studies on the same samples also shows no
correlation with €%TI. In addition, there is no
clear difference in Tl isotopes for samples col-
lected at different water depths. Furthermore,
there is no systematic variation of £%TI values
for samples collected in different ocean basins or
co-variation of £€%TIl with radiogenic isotopes
within a single ocean basin (Fig. 2). Thus, £%TI
does not change systematically with sample loca-
tion. Taken together, these results provide evi-
dence for a complete decoupling between the pro-
cesses that govern radiogenic isotope distributions
and those that control variations in €Tl for Fe—
Mn crusts. This interpretation contrasts with the
results of a time series (6-0 Ma) Fe isotope study
of a North Atlantic Fe-Mn crust that showed a
good correlation between changes in Pb and sta-
ble Fe isotope compositions [27]. The interpreta-
tion that Tl isotope variations are not influenced
by the processes that determine variations in ra-
diogenic isotope compositions, such as differences
in continental input into the oceans [28], is not
surprising. As with the Li isotope system, the Tl
isotope variations appear to be governed by local
fractionations rather than global distribution pro-
cesses.

The second striking feature of the dataset for
hydrogenetic Fe-Mn crusts is the limited range of
Tl isotope compositions, which are uniformly
heavier than seawater by about 2%. (Fig. 1).
The data for hydrogenetic crusts appear to define
an upper limit in €%TI of approximately +14 to
+14.5 £%TIl units. Hydrogenetic Fe-Mn crusts
grow at a rate of ~1-10 mm/Myr, probably by
precipitation of Mn- and Fe-oxide particles from
seawater and scavenging of trace elements from
the water column [17]. Therefore, it is likely that
the TI is displaying isotopic equilibrium fraction-
ation. The equilibrium fractionation factor o can
be calculated by comparing the Tl isotope data
obtained for seawater and Fe-Mn crust samples.
Using values compiled in Table 2, the fractiona-
tion factor is estimated to be a=1.0021. Simi-
larly, the concentration of Tl in seawater and fer-
romanganese crusts can be used to estimate a
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Fig. 2. Plot of &€%Tl versus 2°Pb/2*Pb for the hydrogenetic
ferromanganese crusts only. Different symbols denote sam-
ples from different ocean basins.

bulk distribution coefficient D for Tl between
these two phases (Table 2). The uncertainty of
the D value, however, is significantly larger then
the uncertainty of ¢, due to the larger variability
of Tl concentrations in the Fe-Mn crusts.

Two different mechanisms that could be re-
sponsible for the differences in Tl isotope compo-
sition between seawater and Fe-Mn crusts are
possible. First, isotopic fractionation between
TI(I) and TI(IIT) may occur in seawater. Second,
the TI isotope fractionation may take place during
adsorption on the surface of the Fe-Mn crusts. A
number of factors argue for the second interpre-
tation. Thermodynamic calculations show that Tl
should occur primarily as TI(I) in seawater [29]. If
the isotope fractionation is generated by dissolved
TI species with different redox states, mass bal-
ance considerations thus require the minor species
(TI**) to be enriched in 2TI. In this case, pref-
erential adsorption of TI(IIT) characterized by
high €Tl would be responsible for the heavy
TI isotope signatures of Fe-Mn crusts. Leaching
studies, however, show that Tl is mainly associ-
ated with Mn-oxide phases in ferromanganese
crusts. This suggests that Tl is scavenged as a
monovalent cation from seawater, because TI3*
would be more readily adsorbed by Fe-oxides
[30]. These observations indicate that the isotope
fractionation of Tl occurs due to the preferential
adsorption of 2>TI* from seawater onto Mn-ox-
ide particulates, possibly because this isotope dis-
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plays stronger bonding to the particle surface
than 2*TI*. It is notable that similar surface ad-
sorption and ion-exchange processes produce iso-
topic fractionation for elements such as Li and Fe
in both natural and laboratory systems [31,32].

5.2. The relationship between Fe—Mn crusts and
deep-sea diagenetic Fe—Mn nodules

The deep-sea diagenetic Fe-Mn crusts and nod-
ules have uniformly lighter Tl isotope composi-
tions than the hydrogenetic samples. The £%Tl
values of the deep-water diagenetic deposits fur-
thermore display a negative correlation with Mn/
Fe ratio (Fig. 1b). This indicates that nodules
with a particularly strong diagenetic character
and high Mn/Fe also have comparatively low
£%T1 values. These observations can be explained
by continuous adsorption of Tl onto Mn-oxide
surfaces in a closed-system reservoir of limited
size (Fig. 3). Pore fluids, which are known to be
an important source of metals for diagenetic fer-
romanganese nodules [33], can represent such a
closed-system reservoir if adsorption is fast and
the fluids are sufficiently stagnant. In this case,
the adsorption of TI from a batch of liquid onto
nodule surfaces can significantly deplete the fluid
in Tl. At the limit of (near-)quantitative scaveng-
ing, nodules with Tl isotope compositions identi-
cal to the pore fluids are produced.

The adsorption process was modeled for both
batch and fractional (Rayleigh) adsorption of TL
Assuming that the adsorption of dissolved TI
onto the Fe-Mn deposits occurs by batch parti-
tioning, the Tl concentration and isotope compo-
sition of the deposits can be calculated as:

D*Cl 0
s = 4 ). 2
¢ X1+ D(1—xy) @)
a*Rl_o (3)

R= a7

where ¢; and ¢y denote the Tl concentration of
the solid and the initial liquid; Ry and Ry are the
205T1/2953T] ratio of the solid and the initial liquid;
x] is the mass fraction of the system that is liquid
(or in solution), such that x;=1—x, where xg is

the mass fraction of the solid Fe—-Mn-oxides that
have precipitated from solution; f; is the mass
fraction of dissolved Tl in the liquid phase; D
and o are the bulk distribution coefficient and
isotopic fractionation factor of Tl between the
solid and the fluid phase, respectively. For the
case of fractional (Rayleigh) adsorption of TI
onto the solid phase, the average composition of
the solid is given by:

1—xP
s = 4
Ry 4)
o, 1=fT
Ro= R (5)

With these equations, the precipitation of Fe—
Mn-oxides and the partitioning of Tl into this
solid phase are treated analogous to crystal frac-
tionation with either batch or fractional equilibra-
tion between the crystals and the remaining liq-
uid. In contrast to crystal fractionation, however,
the mass fraction of the system that can precip-
itate to form Fe-Mn-oxides is restricted by the
amount of dissolved Fe and Mn available in the
liquid. Therefore, the modeling has been limited
to x;=8000 ppb. The values of o and D have
already been estimated above, using the Tl isotope
and concentration data for hydrogenetic Fe-Mn
crusts and seawater (Table 2). This permits the
application of Egs. 2-5, to investigate what values
of Rip and ¢y are required to account for the
range of Tl isotope compositions and abundances
observed in diagenetic Fe-Mn deposits.

The results of these calculations are summa-
rized and compared with the analytical data in
Fig. 3a-f. The two bold curves shown in each
panel denote the most extreme initial fluid isotope
compositions and Tl abundances (Rjy and cip,
respectively) that are required to account for the
nodule data. The bold full curves were obtained
using seawater-like values of £%Tly=—7 and
c10 =10 ppb, whereas the bold dashed curves ap-
plied £€%Tlp=—12 and ¢9=50 ppb. The latter
composition may be appropriate for pore fluids
given the fluid mobility of Tl in other environ-
ments [34,35] (no pore fluid data are available
for TI). It is also not unreasonable to assume a
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Fig. 3. Results of the modeling that accounts for the Tl isotope compositions of diagenetic Fe-Mn nodules by the adsorption of
Tl in a closed-system reservoir. Panels (a), (c), and (e) are for batch adsorption, whereas panels (b), (d), and (f) are for Rayleigh
adsorption of TI. Bold full lines are for an initial fluid with €% TI=—7 and 10 ppb TI (seawater); bold dashed lines are for an
initial fluid with €%TI=—12 and 50 ppb TI (assumed pore fluid composition). (a,b) Plots of &% Tl vs. Tl concentration. The
data of deep-sea and shallow-water samples are shown as filled and open squares, respectively. Results for hydrogenetic crusts
(open circles) are shown for comparison. (c—f) Results of the adsorption models in diagrams of €Tl vs. £;(Tl) and €Tl vs. x,.
The parameters f(Tl) and x; denote the mass fraction of Tl (with respect to total Tl) in the solid phase and the mass fraction of
the system that has precipitated as a Fe-Mn-oxide phase, respectively. The fine dotted lines show the range of €% Tl values
found in deep-sea (0 to +9) and shallow-water (—5 to 0) diagenetic deposits.

light T1 isotope composition for pore fluids that
are in equilibrium with sediments, because isotope
fractionation preferentially depletes 2% TI in the
liquid phase. The results of the modeling are not
critically dependent on the latter assumption, in
any case, because very similar results are pro-
duced using ¢ =50 ppb combined with
8Tl p=—7.

The six deep-water diagenetic deposits with in-
termediate Tl isotope ratios (£ TI~0 to +9) can
be explained with the closed-system adsorption
model if ~0-80% of the total Tl budget of the

initial liquid is partitioned into the solid phase
(Fig. 3c,d). Alternatively, the range of £%TI val-
ues displayed by the deep-sea diagenetic samples
can be accounted for by mixing between a diage-
netic endmember with low £%Tl (=0) and a hy-
drogenetic endmember with £%TI=+14. Mixing
curves between such endmembers are nearly linear
or slightly concave upward in Fig. 3a,b. Such
mixing processes may be appropriate for deep-
sea nodules that are periodically turned and ro-
tated on top of the sediment layer.

The high Tl concentrations of some nodules
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(100-200 ppm, Fig. 3a,b) can also be accounted
for by applying a higher bulk distribution coeffi-
cient for Tl, instead of calling for an initial liquid
with a Tl concentration significantly higher than
seawater. Application of a D value of between
6x10° and 3x 107 in conjunction with c;o=10
ppb, can also account for all deep-sea diagenetic
nodule compositions. Two observations, however,
argue against this interpretation. First, this latter
model requires very high D values, but Tl concen-
trations in hydrogenetic crusts are typically <200
ppm [17]. Second, the model cannot readily ex-
plain why deep-sea diagenetic deposits with high
Mn/Fe ratios typically have low &£%TI values
(Fig. 1b). Variable pore fluid compositions, how-
ever, provide a good explanation. The generation
of low &%TIl values requires near-quantitative
scavenging of Tl by precipitation of a relatively
large mass of solid Fe-Mn-oxides. Up to 300-400
ppb of Fe-Mn-oxides, for example, must precip-
itate to account for an £%Tl value of 0 (Fig. 3e,f).
Nodules with high Mn/Fe ratios are characteristic
of sub-oxic environments and the pore fluids of
such settings are typically highly enriched in Mn
and Fe [36]. These major elements are thus suffi-
ciently available in solution for precipitation and
subsequent adsorption of Tl at high yield.

5.3. Shallow-water diagenetic deposits

To account for the results of the two shallow-
water diagenetic deposits with &%Tl~—5-0, a
very large fraction (45-95%) of the dissolved TI
must be adsorbed onto the ferromanganese surfa-
ces from a given batch of fluid (Fig. 3c,d). This
requires an ample supply of dissolved Mn and Fe,
because up to ~ 1000 ppb of Fe-Mn-oxides must
precipitate to achieve nearly quantitative adsorp-
tion of TI (Fig. 3e,f). Pore fluids from sediments
in the Gulf of Bothnia have dissolved Mn and Fe
concentrations of up to 2500 pg/l and 7800 pg/l,
respectively [37]. This is sufficient to account for
the scavenging of TI at high yield, even if only a
partial precipitation of Mn and Fe occurs. Near-
quantitative adsorption produces little or no TI
isotope fractionation and low Tl concentrations
due to the ‘dilution’ of Tl in the large volumes
of solid that are precipitated (Fig. 3a,b). The lat-

ter prediction is in accordance with the analytical
results. The Fe-Mn nodules that display the low-
est €971 values would therefore also be expected
to display the highest growth rates. For the dia-
genetic ferromanganese deposits analyzed in the
present study this indeed appears to be the case.
Growth rates of ~ 10* mm/Myr have been deter-
mined for the Baltic Sea Fe-Mn encrustation by
the Ra—Ba method [38] and values of similar mag-
nitude are likely for the Golf of Bothnia micro-
nodules [37]. In comparison to this, the growth
rates of the deep-sea diagenetic samples are orders
of magnitude lower. Using the Co-chronometer of
Manheim and Lane-Bostwick [39], growth rates
of 2-60 mm/Myr are calculated for the five
deep-sea diagenetic samples for which Co concen-
trations were available ([40,41] or unpublished re-
sults of M. Frank; Co data were not available for
the DOMES samples).

Alternatively, the low £%Tl values and Tl con-
centrations of the shallow-water diagenetic sam-
ples may also be related to a lower isotope frac-
tionation factor o and/or a lower D value for TI.
Such changes may be reasonable, given the differ-
ent depositional setting (e.g. higher water temper-
atures, lower salinity) and conditions (e.g. high
growth rates) of the Baltic Sea samples compared
to deep-water nodules. Experimental data on the
fractionation of Tl isotopes under different con-
ditions of adsorption are required to ultimately
resolve this question.

5.4. Tl isotope systematics of hydrothermal
manganese deposits

The TI isotope data of the hydrothermal man-
ganese deposits display positive correlations with
I/T1 (Fig. 4a, r=0.84) and Mn/Fe (Fig. 4b,
r=0.91). This provides important constraints on
the processes that are ultimately responsible for
the variable £%TI values of these samples. The
trends of the data in Fig. 4 indicate that TI is
incorporated into the hydrothermal deposits by
two endmember processes. Either of these pro-
cesses can dominate the Tl budget of the samples
depending on the local depositional conditions.
This can account for the TI isotope diversity of
the hydrothermal deposits if (1) two endmember
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£%T1 vs. Mn/Fe for the hydrothermal manganese deposits
(filled triangles). The straight lines are linear least-squares re-
gressions of the hydrothermal data. In (a) the small open tri-
angles denote the calculated compositions of ‘high-TI’ end-
members (models A, C, D, E; Table 3). The open circle
denotes the ‘low-TI" endmember of model B (Table 3).

adsorption processes that produce different iso-
tope fractionations are involved and/or (2) each
endmember composition derives its Tl from a dis-
tinct source reservoir.

The models that are developed in the following
produce two endmember hydrothermal deposits
that have compositions that lie at or beyond the
extremes of the dataset for hydrothermal deposits.
The two (hypothetical) endmembers are desig-
nated as ‘high-TI" and ‘low-TI” hydrothermal de-
posits. The ‘high-T1” endmember has a Tl concen-
tration of 5-10 ppm, an €%TI value of about —35,
combined with an Mn/Fe ratio of 10-40 (Figs. 1
and 4). The ‘low-TI’ endmember is assumed to
have £€%Tl=+5. Accordingly, the Tl concentra-

tion and Mn/Fe ratio of the ‘low-TI" endmember
can be obtained by extending the correlations of
the hydrothermal deposits in Fig. 4 to or beyond
EPTI~+5.

The manganese deposits analyzed in the present
study precipitated below the sediment-water in-
terface, from diffuse flows of hydrothermal fluids
in the distal part of the hydrothermal system [42].
Both hypothetical endmembers are thus ulti-
mately derived from dilute mixtures of endmem-
ber hydrothermal fluids with seawater. This con-
clusion is further supported by the unradiogenic
(mantle-like) Pb isotope ratios (Table 1) and the
radiogenic Hf isotope compositions of three sam-
ples previously analyzed by Godfrey et al. [26].
The latter study applied rare earth element
(REE) patterns to infer that the REE budget of
these (and other) hydrothermal deposits was de-
rived from fluids that exhibit a mixing ratio of
endmember hydrothermal fluid to seawater of
about 1:1000. Such a mixture will have a Mn
concentration that is more than three orders of
magnitude higher than seawater, but the Tl abun-
dance will only be enhanced by less than a factor
of 6 (Table 3). Therefore, the Tl isotope compo-
sitions of hydrothermal fluid-seawater mixtures
will be similar to seawater unless mixing ratios
of <« 1:1000 are assumed, and the endmember
hydrothermal fluids are extremely Tl-rich and
characterized by &%TIl significantly different
from seawater. It is possible that endmember hy-
drothermal fluids may have £%TI values signifi-
cantly lower than seawater due to preferential
leaching of 2%*Tl from basalts. This is unlikely,
however, because high-temperature leaching pro-
cesses are probably not associated with significant
TI isotope fractionation. The modeling thus as-
sumes a ‘normal’ endmember hydrothermal fluid
with €%TI=—9. A Tl concentration of ~ 8200
ppb (~40 nmol/kg) is in accordance with pub-
lished analytical data [43] but significantly higher
TI abundances of up to 22 500 ppb (110 nmol/kg)
have been determined for some endmember hy-
drothermal fluids [44].

It is conceivable that the observed variations in
TI isotope composition are caused solely by differ-
ent scavenging or adsorption mechanisms. Studies
of natural systems and experiments have shown
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that the scavenging of dissolved trace elements by
particles operates on a number of distinct time-
scales. The mechanisms by which a trace element
is scavenged can vary as a function of time if
scavenging involves different processes (e.g. co-
precipitation versus adsorption) or different ad-
sorption sites with distinct reactivities [45,46]. In
this scenario, a ‘high-TI’ hydrothermal endmem-
ber can be derived from a dilute hydrothermal
fluid with £%Tl~—5 by co-precipitation of TI
with the Mn-oxide phase or rapid initial scaveng-
ing during Mn precipitation, if these processes are
not associated with significant isotope fractiona-
tion. The ‘low-TI’ endmember could form by
‘slow’ adsorption of Tl accompanied by isotopic
fractionation similar to the process inferred for
hydrogenetic Fe-Mn crusts. If this hydrogenetic-
type adsorption (with o=1.0021) is assumed to
generate a ‘low-TI" endmember with &% Tl~ +13,
this deposit should have a Tl concentration of
about 0.4 ppm, based on the extrapolation of
the data array in Fig. 4a. Mixing of TI derived
by these two endmember processes can account
for the variation of £%TIl and TI concentration
in hydrothermal deposits, because mixing produ-
ces linear arrays in Fig. 4a. The hydrothermal
deposits with high Tl concentrations have low
£%T1 values because their Tl budget is dominated
by the ‘high-T1” endmember, whereas the two hy-
drothermal deposits with Tl abundances of <1

ppm can have only a minor contribution of this
unfractionated component.

An alternative interpretation of the data for
hydrothermal deposits is provided by the assump-
tion that the ‘high-TI" and ‘low-TI” endmembers
are each derived from sources with distinct geo-
chemical characteristics. We favor this second in-
terpretation because (1) it does not require unde-
fined processes such as co-precipitation of TI
without isotope fractionation and (2) it provides
a reasonable explanation for the positive correla-
tion of €%°Tl with the Mn/Fe ratio (Fig. 1b). In
this scenario, the ‘high-TI’ endmember is pro-
duced by adsorption of Tl from more primitive
hydrothermal fluids that have relatively low Mn/
Fe and higher temperatures. Such fluids typically
emanate relatively close to the hydrothermal
source, because dissolved Fe is quickly lost from
the liquid phase by oxidation and precipitation
[46,47]. Due to the higher temperature of such a
hydrothermal fluid compared to ambient bottom
water and the temperature dependence of isotope
fractionation factors [48], scavenging of TI should
occur with a<<1.0021. Adsorption of Tl from a
‘normal’ dilute hydrothermal fluid assuming
o~ 1.0005 can readily produce an appropriate
‘high-TI’ endmember (model A, Table 3, Fig.
4a). This model, however, also requires a D value
of 6X10° and this is an order of magnitude lower
than the D value estimated for the adsorption of

Table 3

Results and parameters of the batch adsorption models that are proposed for the origin of endmember hydrothermal deposits
Model £0T1 Tl Mn o Doty £(TD)  x
Endmember hydrothermal fluid -9 8200 ppt 1.7Xx10° ppb

1:1000 mix with seawater -7.7 23 ppt 165 ppb

A: High-Tl endmember —=3.0 13 ppm 1.0005 6x10° 0.05 ~ 100 ppb
B: Low-Tl endmember +7.3 0.69 ppm 1.0015 3x10* 0.001  ~30 ppb
C: High-Tl endmember —4.6 21 ppm 1.0021 6x10° 0.85 ~900 ppb
Endmember hydrothermal fluid —=30 8200 ppt 1.7x 10° ppb

1:1000 mix with seawater —15 23 ppt 165 ppb

D: High-Tl endmember —4.5 7 ppm 1.0021 6%x10° 0.50 ~1700 ppb
Endmember hydrothermal fluid -9 22500 ppt 1.7x 10° ppb

1:300 mix with seawater —8.7 90 ppt 548 ppb

E: High-Tl endmember —4.5 11 ppm 1.0021 6x10° 0.80 ~7000 ppb
Seawater -7 15 ppt 0.15 ppb

All calculations were performed assuming batch adsorption, but fractional (Rayleigh) adsorption produces very similar results.
The Tl and Mn concentrations of endmember hydrothermal fluids are in accordance with results presented in [43,44]. Dy is the
effective bulk distribution coefficient of Tl. The parameters f;(Tl) and x; denote the mass fraction of Tl (with respect to total TI)
in the solid phase and the mass of Fe-Mn-oxides that have precipitated from solution, respectively.



78 M. Rehkédmper et al. | Earth and Planetary Science Letters 197 (2002) 65-81

TI by hydrogenetic crusts (Table 2). The high Mn
flux of vent fluids and/or the high growth rates of
hydrothermal manganese deposits may be respon-
sible for this discrepancy. Using the Co-chronom-
eter [39], the two deposits with the lowest Tl con-
centrations yield growth rates of about 3.5X 10*
mm/Myr. The two deposits with the highest Tl
concentrations have growth rates of about 1-
5% 10> mm/Myr (Co data are unpublished results
of J.R. Hein). These values far exceed the 1-10
mm/Myr growth rates of hydrogenetic Fe-Mn
crusts [17] and this may generate lower effective
D values (Degr) for Tl in hydrothermal deposits.

Other adsorption models are less successful in
accounting for the composition of the ‘high-TI’
endmember (models C-E; Table 3, Fig. 4a). In
models C-E, the ‘high-Tl” endmember is produced
by the nearly quantitative (50-80% yield) adsorp-
tion of Tl in a closed-system reservoir and assum-
ing a ‘normal’ isotope fractionation factor of
o=1.0021. A closed-system scenario may be real-
istic for a more proximal deposit because Fe-Mn
particles can be recycled through vent systems
several times before they are deposited [49]. These
models, however, need to apply either a high D
value (model C) or require an endmember hydro-
thermal fluid with extremely low €Tl (model D)
or a high Tl abundance (model E) to generate
endmember deposits with £€%Tl~ —5. These as-
sumptions are not unreasonable for Tl, but mod-
els C-E also require the precipitation of very large
mass fractions (x;~900-7000 ppb, Table 3) of
solid Fe-Mn-oxides. This may be unrealistic given
that dilute hydrothermal fluids are unlikely to
have dissolved Mn concentrations of > 1000
ppb (~20 umol/kg).

The generation of a ‘low-TI" endmember with
£5TI=+5 requires adsorption associated with
isotope fractionation, because it is reasonable to
assume that all dilute hydrothermal fluids have
£%T1 values similar to or lower than seawater.
The formation of a ‘low-TI’ endmember that is
similar in composition to the two deposits with
the lowest TI concentrations can be achieved by
trace scavenging of Tl (f; ~0.1%) and by assum-
ing =1.0015 and D=3X10* (model B, Table 3,
Fig. 4a). Again, these parameters are reasonable,
because the high Mn/Fe ratios of the deposits

probably reflect more distal hydrothermal fluids.
Such fluids are expected to have high Mn/Fe ra-
tios and temperatures that are lower than those
inferred for low-Mn/Fe fluids but higher than am-
bient bottom water. Such conditions should pro-
duce deposits with high Mn/Fe and the isotopic
fractionation factor during Tl adsorption is ex-
pected to be between 1.005 and 1.0021. The ex-
tremely high growth rates of the deposits with low
TI concentrations (~ 3.5X 10* mm/Myr) can fur-
thermore account for the low effective D value of
Tl during adsorption (Table 3).

6. Conclusions

The TI isotope compositions of hydrogenetic
ferromanganese crusts, diagenetic Fe-Mn nodules
and hydrothermal manganese deposits display
clear differences and systematic trends. The hy-
drogenetic Fe—-Mn crusts are characterized by TI
isotope compositions (£%TI~+10 to +14) that
differ from seawater (£%Tl~—7) by about
2%o . This difference is thought to result from
the isotope fractionation that is associated with
the adsorption of Tl onto ferromanganese par-
ticles. This interpretation will be verified in the
future by laboratory adsorption experiments.

Both diagenetic ferromanganese nodules and
hydrothermal manganese deposits have €%°Tl val-
ues that range between the results obtained for
seawater and hydrogenetic Fe-Mn crusts. For
the nodules, this variability can be explained by
the adsorption of Tl in a closed-system reservoir
of limited size. Pore fluids can represent such a
reservoir if the adsorption process is fast and the
fluids are sufficiently stagnant. The variable £%TI
values of hydrothermal manganese deposits are
thought to be due to the derivation of Tl from
vent fluids with different temperatures because the
isotopic fractionation should be lower at higher
temperatures. The validity of this model can be
checked by laboratory experiments that investi-
gate the temperature dependence of the isotope
fractionation factor for the adsorption of TI
onto Fe-Mn particles.

These results demonstrate that the TI isotope
compositions of marine ferromanganese deposits
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are sensitive indicators of variations in depositio-
nal processes. Thallium isotope studies are thus
able to provide some insights into (1) the distri-
bution, behavior and cycling of Tl in the marine
environment, (2) the processes that are associated
with the formation of ferromanganese deposits
and (3) the transport and distribution of trace
metals in hydrothermal fields. It is conceivable
that similar investigations are possible for other
low-temperature environments. Further studies
are needed to determine if significant Tl isotope
fractionations also occur at higher temperatures.
If such variations can be verified, this would per-
mit detailed investigations of the sources and
sinks of TI in hydrothermal systems, active arcs
and other high-temperature environments.
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