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Abstract

A four-end-member mixing model is introduced to estimate the distribution coefficients of >**Th, >*'Pa, and '°Be for pure
end members (lithogenic clays, organic carbon, carbonates, and opal) in sediment-trap materials from three oceanic regions.
Four pure end members contribute differently to the fractionation of nuclides in three regions. Contribution of organic matter to

the bulk distribution coefficients cannot be ignored.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Chase et al. [1] estimated the bulk distribution
coefficients (Kq=X/C) of **°Th, **'Pa, and '“Be,
using nuclide concentrations in sediment-trap mate-
rials (X) and the total nuclide concentrations in the
nearby water column (C) from different regions
(mainly from the Equatorial Pacific, Southern
Ocean, Middle Atlantic Bight, and others). For the
sediment-trap materials, they also provided the
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percentage contents of four major end-member
components (lithogenic clays, organic carbon, car-
bonates, and opal). From the plots of K4 as a
function of opal and carbonate contents of sediment-
trap materials, they estimated the Ky for the pure
opal and carbonate end members. Luo and Ku [2,3]
introduced a three-end-member mixing model to
obtain the K4 for the three end members (pure opal,
carbonate, and lithogenic clay) from different
regions, using the same data set given by Chase
et al. [1]. The controversy centers on whether the
K4(Th) for the lithogenic clay end member is as
high as 230 x 10° g/g [2,3], or as low as 10x 10° g/
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g [1], or varies with regions [4], and what is the
relative importance of opal, carbonate, and litho-
genic clay end members toward the observed Kj.
For example, Chase et al. [1] suggested that the
degree of fractionation or unequal K4 among Th,
Pa, and Be is closely related to opal-to-carbonate
ratio in sediment-trap materials, while Luo and Ku
[2] emphasized the importance of opal-to-lithogenic
clay ratio. They, however, all assumed that the
contribution of organic matter to K4 is negligible.
As will be shown later, this assumption is not
always applicable.
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In order to treat the same data set more objectively,
a four-end-member mixing model is introduced here:
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Here, K4=the observed bulk distribution coefficient

of a given nuclide, k;=the hypothetical distribution

coefficient for pure end member i, f;=percent content
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Fig. 1. Percent concentration of carbonate in sediment-trap materials vs. (a) lithogenic clay, (b) opal, and (c) organic carbon from the equatorial
Pacific (EP), Southern Ocean (SO), and Middle Atlantic Bight (MAB) regions. Diagrams (d—f) are the xy plots of observed distribution
coefficients (Kq) of 2*°Th, 2*'Pa, and '°Be in units of 10° g/g. Solid lines are the equation y=x.
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of pure end member 7 in sediment-trap materials, i=1
(lithogenic clays), 2 (organic carbon), 3 (carbonates),
and 4 (opal).

Since f; and K4 are all known for a set of given
samples from a chosen region, the unknown k; can be
estimated simultaneously by the nonlinear regression
analysis using Eq. (la). Since a negative k; has no
physical meaning, all k; are constrained to be equal to
or greater than zero (k; >0), and their initial values are
all set to 10° g/g for the nonlinear regression. The only
assumption is that all k; are positive constants for the
chosen region. A nonlinear regression program in the
Statistical Package for the Social Sciences (SPSS) was
adopted here.

2. Results and discussion

For clarity, only samples from the Equatorial Pacific
(EP), Southern Ocean (SO), and Middle Atlantic Bight
(MAB) regions in the Appendix 1 of Chase etal. [1] are
selected for the nonlinear regression analysis. Sedi-
ment-trap materials from EP and SO regions are very
low in lithogenic clay content (mostly less than 0.6%),
and high in carbonate for EP and high in opal for SO
(Fig. la and b). In contrast, sediment-trap materials
from MAB contain significant amounts of all end
members (lithogenic clays, carbonate, opal, and
organic carbon; Fig. la—c). The magnitudes of the
observed K4 values for Th, Pa, and Be have the
following general trends: K4(Th) > Ky(Pa)>K (Be)
for EP; K4(Th)>K4(Pa)>K4(Be) for SO; and
K4(Th) > K4(Pa)<K4(Be) for MAB (Fig. 1d-f).
Because the f; and K4 data from three chosen regions
are distinctively different, they were treated separately
first, then together to discern the difference and
similarity. If samples have any missing values for f;
and K4, the computer program will automatically
exclude those samples. Since Y f; are not equal to
100% in the original appendix table [1], all f; are first
replaced by 100 - /i/>_f; before the nonlinear regres-
sion analysis.

The k; values obtained from the nonlinear regression
on the data from each separate region are summarized
in Table la as functions of regions, nuclides, and end
members. Whenever the number of cases is small (20—
21 cases for EP, and 28 cases for Pa in MAB), the
uncertainties of estimated k; can be large (Table 1a).

Table la

Model-predicted distribution coefficients (k;; in units of 10° g/g) of
230Th, 21pa, and 'Be for four end members of sediment-trap
materials from the Equatorial Pacific (EP), Southern Ocean (SO),
and Middle Atlantic Bight (MAB) regions

Z Region Case k;

(10° g/g)
1: lithogenic 2: organic 3: carbonate 4: opal
Th EP 20 259435 8+16 19+13 0+2
SO 43 176+15 0+5 0934032 0.194+0.08
MAB 54 94407 162+3.7 18410 24+13
Pa EP 21 15.8%+25 24413 0£0.1 0.60+0.18
SO 41 10.1+7.6 0+2 0.07£0.23 0.91+0.05

MAB 28 0.71+0.07 1.34£0.5 025+0.11 0.11+0.27

Be EP 20 087+124 1.8+0.6 0£0.05 0.31+0.08
SO 47 7.1+1.8 0+08 0£0.13 0.67+0.03
MAB 50 1.3+0.1 1.4+0.6 0.59+0.17 0.43+£0.20

The k;(Th) for lithogenic clay [simplified as k(Th)
hereafter] from EP and SO regions are in the order of
2-10°® g/g (Table la), in close agreement with the
estimate by Luo and Ku [2]. The k;(Th) from MAB is
in the order of 107 g/g, in good agreement with the
estimate by Chase et al. [4] and Luo and Ku [3]. In
general, k(Th) are one to two orders of magnitude
higher than k& (Pa) and k(Be) [simplified as /k,(Pa, Be)
hereafter] among three regions. Among all four end
members, k;(Th, Pa) are the highest in EP and SO. One
interesting result is that k,(Th, Pa, Be) (for organic
carbon) are the highest among four end members in
MAB. In the EP region, k,(Th, Pa, Be) also have high
values (even though their uncertainties can be high) as
compared with those for carbonate and opal. Therefore,
one cannot ignore the contribution of organic matter to
the observed K 4. As also demonstrated by Quigley et al.
[5], polysaccharides in the colloidal organic matter
have very high K4 value (~10%) for ***Th. Even though
k>(Th, Pa, Be) in SO are zero, they all have large
uncertainties. One also notices the following relation-
ships in Table 1a: k5(Th) (for carbonate)>k4(Th) (for
opal) and 0 = k;(Pa, Be)<k4(Pa, Be) in EP and SO; and
k3(Th, Pa, Be) = k4(Th, Pa, Be) in MAB. Even though
Luo and Ku [2] did not include the organic carbon in
their three-end-member mixing model, the relative
magnitudes of their k;(Th, Pa, Be) for the other three
end members obtained from the combined data from
EP and SO regions (Table 1 in [2]) are similar to the
averaged k;(Th, Pa, Be) values for EP and SO regions
(Table 1a).



4 Y-H. Li / Earth and Planetary Science Letters 233 (2005) 1-7

Substituting k; values from Table la into Eq. (1a),
one can obtain the model-predicted K4 (designated as
K3) for each sample. The observed Ky and predicted
K} values are compared in Fig. 2a—c. Most of the
predicted K} have the percent residue or deviation
[=100 - (K} — K4)/K4] within £40% of the observed
Ky (within the two dotted lines of Fig. 2a—c). The
+40% deviation of K} from K, indicates that the
present four-end-member mixing model is adequate
but not perfect. The model must have missed some
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other important controlling factors. The high model-
derived k(Th, Pa) values in EP and SO as compared
to those in MAB may reflect difference in particle size
and concentration, chemical composition, and resi-
dence time of suspended lithogenic particles in the
water column. As cautioned by Chase et al. [1], their
defined K4 (=X/C) is only a “pseudo”Kj, because the
total concentration of a given nuclide (C) in water
column includes not only dissolved species but also
colloidal and particulate species. The relative propor-
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Fig. 2. Comparison of the observed K 4 and model-derived K for (a) Th, (b) Pa, and (c) Be for data from three regions treated separately; (d) Th,
(e) Pa, and (f) Be for all data from three regions treated together. All are in units of 10° g/g. Two dotted lines in each diagram represent +40%

deviation of K% from K.
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Table 1b

Average percent contents ( f;) of four end members in sediment-trap materials from different regions [1], and the average percent contributions
F; (=f; - ki/>_f; - k;) of four end members to the average bulk distribution coefficients (K4 = K} =>_f; - k;) of Th, Pa, and Be in three regions

Region i

(wt %)

1: lithogenic 2: organic 3: carbonate 4: opal
EP 0.63+£0.59 58+1.6 68.6+7.5 249+7.5
SO 0.72+1.08 4.8+2.6 23.0+18.8 71.5+19.9
MAB 38.6+16.7 8.0+5.0 32.0+14.6 21.5+122
Region R4 £

(10° g/g) (%)
1: lithogenic 2: organic 3: carbonate 4: opal

EP 3.6+ 1.8 (Th) 48+7 14427 38+26 0+13
SO 1.5£1.6 (Th) 79+7 0+13 135 8+4
MAB 6.0+ 1.7 (Th) 60+5 22+5 10+5 9+5
EP 0.35+0.13 (Pa) 26+4 36+ 19 0+15 38+ 12
SO 0.80+0.34 (Pa) 10+7 0+11 2+7 88+5
MAB 0.51+0.11 (Pa) 57+6 22+8 177 5+12
EP 0.17+0.05 (Be) 3+4 56+ 19 0+15 41411
SO 0.53+£0.19 (Be) 10+3 0+7 0+15 90+4
MAB 0.90+0.23 (Be) 57+5 12+5 21+6 10+5

* Uncertainties reflect only those of &, in Table la.

tions of those species do vary geographically [6-8].
For example, MAB is closer to land; thus, one
may expect high colloidal and particulate concen-
trations, which could cause high C and low Kj.
Another big unknown is the kinetic (or non-
equilibrium) effect between sediment-trap materials
and surrounding water during the adsorption/
desorption processes [1]. Finally, the model’s
assumption that all k; are constants for a chosen region
may not be strictly true. Certainly, further studies are
needed.

Table 1b summarizes the average percent contents
of four end members (f;) and the average observed bulk
distribution coefficients K4 of Th, Pa, and Be from
three regions separately. By combining f; and K4 with
k; values from Table la, one can estimate the average
percent contributions (F;=f; - k;/>_f; - k;) of four end
members to the calculated K3 (=).f; - k; = Ky) or
observed K4 of Th, Pa, and Be from three regions as
shown in Table 1b. Uncertainties of £, reflect only
those of k; in Table 1a. In the EP region, lithogenic clay
(F)) and carbonate (£'5) are the major contributors to Ky
(Th), while organic carbon (£,) and opal (F,) are the
major contributors to K4 (Pa, Be) among four end
members (Table 1b). The uncertainty of 5 is, however,

rather large. The observed fractionation trend that
K 4(Th)>K 4(Pa)>K4(Be) in EP region (Table 1b) is
consistent with k1(Th)>k(Pa)>k (Be), k3(Th)>k;(Pa,
Be) = 0, and k; 4(Pa)>k; 4(Be) in the region. In the
SO region, lithogenic clay (F,) is the major contrib-
utor to K4(Th), while only opal (F,) is the major
contributor to K4(Pa, Be). The observed fractionation
trend that K4(Th)>K4(Pa)>K4(Be) in SO is consis-
tent with k(Th)>k(Pa)>k(Be), and k4(Pa)>k4(Be)
in SO (Table 1a). In MAB, lithogenic clay () is
the major contributor to K4(Th, Pa, Be). However,
contributions from other end members are also
appreciable. The observed fractionation trend that

Table 2a

Model-predicted distribution coefficients (;; in units of 10° g/g) of
230Th, 231pa, and 'Be for four end members of sediment-trap
materials for all data from three regions

Z Case k;

(10° g/g)

1: lithogenic 2: organic  3: carbonate 4: opal
Th 121 9.8+0.6 129433 3.8+0.5 0.00+0.35
Pa 94 0.61+0.12 0.0+0.85 0.21+£0.09 1.00%0.07
Be 117 1.51£0.08 20+£04 0.01+£0.06 0.57+0.04
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Table 2b

Average percent contents ( f;) of four end members in sediment-trap
materials and the average percent contributions 7, (=f; - k;/>_f; - k;)
of four end members to the average bulk distribution coefficients
(Rg=K%=>"f; " k;) of Th, Pa, and Be for all data from three
regions

All data  f;
(wt %)
1: lithogenic  2: organic  3: carbonate 4: opal
17.3+21.8  6.62+4.44 3554225 41.6+282
Ky F,
(10° g/g) (%)

1: lithogenic 2: organic 3: carbonate 4: opal
3.8+2.6 (Th) 43+3 22+6 35+5 0+4
0.60+0.31 (Pa) 18+4 0+9 1246 70+5
0.59+0.34 (Be) 41+2 21+4 1+4 3743

# Uncertainties reflect only those of k; in Table 2a.

K4(Th)>K4(Pa)<K4(Be) in MAB is consistent
with k;(Th)>k,;(Pa)<k;(Be) for all end members
(Table 1a).

The k; values obtained from the nonlinear regres-
sion on all data from three regions together are
summarized in Table 2a as functions of nuclides and
end members. The k,(Th, Be) (for organic fraction)
obtained from all data are the highest among the
four end members, confirming the importance of
organic matter. The k;(Th, Be) obtained from all
data (Table 2a) are similar to that from MAB (Table
la). It is explainable by the fact that f; from EP and
SO are extremely small and K4(Th, Be) are the
highest in MAB among three regions (Table 1b);
thus, the data from MAB dominate the outcome of
k1(Th, Be) during the nonlinear regression analysis
on all data. It is not coincident that the Ky4(Th) of
10 x 10° g/g given by [1 ] and [4] agrees with those
obtained from MAB and all data here. Likewise,
k4(Pa) for all data (Table 2a) is similar to that from
SO region (Table 1a). Because SO has the highest
K4(Pa) and f, (Table 1b) among three regions, thus,
the data from SO more or less determined the
outcome of k4(Pa) for all data. The predicted
Kq*(Th, Pa, Be) from Eq. (la) using k; from Table
2a for all data are compared with the observed K 4(Th,
Pa, Be) in Fig. 2d—f. One half of K4*(Th) data from
SO (Fig. 2d) and more than half of K4*(Be) from EP
(Fig. 2f) lie outside of the +40% deviation lines.

Therefore, the model fits for all data are not as good as
the results obtained from treating the data from three
regions separately (Fig. 2a,c) (Table 2b).

3. Conclusions

In order to elucidate the relationship between the
components of sediment-trap materials and K4 of
nuclides, one cannot ignore the organic matter
component.

The 20-fold difference in k(Th) value obtained by
Chase et al. [1] and Luo and Ku [2,3] is mainly caused
by the way they chose the sample population. The
former used all data from three regions (EP, SO, and
MAB) together and the latter treated the data from
three regions separately. Both ways were adopted in
this paper.

Both f; and k;(Th, Pa, Be) of four end members
(lithogenic clay, organic carbon, carbonate and opal)
in sediment-trap materials contribute to the varied
degree of fractionation among Th, Pa, and Be in three
regions, when the data from three regions are treated
separately. The opal-to-carbonate [1] or opal-to-
lithogenic clay [2] ratio alone does not provide a full
picture.

The k;(Th, Pa, Be) obtained for all data can be
biased by extreme values of f; and/or K4(Th, Pa, Be)
from one of three regions.

Separation of dissolved, colloidal, and particulate
species in the water column; and fuller character-
ization of particles in terms of grain size, chemical
composition, etc. are necessary steps to understand
better the factors controlling the bulk distribution
coefficients of tracers in the ocean.
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