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Abstract The average composition of natural waters such as rivers, lakes, ocean, and

hydrothermal vents and corresponding solids in equilibrium (e.g., river-suspended particles

or shale; lake sediments; oceanic pelagic clay, organisms, and manganese nodules; and the

mid-ocean ridge basalts) do not change randomly. The observed positive correlation

between the electron binding energy (Iz [*Iz]) and logarithms of bulk distribution coeffi-

cient (log Kd) for cations with charge of 1–4, and the negative correlation between Iz [*Iz]

and log Kd for anions in various aquatic systems are consistent with the prediction from the

surface complexation model. In other words, the bond strength between the adsorbed

cation and the surface oxygen of hydrated metal oxides, and between the oxygen of

adsorbed oxyanion and the surface metal of hydrated metal oxides control the partition of

elements between solid and associated liquid in natural aquatic systems. For Mn, Co, Ce,

Pb, and Tl, the oxidative uptake at the solid–water interface in the ocean is an additional

important process. For alkali and alkaline-earth cations with large ionic radius (such as Cs,

Rb, K, and Ba), their relatively small secondary solvation energy further enhances their

adsorption onto solid particles. For living and non-living organic matter, the adsorbed

B-type cations form extra strong bindings with hydrophilic functional groups such as –SH

and –NH2 on organic matter surface.

Keywords Distribution coefficient � Surface complexation model � Electron binding

energy � Chemical compositions � Natural aquatic systems � Mean residence time �
Biophilic/biophobic elements

1 Introduction

Li (1981, 1982) demonstrated that the partition of elements between oceanic pelagic clay

and seawater can be broadly explained by the surface complexation model (Stumm et al.

1970; James and Healy 1972; Schindler 1975 and others). More specifically, in the ocean,
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log Xop/CSW (Xop = average concentration of a given element in oceanic pelagic clay, in

units of mass per g of sediment; and CSW = average concentration of a given element in

seawater, in units of mass per cm3) is shown to be positively correlated with log *k1 (the

first hydrolysis constant of cation Mz?) and Iz (the electron binding energy to gaseous

cation with charge z) for cations with charge 1–4, and negatively correlated with log K1

(the first dissociation constant of oxyacid or simple acid) and Iz for metals that have a

charge of 4 or greater and exist as hydroxyl complexes and oxyanions in the ocean.

There are, however, a few unsettled problems in my earlier papers (Li 1982, 1991,

2000). For example, some elements form stable oxo-ions such as B OHð Þ03, NpOþ2 , PaOþ2 ,

RuO0
4, OsO0

4, TiO2?, and UO2þ
2 in a normal oxygenated water body, and those species

behave like normal cations and are easily hydrolyzed (Baes and Mesmer 1976, 1981).

Also, the elements As, Cr, and Se exist in normal seawater mainly as oxyanions with two

oxidation states; thus, how to assign Iz values for those elements is problematic. Finally, for

anions Cl-, Br- and F-, the electron affinity (I1-; for a spontaneous reaction of M

(g) ? e- ? M- (g) ? I1-) was used without sufficient justification. The purpose of the

present study is to incorporate some new elemental composition data to retest the appli-

cability of the surface complexation model to natural aquatic systems and provide rea-

sonable solutions to the above-mentioned problems.

2 Data Sources

The average compositional data used in this study are summarized in Table 1 for dissolved

elements in chosen solutions (rivers, Lake Biwa, seawater, and hydrothermal vents) and in

Table 2 for particulate elements in chosen solids (shale, Lake Biwa sediments, oceanic

pelagic clay, Mn nodules, marine algae, and the normal mid-ocean ridge basalts). All data

represent arithmetic means except for river waters, which are given in geometric means.

The dissolved elements are usually defined as the elements passing through a 0.45-lm

pore-size filter, thus including colloids.

The geometric means of dissolved element concentrations for river water (CR) are

calculated from the data given by Berner and Berner (1987) for major ions, and by

Gaillardet et al. (2003) for most of the minor and trace elements. Additional data are from

Wen et al. (1997, 2002, and personal communication) for Ag; Tseng et al. (2004) for Hg;

and Li (2000, and references therein) for others. Here, geometric means are preferred to

represent the most probable values because data for each element show a log-normal

distribution. When the magnitude of the standard deviation is smaller than the arithmetic

mean, the difference between the geometric mean and arithmetic mean is small (within a

factor of 2). The arithmetic mean can sometimes be 2–3 times larger than the geometric

mean, but this is mainly caused by a few samples with unusually high concentrations. The

multiplication factor (mf) for each element in Table 1 is calculated from the equation

mf = (10d)2, where d is the standard deviation of the log-normal distribution. Ninety-five

percent of the samples are within the range of CR/mf and CR 9 mf. Therefore, the ratio of

the upper limit over the lower limit is (mf)2. For example, Ag has an mf value of 10

(Table 1); thus, the concentration range is 0.6/10 to 0.6 9 10 (or 0.06–6 ng/l), and (mf)2 is

100 (two orders of magnitude change). When mf = 3.16, the variation range covers about

one order of magnitude; and when mf = 31.6, the concentration changes over three orders

of magnitude.
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Table 1 Average chemical composition (in units of 10-9 g/l) of the world rivers (CR), Lake Biwa water
(CLB), seawater (CSW), and the mid-ocean ridge hydrothermal vent solution (CHY); along with atomic
number (Z), charge of ions (z), and the electron binding energy to gaseous ions (IZ and [*IZ])

Elements Z z IZ [*IZ] (1) CR (mf) (2) CLB (3) CSW (4) CHY (5)

Ag 47 1 7.58 [13] 0.6 (10) 3.1 2.5 4,000

Al 13 3 28.5 26,000 (17.8) 540 300 120E ? 3

As 33 5 62.6 380 (6.3) 974 1,700 35,000

Au 79 1 9.23 [16] 0.03

B 5 3 38 [17] 8,600 (9.1) 13,000 4.5E ? 6 6E ? 6

Ba 56 2 10 17,000 (3.9) 8,000 15,000 1.5E ? 6

Be 4 2 18.2 [24] 9 0.41 0.21 120

Bi 83 3 25.6 [32] 0.16 0.029

Br 35 -1 3.4 [99] 20,000 13,000 67E ? 6 69E ? 6

C 6 4 64.5 28E ? 6 71E ? 6

Ca 20 2 11.9 1.7E ? 7 (7.8) 1.1E ? 7 45E ? 7 48E ? 7

Cd 48 2 16.9 18 (32) 3.0 76 20,000

Ce 58 3 20.2 120 (19) 6.5 1.6 1,600

Cl 17 -1 3.6 [100] 60E ? 5 (20) 74E ? 5 188E ? 8 180E ? 8

Co 27 2 17.1 84 (5.3) 12 1.2 13,000

Cr 24 3 31 540 (3.0) 43 250

Cs 55 1 3.89 5.7 (4.3) 5.9 310 28,000

Cu 29 2 20.3 1,100 (3.4) 500 210 28E ? 5

Dy 66 3 22.8 13 (12) 1.6 1.5 690

Er 68 3 22.8 10 (9.7) 2.3 1.3 350

Eu 63 3 24.9 4 (12) 0.18 0.21 280

F 9 -1 3.4 [70] 1.0E 1 5 1.3E ? 5 13E ? 5 1.4E ? 5

Fe 26 3 30.7 66,000 (10) 1,340 30 139E ? 6

Ga 31 3 30.7 17 (13) 4.7 1.7

Gd 64 3 20.6 17 (13) 1.1 1.3 92

Ge 32 4 45.7 6.8 (3.2) 4.3

Hf 72 4 33.3 4.4 (1.9) 0.04 0.13

Hg 80 2 18.8 [26] 1.0 0.42

Ho 67 3 22.8 3.1 (12) 0.53 0.45

I 53 5 71 7,000 58,000

In 49 3 28 0.011

Ir 77 3 27 0.0001

K 19 1 4.34 1.7E ? 6 (3.5) 1.8E ? 6 390E ? 6 950E ? 6

La 57 3 19.2 61 (25) 4 5.6

Li 3 1 5.4 [10] 1,200 (7) 400 18E ? 4 940E ? 4

Lu 71 3 21 1.4 (7.3) 0.79 0.32

Mg 12 2 15 42E ? 5 (7.8) 21E ? 5 13E ? 8 *0

Mn 25 2 15.6 3,900 (16) 1,370 72 49E ? 6

Mo 42 6 68 520 (9.0) 280 10,000 290

N 7 5 97.9 38E 1 4 20E ? 4 42E ? 4

Na 11 1 5.14 75E ? 5 (12) 67E ? 5 108E ? 8 104E ? 8

Aquat Geochem (2011) 17:697–725 699

123



Table 1 continued

Elements Z z IZ [*IZ] (1) CR (mf) (2) CLB (3) CSW (4) CHY (5)

Nb 41 5 50.6 0.67

Nd 60 3 22.1 66 (18) 3.7 4.2 500

Ni 28 2 18.2 870 (5.7) 205 530

Os 76 8 99.5 [14] 0.013 (4.7) 0.01

P 15 5 65 25,000 5,600 65,000 18,000

Pb 82 2 15 [20] 57 (21) 54 2.7 75,000

Pd 46 2 19.4 0.07

Pr 59 3 21.6 22 (15) 0.91 0.87

Pt 78 2 18.6 0.05

Rb 37 1 4.18 1,500 (4.0) 1,450 12E ? 4 280E ? 4

Re 75 7 79 0.42 (8.9) 8

Rh 45 3 31.1 0.1?

Ru 44 8 114 [14] 0.002

S 16 6 88 3.4E ? 6 (14) 2.9E ? 6 900E ? 6 270E ? 6

Sb 51 5 56 79 (4.4) 180 150

Sc 21 3 24.8 60 0.16 0.86

Se 34 6 81.7 74 (7.1) 40 145 4,800

Si 14 4 45.1 4.0E ? 6 (3.5) 0.53E ? 6 2.5E ? 6 450E ? 6

Sm 62 3 23.4 19 (13) 0.9 0.84 140

Sn 50 4 40.7 8.7 0.6

Sr 38 2 11 0.6E 1 5 0.42E ? 5 78E ? 5 58E ? 5

Ta 73 5 45 1.1 0.02 0.045

Tb 65 3 21.9 2.9 (10) 0.20 0.21

Te 52 4 37.4 0.07

Th 90 4 28.8 34 (34) 0.03 0.02 0.3

Ti 22 4 43.3 [30] 610 (5.5) 6.2 6.7

Tl 81 1 6.11[11] 14

Tm 69 3 23.7 1.7 (9.4) 0.45 0.25

U 92 6 57 [20] 84 (27) 17 3,200

V 23 5 65.2 530 (4.5) 120 2,150

W 74 6 61 30 6.6 9 37

Y 39 3 20.5 82 (26) 12 13

Yb 70 3 25 8.6 (7.7) 4.1 1.5 33

Zn 30 2 18 980 (6.5) 150 320 69E ? 5

Zr 40 4 34.3 43 (18) 16

Boldface elements behave as oxy-ions B OHð Þ03, OsO0
4, RuO0

4, Ti OHð Þ2þ2 , and UO2þ
2 in aquatic environ-

ments. Numbers in the parenthesis of CR column are multiplication factors (mf). For details, see the text

Data sources: (1) IZ (Lide 2008), and IZ*(present study); (2) Gaillardet et al. (2003), but major ions (Berner
and Berner 1987), Ag (Wen et al. 1997, 2002, and personal communication), Hg (Tseng et al. 2004), and
bold numbers (Li 2000); (3) Fujinaga et al. (2005), but Zn (Mito et al. 2004), Ga (Zhu et al. 2005), and REE
(Haraguchi et al. 1998); (4) Li (2000 and references therein), but Bi, Ga, Hf, In, Th, Zr (Orians and Merrin
2001), Ir, Os, Pt, Rh, Ru (Ravizza 2001), and Nb, Ta, W (Firdaus et al. 2008); (5) Li (2000 and references
therein), but Mo, W (Kishida et al. 2004)
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Table 2 Average compositions of shale (Xsh); Lake Biwa surface sediments (X2); oceanic pelagic clay
(Xop); Mn nodules (Xmn); marine algae (Xorg); and normal mid-ocean ridge basalts (Xmorb). All are in units of
ppm, noted otherwise in the first column

Element Shale (1) Lake Biwa sed. (2) Ocean (1)

Red clay Nodule Algae MORB
Xsh X2 Xop Xmn Xorg Xmorb

Ag 0.07 0.11 0.09 0.26 0.032

Al% 8.80 10.5 8.4 2.7 0.07 8.1

As 13 55 20 140 24

Au ppb 2.5 2 2 8 1

B 100 230 300 100

Ba 580 690 2,300 2,300 30 14

Be 3 2.6 2.5 0.03

Bi 0.43 0.53 7 0.007

Br 20 9 21 180

C% 1.2 0.45 0.1 32. 0.014

Ca% 1.6 0.37 1.0 2.3 2.0 8.1

Cd 0.3 0.42 10 1 0.14

Ce 82 78 90 530 1.2 12

Cl 180 3,700

Co 19 17.6 74 2,700 0.74 47

Cr 90 67 90 35 1.7 300

Cs 5 10 6 1 0.093 0.024

Cu 45 76 250 4,500 14 74

Dy 4.7 5.3 8.2 31 6.3

Er 3 3.3 4.8 18 4.1

Eu 1.2 1.0 2.0 9 0.018 1.3

F 740 1,300 200 6

Fe% 4.7 4.53 6.5 12.5 0.054 8.1

Ga 19 20 10 0.14 17

Gd 5.1 6.3 8.7 32 5.1

Ge 1.6 1.6 0.8 0.01 1.5

Hf 5 4.8 4.1 8 0.18 3

Hg 0.18 0.19 0.1 0.15 0.11

Ho 1.1 1.1 1.7 7 1.3

I 19 28 400 430

In 0.1 0.08 0.25 0.071

Ir ppb 0.022 0.4 7 0.02 0.046

K% 2.7 2.4 2.5 0.7 1.3 0.088

La 43 40 40 157 0.76 3.9

Li 66 57 80 6 9

Lu 0.42 0.49 0.64 1.8 0.02 0.59

Mg% 1.5 0.97 2.1 1.6 1.1 4.6

Mn% 0.085 0.38 0.67 18.6 0.01 0.13

Mo 2.6 27 400 0.34 0.46
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Table 2 continued

Element Shale (1) Lake Biwa sed. (2) Ocean (1)

Red clay Nodule Algae MORB
Xsh X2 Xop Xmn Xorg Xmorb

N% 0.1 0.30 0.06 0.02 3.5

Na% 0.59 0.93 2.8 1.7 0.96 2

Nb 11 14 50 3.5

Nd 33 34 42 158 11

Ni 50 33 230 6,600 2.7 150

Os ppb 0.03 0.14 2

P% 0.07 0.12 0.15 0.25 0.11 0.07

Pb 20 51 80 900 9.5 0.49

Pd ppb 0.52 6 6 0.89

Pr 9.8 10 36 2.1

Pt ppb 0.51 8.3 5 200 0.2

Rb 140 130 110 17 6.9 1.3

Re ppb 0.2 0.3 1 13 0.11

Rh ppb 0.06 0.4 13

Ru ppb 0.21 0.2 8

S% 0.24 0.2 0.47 1.5 0.08

Sb 1.5 3.2 1 40 0.36 0.006

Sc 13 13.4 19 10 0.32 41

Se 0.6 0.2 0.6 0.14 0.2

Si% 27.5 24 25 7.7 0.48 23.6

Sm 6.2 7.5 8.7 35 0.14 3.8

Sn 3 4 2 1.1 1.4

Sr 170 72 180 830 1,200 110

Ta 0.8 1.1 1 10 0.038 0.19

Tb 0.84 0.96 1.3 5.4 0.027 0.89

Te 0.07 1 10 0.009

Th 12 16 13 30 0.18 0.19

Ti 4,600 4,500 4,600 6,700 35 9,700

Tl 0.7 1.8 150 0.2 0.01

Tm 0.44 0.49 0.67 2.3 0.62

U 2.7 3.5 2.6 5 1.1 0.071

V 130 120 500 3.7 290

W 1.8 4 100 0.035 0.028

Y 26 40 150 36

Yb 2.8 3.4 4.2 20 0.088 3.9

Zn 95 200 170 1,200 150 79

Zr 160 150 560 0.7 100

Data sources: (1) Li (2000 and references therein), but platinum group elements (Ir, Os, Pd, Pt, Re, Rh, Ru)
for shale (Peucker-Ehrenbrink and Jahn 2001), and REE for oceanic pelagic clay (Takebe 2005); (2)
Takamatsu (1985), Takamatsu et al. (1985a, b) and Takamatsu et al. (1993), but REE for Lake Biwa surface
sediments (Haraguchi et al. 1998)
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The average composition of Lake Biwa water (CLB) is mainly from Fujinaga et al.

(2005); with additional data from Mito et al. (2004) for Zn; Zhu et al. (2005) for Ga; and

Haraguchi et al. (1998) for rare earth elements (REE). Lake Biwa is chosen here to

represent a normal lacustrine water body in temperate climate regions. It is the largest

freshwater lake in Japan, and its geochemistry is well studied (e.g., Fujinaga et al. 2005; Li

et al. 2007, 2010). The seawater composition is mainly from Li (2000, and references

therein); with some updates for Bi, Ga, Hf, In, Th, Zr (Orians and Merrin 2001); Ir, Os, Pt,

Rh, Ru (Ravizza 2001); and Nb, Ta, W (Firdaus et al. 2008). However, the Rh value is still

questionable. The chosen mid-ocean ridge hydrothermal vent solution (CHY) in Table 1 is

from the vent called the Hanging Garden on the East Pacific Rise at 21�N. The original

data sources are Von Damm et al. (1985) and Von Damm (1995), except for Th and U

(Chen et al. 1986), REE (Michard and Albarebe 1986), and Mo and W (Kishida et al.

2004).

The average composition of shale (Xsh) is summarized by Li (2000, and references

therein), except that the concentrations of platinum group elements (Ir, Os, Pd, Pt, Re, Rh,

Ru) for loess (Peucker-Ehrenbrink and Jahn 2001) are adopted here. As shown by Taylor

et al. (1983) and Li (2000), the compositions of loess and shale are similar. The surface

sediment (top 2 cm) data for Lake Biwa (X2) are mainly from Takamatsu (1985) and

Takamatsu et al. (1985a, b, 1993), with the exception of REE (Haraguchi et al. 1998). The

average composition of solid materials from the ocean, including oceanic pelagic clay

(Xop), Mn nodules (Xmn), algae (Xorg), and the normal mid-ocean ridge basalts (N-MORB)

from the East Pacific Rise (Xmorb), are essentially all from Li (2000, and references

therein). However, REE data for oceanic pelagic clay are adopted from Takebe’s (2005)

sample number NB50, which has P2O5 content similar to that of the average oceanic

pelagic clay. A recent estimate of the average composition of the N-MORB from the East

Pacific Rise (Klein 2004) agrees well with the values given here, mostly within a factor of

1 ± 0.3 or better.

3 Distribution Coefficients and the Surface Complexation Model

When ion i in solution and solid phases is in chemical equilibrium, one may write the

overall reaction schematically:

Ci $ Xi ð1Þ
The concentration of dissolved ion i in the solution is denoted by Ci (in units of mass per

cm3 of solution) and by Xi in the solid phase (in units of mass per gram of solid phase). At

equilibrium, the following equations hold:

Ki
d ¼

Xi

Ci
cm3=g
� �

¼ ciðsolutionÞ
ciðsolidÞ exp

�DGr

RT

� �
ð2aÞ

or

log Ki
d ¼ log

Xi

Ci
¼ log

ciðsolutionÞ
ciðsolidÞ þ

�DGr

2:3RT
ð2bÞ

The apparent equilibrium constant Ki
d is also called the bulk distribution coefficient of ion i

between solid and solution; and DGr is the standard Gibbs free energy of reaction 1.

Log Ki
d is a linear function of �DGr at one atmosphere and 25�C, as long as the activity
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coefficient ratio ciðsolutionÞ=ciðsolidÞ does not change much from ion to ion for most

elements. It is the case for ions with very low concentration in solution. A high log Ki
d

value (i.e., high log Xi/Ci or large negative DGr) indicates the greater tendency for ion i to

concentrate in solid phase rather than in solution (i.e., high reactivity to particles), and vice

versa.

Ki
d is inversely related to the mean residence time of dissolved element i in a water

column (s*i) with regard to its removal to bottom sediments. All other possible removal

pathways (such as output through water–air interface, removal at hydrothermal vent sys-

tems, precipitate as evaporates and carbonates, etc.) are not included here. The definition of

s*i, as proposed by Goldberg and Arrhenius (1958), is:

s�i yearsð Þ ¼ V � Ci= F � Xið Þ / Ci=Xi ð3aÞ

or

1=s�i / Xi=Ci ¼ Ki
d ð3bÞ

where V = volume of water body; Ci = average concentration of dissolved element i in

the water body; F = total sediment flux to the bottom of water body; and Xi = average

concentration of element i in bottom sediments. The implicit assumption here is that most

of the element i in the bottom sediments existed at one time as dissolved species in the

water column, which may not be always true. Another way to look at Eq. 3a is to define Ci

as the total concentration of element i (including both dissolved and particulate fractions)

in water; then, s*i becomes the mean residence time of the total element i in a water

column before removal to sediments. However, data on the total concentrations of various

elements in natural waters are too variable to be useful. Both V and F are considered as

near constants here. A large log s* value reflects low reactivity to particles, and vice versa.

As discussed by Honeyman and Santschi (1991) and Doucet et al. (2007), the concept of

the bulk distribution coefficient Ki
d is an oversimplification because the so-called dissolved

species (passing through a 0.45-lm filter) also includes colloids of varying size (1 nm to

0.45 lm) and composition (inorganic and organic). Colloids actively participate in the

removal of elements from liquid to solid phases through so-called ‘‘colloidal pumping’’

mechanisms (Honeyman and Santschi 1989, 1991). Colloidal particles aggregate into fil-

terable size and/or adhere directly onto preexisting larger particles. These processes are

counter-balanced by disaggregation and detachment processes. Furthermore, natural sed-

iments are a mixture of many solid phases with variable proportions, and the contained

elements can reside in the interior of mineral phases as well as on the easily exchanged

surface sites. Resuspension of sediments by turbulence also enhances the disaggregation of

colloids back into the water column. Therefore, the partition of elements between liquid

and solid phases in natural environments is more dynamic and complicated than previously

perceived.

According to the surface complexation model (Stumm et al. 1970; Schindler 1975), the

adsorption of cation Mz? on a hydrated metal oxide surface (:MeOH) can be represented

by the following.

Mzþþ � MeOH$� MeO�Mz�1 þ Hþ ð4Þ

Ks
1 ¼ � MeO�Mz�1

� �
Hþ½ �= � MeOH½ � Mzþ½ � ð4aÞ
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¼ � MeO�Mz�1
� 	

Hþ½ �= � MeOHf g Mzþ½ � ð4bÞ

¼ K0d Hþ½ �= � MeOHf g ð4cÞ

Here, Me = metal of hydrated metal oxide (e.g., Al, Fe, Mn, Si, Ti). Ks
1 = the first

apparent stability constant of a cation on a hydrated metal oxide surface. K 0d = {:MeO-

Mz-1}/[Mz?] = the partition ratio of element M between a solid surface and the solution in

contact. [ ] = concentration in units of mole/l, and {} = concentration in units of mole/g

of suspended solid. Therefore, [ ] = {} 9 Cp, where Cp = concentration of suspended

solid in units of g/l, which is canceled out during the transformation of Eq. 4a into Eq. 4b.

Log Ks
1 is directly proportional to the M–O bond strength between the adsorbed cation and

the oxygen of the hydrated oxide surface.

An analogy to reaction (4) is the hydrolysis of cation Mz? in water:

Mzþ þ H2O$ M OHð Þz�1þHþ

�k1 ¼ ½M OHð Þz�1�½Hþ�=½Mzþ�
ð5Þ

Here, *k1 = the first hydrolysis constant of cation Mz? in water.

Log *k1 is proportional to the M–O bond strength between the cation and the oxygen of

hydroxyl ligand. Therefore, log Ks
1 and log *k1 for various cations are expected to be

linearly related. This should also apply to the nth cumulative stability constants log bs
n and

the nth cumulative hydrolysis constants log *bn, according to the following reactions.

Mzþ þ nð� MeOHÞ $ ð� MeOÞnMz�n þ nHþ ð6aÞ

bs
n ¼ � MeOð ÞnMz�n
� 	

Hþ½ �n= � MeOHf gn½Mzþ�
¼K 0d Hþ½ �n= � MeOHf gn ð6bÞ

Mzþ þ nH2O$ M OHð Þz�n
N þnHþ

�bn ¼ M OHð Þz�n
n

� �
Hþ½ �n= Mzþ½ �

Figures 1a and 2a do show such a linear relationship. Log bs
n values for silica gel in

Fig. 1a are from Dugger et al. (1964), and those in Fig. 2a are from Schindler (1975) and

Schindler and Stumm (1987). Log *k1 and log *bn values are from Baes and Mesmer

(1976, 1981).

The term (log bs
n)/n provides the average M–O bond strength between the adsorbed

cation and the oxygen of the hydrated oxide surface for n-dente (includes bi-, tri-, and tetra-

dente). As noted by Dugger et al. (1964), (log bs
n)/n values are also positively correlated

with log *k1 for many cations (Fig. 1b, 2b). This is as expected because (log *bn)/n is also

positively correlated with log *k1 (Fig. 3). Therefore, log *k1 is the most useful parameter

in predicting the relative M–O bond strength between the adsorbed cation and the oxygen

of a hydrated oxide surface.

Another useful geochemical parameter is the electron binding energy (Iz) to cations. The

Iz is defined as the energy released during the spontaneous uptake of electron by gaseous

cation Mz?(g), namely:

Mzþ gð Þ þ e� $ Mz�1 gð Þ þ Iz ð7Þ

The Iz is also called the ionization energy for the reverse reaction. The values of I1 (the first

ionization energy) to I8 (8th ionization energy) for various gaseous elements and cations
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are given in Lide (2008), Li (2000) and Cotton (1991; for lanthanides and actinides). The Iz

are shown to be proportional to the bond strength between cations and an electron-pro-

viding ligand (Li 1982) and thus are also proportional to log *k1 (or M–O bond strength).

Figure 4a confirms this prediction. A few obvious exceptions are Tl?, Ag?, Pb2?, Hg2?,

Bi3? (all have the outer-shell electron configuration of d10), and Li? and Be2? (each has

the smallest ionic radius among alkali and alkaline-earth elements). Apparently, the Iz for

those cations underestimate the M–O bond strength. Excluding those cations, the rela-

tionship between log *k1 and Iz for other cations can be represented by

Iz ¼ ð33:5� 0:5Þ þ ð1:70� 0:07Þlog�k1; with r2 ¼ 0:91; ð8Þ

and is shown as a solid line in Fig. 4a.
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By inserting log *k1 values for outlying cations into Eq. 8, one gets the ‘‘effective’’

electron binding energy *Iz for Li? = 10, Tl? = 11, Ag? = 13, Pb2? = 20, Be2? = 24,

Hg2? = 26, and Bi3? = 32 eV. Because log *k1 values for dissolved stable oxy-ions

B OHð Þ03, NpOþ2 , PuOþ2 , RuO0
4, OsO0

4, TiO2þ
2

, and UO2þ
2 are also known (Baes and Mesmer

1976, 1981), their corresponding *Iz values are again roughly estimated from Eq. 8 to be

17, 18, 18, 14, 14, 30, and 20 eV, respectively. All Iz and *Iz values are summarized in

Table 1. For example, the hydrolysis reactions of B OHð Þ03, TiO2?, and RuO0
4 are:
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B OHð Þ03þH2O$ B OHð Þ�4 þHþ

TiO2þ þ H2O$ TiO OHð ÞþþHþ

RuO0
4 þ H2O$ RuO4 OHð Þ�þHþ

A word of caution is that Ru speciation may also include RuO2�
4 (Santschi et al. 1988) or

RuOþ3 , RuO2þ
2 , and RuOþ3 (Byrne 2002) in natural aquatic environment. Certainly, more

laboratory experiments and thermodynamic data are needed to determine the dominant Ru

species in different environments. For the time being, RuO0
4 is assumed to be the dominant

one in this paper.

Figure 4b provides additional proof that Iz and log b1 for the organic ligand ethyle-

nediaminetetraacetic acid (EDTA, which contains functional groups of –OH and =NH) are

positively correlated. Here, b1 (EDTA) is defined as

b1 EDTAð Þ ¼ MLz�4
� �

= Mzþ½ � L4�� �� �
for a complex-forming reaction of Mz? ? L4-

$ MLz-4; and L4- stands for EDTA ligand.

The Iz values for d10 cations Pb2?, Sn2?, Hg2?, and Bi3? again underestimate the M–L

bond strength at given log b1 (EDTA) values. From Fig. 4a, b, it is easy to see the linear

relationship between log *k1 and log b1 for EDTA or any other organic ligands (Balistrieri

et al. 1981). Viers et al. (1997) also demonstrated that the log *k1 and log b1 for humic

acids for given 12 cations are linearly correlated.

The advantage of using Iz [*Iz] over log *k1 is that there are more data on Iz [*Iz] than on

log *k1 for various cations. In short, the Iz [*Iz] of cations are positively correlated with log

*k1, logKs
1, (log bs

n)/n, and log K 0d of cations at given [H?] and {:MeOH}.

According to the surface complexation model, the adsorption of phosphate (as an

example of oxyanions) on hydrated metal oxides can be represented by:

H2PO�4 þ � MeOH$� Me�O�PO3H2 þ OH� ð9Þ

Ks
a1 ¼ � Me� O� PO3H2f g OH�½ �= H2PO�4

� �
� MeOHf g

� �

¼K0d OH�½ �= � MeOHf g

Here, Ks
a1 = the complexation constant of H2PO�4 on hydrated metal oxide. K 0d = {:Me–

O–PO3H2}/[H2PO�4 ] = the distribution ratio of H2PO�4 . Log Ks
a1 is proportional to the

bond strength between the surface metal of solid oxide and the oxygen of oxyanion (Me–

O).

The analogy to reaction (9) is

H2PO�4 þ H2O$ H�O�PO3H2 þ OH� ð10Þ

K 01 ¼ H3PO4½ � OH�½ �= H2PO�4
� �

¼ Kw=K1

Here, K
0
1 = hydrolysis constant of oxyanion. Kw = water dissociation con-

stant = [H?][OH-], and K1 = the first dissociation constant of phosphoric

acid = [H2PO�4 ] [H?]/[H3PO4]. Therefore, log Ks
a1 should be proportional to log K

0
1 and

inversely proportional to log K1.

Similarly, one may predict the inverse relationship between log Ks
a2 (complexation

constant of HPO�4 ) and log K2 (second dissociation constant of phosphoric acid), and

between log Ks
a3 (complexation constant of PO3�

4 ) and log K3 (third dissociation constant

of phosphoric acid). Figure 5a confirms these inverse relationships for oxyanions of As(V),

P(V), and Se(IV) in a goethite/solution system. Log Ks
an values for the oxyanions on
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goethite (sample C) are taken from Goldberg (1985, 1986). Figure 5b demonstrates again

the linear relationship between log K1 and log K2 for various oxy-acids. There are only a

few data on log K3 to make any meaningful correlation with log K1. Adsorption of the

simple anion Br- (as well as F- and Cl-) can be represented by:

Br�þ � MeOH$� Me�Brþ OH�

Ks
a1 ¼ � Me�Brf g OH�½ �= Br�½ � � MeOHf gð Þ

ð11aÞ

One can predict that log Ks
a1 for F-, Cl-, and Br- are inversely related to log K1 of HF,

HCl, and HBr acids. I- ion is excluded here, because the major species of iodine is IO�3 in

a normal oxygenated water body.

Figure 6 shows the general positive correlation between log K1 of common oxy-acids

and Iz values of the central metals in oxyanions. For example, the central metal of PO3�
4 is

P(V), which has an Iz value of 65 eV (Table 1). The solid line is the best fit with a formula

of:

Iz ¼ ð78:6� 2:5Þ þ ð4:3� 0:4Þ � ðlog K1Þ and r2 ¼ 0:88 ð11bÞ

Apparently, the higher is the Iz of the central metal of oxyanion, the stronger is the bond

strength between the central metal and the oxygen of oxyanion (M–O), and the weaker is

the bond strength between the oxygen of oxyanion and hydrogen ion (M–O–H; thus strong

acid) or the surface metal of hydrated oxides (M–O–Me). From the log K1 values for HCl,

HBr, and HF, one can also estimate the effective electron binding energy *Iz (from

Eq. 11b), which is about 100 eV for Cl- and Br-, and 70 eV for F-. In early papers by Li

(1991, 2000), the electron affinity (I1-; for reaction M(g) ? e- ? M-(g) ? I1-) for Cl,

Br, and F were mistakenly adopted. In short, the Iz of the central metals in oxyanions and

*Iz of simple anions are positively correlated with their corresponding log K1 and nega-

tively correlated with log Ks
a1 or log K

0

d at a given [H?] and {:MeOH}. In summary, the Iz

[*Iz] is the most useful parameter to relate the extent of adsorption of both cations and

anions on the surface of particles in natural aquatic systems.
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Finally, if log K
0
d (={:MeO–Mz-1}/[M?] in the case of cations) is assumed to be

proportional to the bulk distribution coefficient log Kd (=log Xi/Ci), one would expect that

log Kd correlates positively with log *k1 or Iz [*Iz] for cations with charge of 1–4 and

negatively with log K1 or Iz [*Iz] for oxyanions and anions. The assumption is a reasonable

one because the colloids enhance the concentration of dissolved elements in solution

(Ci [ [Mz?]) but also increase the concentration of elements in filterable particles

(Xi [ {:MeO–Mz-1}) by aggregation and adherence. Colloidal particles have a large

surface to volume ratio that enables them to greatly concentrate absorbed species onto

filterable particles, especially for highly particle-reactive ions. Therefore, the effects of

colloids on Ci and Xi may roughly cancel out each other for particle-reactive ions. In

addition, the contribution of element from crystal lattice also causes Xi [ {:MeO–Mz-1}.

The following sections lend support to this assumption.

4 Results and Discussions

4.1 Partition of Elements Between Water and Suspended Particles in Rivers

Because the average composition of the river-suspended particles (as well as soils) is

essentially the same as that of the world’s average shale (Xsh; Li 2000), the latter is adopted

here to represent the unpolluted river-suspended particles and includes more elemental

data. Recent estimates of the world average concentrations of elements in the river-sus-

pended particles (Viers et al. 2009) mostly agree with that of the average shale within a

factor of 2 or better, even including alkali and alkaline-earth elements. Exceptions are As,

Cd, P, Pb, Te, and Zn, which are usually 2–3 times higher in the suspended particles than in

the shale, mainly due to high anthropogenic inputs in Europe and Russian rivers (Viers

et al. 2009). Meanwhile, the concentration value of Li given by Viers et al. (2009) is too

low.

As shown in Fig. 7a, log Xsh/CR ratios (bulk distribution coefficients) of monovalent to

tetravalent cations are, in general, positively correlated with their log *k1 (the first
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hydrolysis constants); whereas in Fig. 7b, the log Xsh/CR of oxyanions, F-, and Br- are

inversely correlated with their log K1 (the first dissociation constants of oxyacids and acids)

values, in general agreement with the prediction of the surface complexation model. The

double dotted lines in Fig. 7a, b (about one to two orders of magnitude apart) just show the

general correlation trends. The log Xsh/CR for Cr is high at the given log K1 value for

H2CrO4 (Fig. 7b), probably caused by the existence of Cr(III) species in rivers as well. In

seawater, the concentration ratio of Cr(VI)/Cr(III) is about 100 (Li 2000), but the ratio of

the distribution coefficients between Cr(VI)/Cr(III) is about 1/100 (Santschi et al. 1987).

Therefore, the adsorption of both Cr(VI) and Cr(III) is important in sediments. In order to

include the effects of both Cr(VI) and Cr(III), the ‘‘apparent effective charge’’ of Cr is

assigned to be (IV) hereafter. The concentration ratio of Se(VI)/Se(IV) is about 1.6 in

seawater, and their distribution coefficients should not differ by as much as two orders of

magnitude. Therefore, both Se(VI) and Se(IV) are also important species in water and

sediments, and the apparent effective charge for Se is assigned to be (V) hereafter. The

concentration ratio of As(V)/As(III) in seawater is about 330 (Li 2000); thus, the effect of

As(III) is probably minor.

In the plot of Iz [*Iz] versus log Xsh/CR (Fig. 8), the elements marked with an asterisk are

based on *Iz (also apply to the subsequent similar figures). The parallel dotted lines in

Fig. 8 (about one to two orders of magnitude apart) also show the general positive and

negative correlation trends, again in general agreement with the prediction of the surface

complexation model. The obvious exceptions to the trends are alkali and alkaline-earth

elements. In particular, the log Xsh/CR values decrease drastically from Cs to Na, when Iz

increases only slightly (Fig. 8). A possible explanation is that the ionic potential (z/r) of Cs

is much smaller than that of Na (due to the increase in ionic radius r from Na to Cs); thus,

its hydration waters are less tightly held. Therefore, during the adsorption process, the

hydration waters of Cs can be easily removed, enhancing the adsorption, and results in the
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log Xsh/CR values in the observed order of Cs [ Rb [ K [ Na. The energy spent in

removing hydration water during the adsorption process is called the secondary solvation

energy (James and Healy 1972). A similar explanation may also apply to alkaline-earth

elements Ba, Sr, and Ca. For Li? and Be2? (each has the smallest ionic radius among alkali

and alkaline-earth elements), their *Iz values are large enough to overshadow the sec-

ondary solvation energy effect. The up-and-down relationship between log Xsh/CR and Iz

[*Iz] in Fig. 8 is called the ‘‘K’’ (Greek capital letter lambda) relationship throughout this

paper. One can conclude that the surface complexation model can explain, as a first

approximation, the observed partition pattern of elements between solid and liquid phases

in rivers; and the assumption of log K
0
d � log Kd is a valid approximation.

The observed one to two orders of magnitude spread in Xsh/CR values as shown by the

parallel dotted lines in Fig. 8 may reflect the uncertainty of the data and various degrees of

deviation from chemical (or thermodynamic) equilibrium due to kinetic effects for dif-

ferent elements. For example, diffusion of adsorbed ions into interior of particles, colloidal

pumping process, continuous growth of iron/manganese oxide coating around suspended

particles, biological activity around particles etc., all may force aquatic systems to deviate

from the chemical equilibrium somewhat. However, by averaging a large set of data over

the world, the thermodynamically positive and negative deviations may have canceled out

roughly.

4.2 Mean Residence Times of Dissolved Elements in the Ocean

The average composition of oceanic pelagic clay is similar to that of the world average

shale for the most of elements (within a factor of 2 or better), as shown by the enrichment

factor calculation in Fig. 9a. The enrichment factor is defined as the concentration ratio of

element i and the normalizing element j (Xi/Xj) in a given sample divided by the same ratio

in a chosen reference material, i.e.,

Ei
j ¼

Xi=Xj

� �
sample

Xi=Xj

� �
reference

ð12Þ

In the present case, Al is taken as the normalizing element and the world average shale as

the reference material. However, the elements Na, Mn, Co, Ni, Cu, Mo, Pd, Te, Ba, Os, Ir,
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Pt, Tl, and Pb are very much enriched in the oceanic pelagic clay when compared with

shale (Fig. 9a). As shown from a factor analysis, those enriched elements are mainly

associated with the manganese oxide coating on the pelagic clay particles (Li and

Schoonmaker 2003). The plot of Iz [*Iz] versus log Xi
op=Ci

SW (Fig. 9b) again exhibits the K

relationship. The relatively high log Xi
op=Ci

SW values for Mn, Co, Ce, Pb, and Tl indicate

additional oxidative uptake of these elements on particle surfaces (Li 1991, and references

therein; Mn2? ? Mn4?, Co2? ? Co3?, Pb2? ? Pb4?, Ce3? ? Ce4?, Tl? ? Tl3?). The

high log Xi
op=Ci

SW values for Cs, Rb, and Ba reflect the secondary solvation energy effect as

discussed earlier (James and Healy 1972). Barium can also be removed effectively in the

ocean as barite (BaSO4; Dehairs et al. 1980; Bertram and Cowen 1997).

According to Eq. 3a, the mean residence time of an element in the ocean is

s�i yearsð Þ ¼ VO � Ci= Fs � Xið Þ ¼ 1:27� 109 � Ci
SW=Xi

op ð13Þ

Here, VO = volume of the ocean = 1.4 9 1024 cm3, and Fs = sedimentation rate of the

oceanic pelagic clay = 1.1 9 1015 g/year. The corresponding log s*i is shown as the right-

hand side y-axis in Fig. 9b.

Another useful mean residence time si of a given dissolved element i in the ocean is

defined as (Barth 1952):
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si yearsð Þ ¼ VO � Ci
SW= FRRi

� �
¼ 38; 000 Ci

SW=Ci
R ð14aÞ

or

1=si / Ci
R=Ci

SW ð14bÞ

Here, Ci
R and Ci

SW = average concentrations of dissolved element i in rivers and seawater,

respectively; and FR = river runoff = 37 9 1015 l/year.

The higher the value of the log Ci
R=Ci

SW ratio, the more reactive is the dissolved

element, and the shorter is its mean residence time in the ocean, and vice versa. As shown

in Fig. 10, the elements below the solid line (log Ci
SW = log Ci

R) represent Ci
R \ Ci

SW and

have relatively long mean residence times, while the elements above the solid line rep-

resent Ci
R [ Ci

SW and have short residence times.

The most interesting result is the plot of Iz [*Iz] versus log Ci
R=Ci

SW (or –log si) as shown

in Fig. 11, which again clearly shows the up-and-down K relationship. The relatively high

log Ci
R=Ci

SW values for Mn, Co, and Ce at given Iz may indicate effective oxidative

removal (Mn2? ? Mn4?; Co2? ? Co3?; and Ce3? ? Ce4?) at the sediment–water

interface in the deep ocean to reduce Ci
SW values as mentioned earlier. The high log

Ci
R=Ci

SW values for Ba may also indicate additional removal of Ba by barite in the ocean.

From the similarity between Figs. 9b and 11, one can predict a close relationship

between log Xi
op=Ci

SW (or -log s*) and log Ci
R=Ci

SW (or -log s), as is evident in Fig. 12.

The rankings of relative reactivity of elements obtained by river inputs and sediment

outputs are similar, even though for most of the elements s is not equal to s* (the dotted

line in Fig. 12 represents s = s*). The s* values for the elements Na, S, Se, Ca, Sr, Mg, I,

and U are all greater than their s values, indicating the ineffectiveness of oceanic pelagic

clay in removing those elements from the ocean. It is well known that Na and some S and

Ca are removed as evaporites in lagoon environments; S, Se, and U are mainly removed in

reducing environments; Ca, Sr, and some Mg are removed as carbonates; Mg is also

effectively removed in the hydrothermal systems of mid-oceanic ridges and some by
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reverse weathering reactions; and iodine is partly removed to organic-rich reservoirs and

partly recycled through the atmosphere (Li 2000). For elements with s* \103 years, s*

values are always less than their s values, especially for Y, Zr, Hf, Ga, Ta, Al, Ti, and Fe

(Fig. 12). The reason is that Xop not only includes the surface adsorbed component but also

the detritus components, which are not actively involved in the adsorption/desorption

cycles; thus, log Xi
op=Ci

SW values overestimate the removal of those elements from the

water column to sediments.

4.3 Partition of Elements Between Mn-nodules and Seawater

Deep sea manganese nodules grow at very slow rates of a few millimeters per million years

(Broecker and Peng 1982). One can expect a very close relationship between the com-

positions of manganese nodules and seawater. The enrichment factor Ei
Al (nodule/shale)

versus atomic number Z for various elements is shown in Fig. 13a. Based on a factor

analysis of nodule data, nodules consist of four major components: detritus shale particles,

Mn oxides, Fe oxides, and phosphates (Li and Schoonmaker 2003). The specific
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association of different elements with four components in manganese nodule is also shown

in Fig. 13a. Those assigned associations are based on factor analysis and/or correlation

coefficient calculations (Li and Schoonmaker 2003). The elements that associate strongly

with the iron-oxide phases of nodules exist in normal seawater mainly as hydroxyl and

carbonate complexes of trivalent to pentavalent cations (e.g., B, Bi, In, Ir, Rh, REE, Y, Ti,

Th, U, Zr, Hf, Nb, and Ta), oxyanions (e.g., As, I, P, Re, Ru, Os, S, Se, Te, V, and W), and

divalent cations with the high first hydrolysis constants and high tendency to be oxidized to

higher valences (Hg, Au, Pd, Pt, Co, and Pb). Carbonate fluorapatite is often closely related

to the iron-oxide phases in manganese nodules and contributes significant amounts of Ca,

Sr, P, C, REE, and Y in manganese nodules. The Ei
Al values of near one for Si, K, Na, F,

Cr, Rb, Cs, Sc, Ga, Sn, and Ge (Fig. 13a) suggest that those elements are contributed

mainly by the detritus shale component in nodules. The Mn-oxide phases take up mainly

monovalent and divalent cations (Li, Na, K, Rb, Cs, Ag, Tl, Be, Mg, Ba, Ni, Cu, and Zn)

and oxyanions of Mo and Sb. Koschinsky and Hein (2003) found similar (but not exactly)

element-phase associations in marine ferromanganese crusts, using sequential-leaching

technique.

The plot of Iz[*Iz] versus log Xmn/Csw shows the regular K relationship (Fig. 13b),

which is consistent with the surface complexation model. The oxidative uptake of Mn, Co,

Ce, Pb and Tl; and the secondary solvation effect for Cs, Rb, and Ba during the growth of

manganese nodules are reflected by their high log Xmn/Csw values.
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4.4 Affinity of Ions to Organisms

In Fig. 14a (atomic number Z versus EAl for marine algae relative to shale), the elements

are separated into s-, p-, d-, and f-blocks according to which subshell is filled in by the

last valence electron. Each block is subdivided further into A-type ions that have electron

configurations of noble gases or contain f-subshell valence electrons and B-type ions that

contain d-subshell valence electrons. The d-subshell electrons in B-type ions tend to be

easily polarized under the influence of an external electric field and tend to form strong

chemical bonds, especially for fully filled d10 cations (Stumm and Morgan 1981; Li

2000). As shown by Li (1984, 1991), the chemical compositions of marine algae,

phytoplankton, and zooplankton are all similar; thus, marine algae is selected here to

represent all marine organisms (Xorg). The elements with Ei
Al about 0.5–5 are called the

biophobic, and those with Ei
Al [ 5 the biophilic elements (Li 1984). The biophobic

elements may include Be, F, Al, Si, Sc, Ti, Cr, Fe, Ga, Ge, Zr, Cs, REE, and Th. Their
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relative abundances in algae are similar to those in the shale. In addition, the factor

analysis of algae data shows that those biophobic elements co-vary together (Li 2000,

2006). The implication is that those biophobic elements are mostly incorporated into or

attached to algae together as inorganic colloidals and/or fine particles. The biophilic

elements are mainly the A-type ions with relatively long mean residence time in the

ocean (e.g., Li, Na, K, Rb, Mg, Ca, Sr, Cl, Br, S, B, Mo, and U), major nutrient type

ions (C, N, P), and B-type cations (Li 2000; Fig. 14a). The enrichment of B-type cations

in algae when compared with shale particles may reflect the extra strong chemical

bonding between B-type cations and hydrophilic functional groups of proteins, such as –

SH, –NH2 (in addition to –COOH, –OH), on the surface of algae cells (Li 1984, 2006;

Buffle 1988). As shown by Li (2000), the electric polarizability values for S2- and N3-

are much higher than that for O2-; thus, the former forms stronger chemical bonding

with B-type cations than the latter.

The plot of Iz [*Iz] versus log Xorg/CSW (Fig. 14b) again shows the general K rela-

tionship, indicating a first-order thermodynamic control (adsorption/desorption equilib-

rium) of the partition of elements between algae and seawater. The linear relationship

between Iz and log b1(EDTA) in Fig. 4b also supports this contention. The high log Xorg/

CSW values for Mn, Co, Ce, Pb, and Tl again indicate the additional oxidative uptake at

the cell surface. The secondary solvation effect is also evident for Cs, Rb, K, and Ba.

The log Xorg/CSW values for radioactive Am, Pu, Np and Tc in Fig. 14b are, respectively,

from IAEA (1985), Cochran et al. (1987), Holm (1981), Beasley and Lorz (1986) and are

summarized by Li (1991). Their most probable charges are Am(III), Pu(IV,V), Np(V),

and Tc(VII); and their corresponding speciations are AmCOþ3 , Pu OHð Þ04, PuO2CO�3 ,

NpOþ2 , NpO2CO�3 , and TcO�4 in oxygenated aquatic environments (Li 2000; Choppin

et al. 2001). Iz for Pu4? is about 35 eV (Cotton 1991), and *Iz for oxy-cation PuO2
? is

about 18 eV.

4.5 Hydrothermal Vent Solutions from the Mid-ocean Ridges

Compared with seawater, the hydrothermal vent solution from the Hanging Garden on the

East Pacific Rise at 21�N is extremely depleted in Mg and U, and moderately depleted in F,

P, S and Mo (Fig. 15a). The changes in Na, Cl, Br, Ca, and Sr concentrations are minor,

and the rest of the elements are highly enriched in the vent solution when compared to

seawater.

The extent of leaching of enriched elements from the normal mid-ocean ridge basalt (N-

MORB) by hydrothermal vent solutions can be represented by the XMORB/CHY ratios (here

XMORB = concentrations of elements in the N-MORB from the East Pacific Rise). A high

ratio indicates low leaching, and vice versa. Interestingly, the plot of Iz [*Iz] versus log

XMORB/CHY again demonstrates the K relationship (Fig. 15b). Apparently, the bond

strength between ions and the hydrated basalt controls the extent of the leaching of ions.

Exceptionally low log XMORB/CHY values for Mn, Pb, Cd, Cu, and Zn may indicate the

formation of stable polysulfide complexes and enhance their solubility in the vent solution.

The low XMORB/CHY value for Eu among REE reflects the higher solubility of divalent Eu

when compared to other trivalent REE in the anoxic vent solution. The secondary solvation

effect and the oxidative uptake process are apparently not important during the leaching of

the MORB by hydrothermal solutions.
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4.6 Lake Biwa, the Largest Freshwater Lake in Japan

As shown in Fig. 16a, the concentration of dissolved elements in Lake Biwa (CLB) and the

world average river (CR) mostly agree within a factor of three (dotted lines; CLB & CR).

The obvious exceptions are Fe, Al, Cr, Ti, Y, REE, Be, Sc, Th, Hf, and Ta, which are much

more enriched in the rivers (CLB 	 CR) probably due to the high content of inorganic

colloids in the turbulent river environment. In contrast, those elements have similar con-

centrations in Lake Biwa and the ocean (Fig. 16b; CLB & CSW), whereas the elements

with CLB & CR are mostly CLB 	 CSW (Fig. 16b) and have relatively long mean resi-

dence times in the ocean ([103 years; Li 2000). The exceptionally high Mn, Pb, and Co

concentrations in Lake Biwa water may reflect their ineffective oxidative removal in the

lake sediments compared to the effective one in the ocean. Except for a few millimeters of

oxic surface sediments, there is no accumulation of manganese oxides in the anoxic

subsurface sediments of Lake Biwa (Takamatsu et al. 1985b; Fujinaga et al. 2005).

As deduced from the enrichment factor EAlðshaleÞ in Fig. 17a, the average composition

of the top 2 cm of Lake Biwa sediments (X2) and the world’s average shale (Xsh) are

essentially the same within a factor of 1 ± 0.4 (within two horizontal dotted lines).

However, X2 are high in P, Mn, Cu, Zn, As, Sb, Hg, and Pb when compared with those of

Xsh. As shown by the factor analysis of sediment data (Li et al. 2007), those enriched
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elements are mainly associated with both organic matter and hydrous manganese oxide

phases in the surface sediments. Other obvious exceptions are Mg, Ca, and Sr, which tend

to be low in the Lake Biwa sediments and in the suspended particles of rivers flowing into

Lake Biwa (Teraoka and Kobayashi 1980), reflecting the preferential leaching of alkaline-

earth elements from the outcropping rocks and soils during the weathering process (Li

2000). The low X2 values for Ni and Br may reflect their regional variability in source

areas. Because X2 and Xsh are so similar, Xsh values are adopted for the missing data of X2

in the following plot.

The plot of Iz [*Iz] versus log X2/CLB in Fig. 17b again shows the general up-and-down

K relationship. In other words, the systematic variation of log Kd (= log X2/CLB) may

reflect some degree of adsorption/desorption equilibrium in the lake as well (Li 2000).
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The high log X2/CLB values for Cs, Rb, K, and Ba again show the secondary solvation

effect, while slightly high log X2/CLB values for Mn and Co may reflect small oxidative

uptake in the lake sediments.

5 Summary and Conclusions

(1) The values of (log bs
n)/n, (log *bn)/n, and log *k1 for cations with charge of 1–4 are all

linearly correlated with one another (Figs. 1, 2, 3). Symbols bs
n, *bn, and *k1 are,

respectively, the nth cumulative stability constants, the nth cumulative hydrolysis

constants, and the first hydrolysis constants. The implication is that the relative

average bond strength between cation and oxygen (M–O) of hydrated oxide surface

or between cation and oxygen of hydroxyl in water is directly proportional to log *k1.

(2) Log *k1 are linearly correlated with the electron binding energies (Iz) of cations with

charge of 1–4 (Fig. 4). However, Iz values for Tl?, Ag?, Pb2?, Hg2?, Bi3? (all have
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the outer-shell electron configuration of d10), and Li? and Be2? (each has the smallest

ionic radius among alkali and alkaline-earth elements) underestimate the M–O bond

strength. Therefore, the concept of effective electron binding energy (*Iz) is

introduced for those cations to correct for the underestimation (Table 1). Elements B,

Os, Ru, Ti, and U behave as oxo-ions B OHð Þ03, OsO0
4, RuO0

4, TiO2?, and UO2þ
2 in a

normal oxygenated aquatic environment. Using their known log *k1 values, their *Iz

are also estimated (Table 1).

(3) Data on the complexation constants of oxyanions on hydrated oxide surfaces are

scarce. However, based on the adsorption data for oxyanions of As(V), P(V), and

Se(IV) on goethite, there is a inverse relationship between log Ks
anand log Kn

(Fig. 5a). Symbols Ks
an and Kn are, respectively, the complexation constant of

oxyanion (with charge of -n) onto the oxide surface, and the nth dissociation

constant of corresponding oxyacid. The ‘‘n’’ can have a value of 1 and up to 3. Log K1

is nicely correlated with log K2 (Fig. 5b; data for K3 are too few), and empirically

shown to be linearly related to Iz values for the central metal of oxyanions (Fig. 6).

Apparently, the higher the Iz value of the central metal of oxyanion, the stronger is the

bond strength between the central metal and the oxygen of oxyanion (M–O), and the

weaker is the bond strength between the oxygen of the oxyanion and hydrogen ion

(M–O–H; thus strong acid or high log K1) or the surface metal of hydrated oxides

(M–O–Me). From the log K1 values of HCl, HBr, and HF, their effective electron

binding energy *Iz are also estimated (Table 1).

(4) If the partition ratio log K
0
d (concentration of absorbed ion on hydrated oxide surface

divided by that in solution) is assumed to be proportional to the bulk distribution

coefficient log Kd (= log Xi/Ci), one would predict from the surface complexation

model that log Kd correlates positively with log *k1 or Iz [*Iz] for cations with charge

of 1–4, and negatively with log K1 or Iz [*Iz] for oxyanions and anions. This

prediction is amply demonstrated in this paper (Figs. 7, 8, 9b, 13b, 14b, 17b), and this

up-and-down relationship is called lambda K relationship. For Mn, Co, Ce, Pb, and

Tl, the oxidative uptake at solid–water interface in the ocean is an additional

important process. For alkali and alkaline-earth cations with large ionic radius (such

as Cs, Rb, K, and Ba), their relatively small secondary solvation energy further

enhances their adsorption onto solid particles.

(5) The residence times of dissolved elements in the ocean as obtained by river inputs (s)

and by oceanic pelagic clay outputs (s*) are not the same (s = s*; Fig. 12), but log s
are linearly correlated with log s*; thus, the relative reactivity of elements in the

ocean are similar from both approaches. The s* values for elements Na, S, Se, Ca, Sr,

Mg, I, and U are greater than their s values, indicating the ineffectiveness of oceanic

pelagic clay in removing those elements in the ocean. For elements with s*

\103 years (such as Y, Zr, Hf, Ga, Ta, Pb, Al, Ti and Fe), s* values are always less

than their s values, resulting from inclusion of detritus components, which were never

in dissolved form in the ocean.

(6) The linear relationship between Iz and log b1(EDTA) in Fig. 4b and the K
relationship between Iz [*Iz] and log Xorg/CSW in Fig. 14b support the importance of

the algae cell surface as a substrate for adsorption/desorption processes. The adsorbed

B-type cations form extra strong bindings with hydrophilic functional groups such as

–SH and –NH2 on organic matter surface (living or non-living). The cell surfaces of

living organisms can actively incorporate colloidal particles through the formation of
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coated vesicles. Fine inorganic particles also can be imbedded in organic samples and

hard to be separated.

(7) The concept of the bond strength M–O as represented by Iz[*Iz] is also shown to be

applicable to the leaching processes of the mid-ocean ridge basalts by hydrothermal

vent solutions, as demonstrated by the K relationship between Iz [*Iz] and log Xmorb/

CHY (Fig. 15b).

(8) The concentrations of most elements in Lake Biwa (CLB) and the world average river

(CR) agree within a factor of three (Fig. 16a). Exceptions are Fe, Al, Cr, Ti, Y, REE,

Be, Sc, Th, Hf, and Ta, which are much more enriched in the rivers (CLB 	 CR)

probably due to a high content of inorganic colloids in the turbulent river

environment. In contrast, those elements in Lake Biwa and the ocean have similar

concentrations (Fig. 16b), whereas the elements with CLB & CR are mostly

CLB 	 CSW. Plot of Iz [*Iz] versus log X2/CLB (Fig. 17b) again shows the familiar

K relationship and the secondary solvation energy effect.

(9) One may conclude that the partition patterns of elements between solid and liquid

phases in natural aquatic systems do follow the prediction of the surface

complexation model, even though many kinetic effects may cause some deviations

from an equilibrium condition for different elements.
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