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Abstract-—The pollution inputs of various elements are omnipresent in aerosols, snows, rivers and the
ocean of the northern hemispherc. The mid-ocean ridges are not important sinks or sources for most of
the elements. The settling of fecal pellets is the predominant transport mechanism of most clements
{except Mn, Co and Ni) from the surface to deep oceans. Dissolved Mn, Co and Ni are directly
incorporated into pelagic clays at the sediment—water interface.

INTRODUCTION

The present work is a preliminary attempt to synthe-
size various geochemical data and to answer the ques-
tions of the relative importance of (1) anthropogenic
inputs of various elements as compared to natural
sources, (2) mid-ocean ridges (through seawater—
basalt interactions) as cxtra sources or sinks of some
elements in the ocean, and (3) zooplankton fecal pel-
lets as the carriers of elements from the surface to
deep oceans compared to other possible carriers.
Answers to these questions are sought in the follow-
ing three sections using enrichment factor calcula-
tions, R-mode factor analysis and mass balance calcu-
lations. The selection of geochemical data from
various literature sources may appear somewhat arbi-
trary. In principle, however, the newest data are
always adopted if the new data are quite different
from the old data due to the improvement of analyti-
cal techniques. If the new data are not greatly differ-
ent from the old data, the old data are retained.

THE ENRICHMENT FACTORS AND
THE INTERELEMENT RELATIONSHIPS
IN MARINE PLANKTON, SUSPENDED

PARTICLES, AEROSOLS AND
POLAR SNOWS

The enrichment factor of element i in a sample, E},, is
defined as the concentration ratio of element i to Al (C¥/
C*) in the sample compared to this ratio in a standard
matertal. [n this section, average shale (TUREKIAN and
WEDEPOHL, 1961) is adopted as the standard material
Average crustal igneous rock (TAYLOR, 1964) is very often
used as the standard material (e.g. HERRON er al, 1977;
WEiss et al, 1978). Average shale is preferred here, how-
ever, since it is more representative of the continental soils
(e.g. LANTZY and MACKENZIE, 1979) than is average crustal
igneous rock. For example, the concentrations of B, S, Se,
As, Sb, Te, I, Hg, Bi are almost about one order of magni-
tude lower in average crustal igneous rocks than the shale
material (L1, 1981). In the calculation of E, values, the sea
salt components both in the sample and standard are sub-
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tracted by assuming Cl is purely of seawater ongin {e.g. the
sea salt component of element i in the sample is C& . X
(C/CMN,eawarer) Therefore, an EY, value of greater than one
indicates sources other than shale or soil particles and sea
salts.

The term ‘biophile’ elements is loosely applied here to a
group of elements whose EY;, values in plankton are about
10 or greater, as shown in Fig. 1A. The sources of plankton
data are mainly from MARTIN et al. (1976). Additional data
for Co, Cr, Ce, Cs, Eu, Hg, Sb, Sc and Se arc supplemented
by FowLER (1977) and for V, B and Mo by MOORE and
BostrOM (1978). For common elements the agreement
among the above-mentioned three data sources is cxcelient.
As will be shown later, the ‘biophile’ elements are almost
identical to the so-called ‘anomalously enriched elements’
(AEE) in aerosols {e.g. MAENHAUT and ZOLLER, 1979).

According to the data given by MARTIN and KNAUER
(1973) zooplankton give slightly higher EX;'s than phytop-
lankton but the differences are small. Thercfore no attempt
has been made to separate phyto- and zooplankton in this
paper. MOORE and BosTROM (1978) demonstrated further
that E,’s in plankton obtained from various oceans are
very similar. For the purpose of comparison. the E's in
North Atlantic suspended particles (obtained from water
depths between 900 and 5000 m by BUuAT-MENARD, 1979),
North Atlantic aerosols (mainly by BuaT-MENARD, 1979,
Cd by DUCE et al., 1976; S by CUONG et ai, 1974; and I by
Movers and Duck, 1972), Greenland snows (WEIss et al.,
1971a, b, 1975 and 1978; HERRON et al., 1977) South Pole
aerosols (MAENHAUT and ZOLLER, 1979), and Antarctic
snows (BouTroN and MARTIN, 1980; DELMAS and Bou-
TRON, 1980; WEIss er al,, 1971a, b) are summarized in Figs
1 and 2.

For snow samples from Camp Century and Dye-3
stations, Mn was used as the normalizing clement due to
the lack of Al data (WEiss et al, 1978). This is justifiable
since EM" = 1 (e.g. Milcent snows, North Atlantic aerosols,
Fig. 2A), therefore EY, ~ Ej,,. The similarity in the enrich-
ment patterns of various elements among marine plankton,
suspended particles (Fig. 1A), aerosols (Figs 1B, 2A and
2B), and polar snows (Figs 2A and 2B} is striking. Equa-
torial Atlantic aerosols (Fig. 1C) represent mainly the input
of soil dust from the Sahara Desert (BUAT-MENARD, 1979)
and will be discussed separately.

The ‘biophile’ elements are very much enriched even in
the pre-1900 (or pre-industrial) Greenland snows (Fig. 2A),
indicating natural sources other than sea salts and conti-
nental soils (e.g. HERRON et al., 1977; WEiss et al, 1978;
BouTRON, 1979). The EL, values for Pb, Cu, Zn, Sb and S
are about two to threc times higher in post-1960 than in
pre-1900 Greenland snows (Fig. 2A), suggesting large poi-
lution inputs of these elements (50-75% of the total) in
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Fig. 1. Enrichment factors of various elements in (A) marine plankton and suspended particles from the
North Atlantic, (B) acrosols from the North Atlantic, and (C) aerosols from the equatorial Atlantic. The

elements are arranged roughly in decreasing order of Ci,/Ct,, where Ci, and Ci, are the concentrations
of element i in the average occanic pelagic clay and in seawater, respectively.

addition to natural sources (e.g. HERRON et al., 1977). RAHN
and McCArrrey (1979) suggest the possibility of large frac-
tionation of the ‘biophile’ elements between acrosols and
snows in the Alaskan Arctic (higher enrichment in aerosols
than in snows). Therefore, the pollution input components
in North Atlantic aerosols may not be quantifiable by
sample comparison to pre-1900 Greenland snow. But the
pollution component in post-1960 North Atlantic aerosol
should be at least as great as that in Greenland snows
(50-75%,). Interestingly, there is no significant difference in
E', values for Hg and Cd between pre-1900 and post-1960
Greenland snows and even North Atlantic aerosols (one
exception is Cd from post-1960 snows at the Dye-3 station,
probably due to sample contamination as noted by HEr-
RON et al,, 1977). The implication is that Hg and Cd have
very strong natural sources as compared to any pollution
inputs in the northern hemisphere. WEISS et al. (1971)
reached the same conclusion for Hg by comparing the esti-
mated fluxes of Hg from natural and human sources to the
atmosphere.

In Antarctic snows (average of the Jast 100 yr) and South
Pole aerosols collected between 1974, 1975, the Ei's for
Pb, Cu, Zn, Cd, Ag and S are surprisingly similar (Fig. 2B),
indicating no fractionation between aerosols and snows in
the Antarctic. Furthermore, BouTrON and Lorius (1979),
BouTroN (1980) and DELMAS and BouTrOn (1980) have
demonstrated that EX,'s for these elements in the Antarctic

snows show no systematic trend from 1881 to 1977. There-
fore, they conclude that the background aerosols in the
Antarctic region are not significantly influenced by global
pollution and the enriched ‘biophile elements and S in
acrosols have natural sources other than sea salts and con-
tinental soils. The high enrichment of Br in South Pole
aerosols, but not in North Atlantic aerosols (Figs 2A and
2B), may suggest that the direct source of Br in South Pole
aerosols is gaseous bromine species in the atmosphere
instead of sea spray.

In the pre-industrial period, the enrichment of the “bio-
phile’ elements in aerosols and polar snow was supplied
from (1) the air-sea interface by the bursting of bubbles
(DUCE et al, 1976) and/or by the volatilization of these
metals through biological activity {e.g. biomethylation of
Hg, Pb, Au, Pd, Pt, Tl, Se, S, Sn, As, etc., as summarized by
RIDLEY et al, 1977), {2) volcanic exhalations (e.g. MROZ
and ZOLLER, 1975), and (3) volatilization of metals from
land vegetation (BEAUFORD et al, 1977) or from surface
rocks (GOLDBERG, 1976), etc. The relative importance of
various possible sources will be discussed in the next
section.

R-mode factor analyses were performed on the chemical
composition data of marine plankton (MARTIN et al., 1976),
suspended particles and aerosols (BUAT-MENARD, 1979) in
order to study the corrclation among various elements in
these materials and try to elucidate their implications. The



Geochemical cycies of elements and human perturbation

2075

pre-1900 post- 1960
° o Comp Century (77°10'N,80°07 'W)
sk A a Miicent (70°18'N,44°35'W) Snows -
] a] Dye-3(65°11'N,43°50'W)
X North Atlantic (18°~32°N,(8°~293°W) Aerosols
4 2 a0 -1
] Au I
Pb Ag Se
As Hg X
- 3 x x—x= N2,
- < h Zn Cd Sb m / AV
W [ _x-0a \
o ! N ,’!
S PN cu I‘\\ /e o
— 2 i \ o i I\ ! g =
an Ni / 8 !
! . g\ o Y
A E -x v 7 \
! m N8y !
] i 1
p \\/I \/ A v ! 1
f x X \/ \
X X 1 Co Cr I
ofF S al Iy - A e e e e %
Th X'Fe Sc v Br
Mn (A)
-1 )
¥ DomeC (74°40'S,124°10'E}ond New Byrd Station {80°0i'S,119°31'W)Snows i,/*r
1880- 1377 cd & i
’
4= % South Pole {30°S) Aerosols ! 4 Au - 2 n
1974-1975 n Hg ,!\
FlS
IR v 3¢, 4
3 Py 7 2l
7 ¢ /
-3 P: [ | Asl’
ro
w \ W \ /* v
o 2k d Cupp Zn ! Sb /s -
o s V‘A ¥ ¥
- ) ‘. h % '
ooy 53 N '
N
[ II ‘\ /I \,.,/ \\ ll -1
; l"l c' \\ 'l
‘1 * *\ ’l
O ¥ Sk Co _____f Ba o o  — - -
ThMn Fe Sc La A (B)
-1

~=—Log Chp/Cqy

Fig. 2. Enrichment factors of various elements in (A

) Greenland snows and North Atlantic acrosols, and

(B) Antarctic snows and South Pole aerosols.

computer program for the factor analysis was adopted
from SPSS (Statistical Package for the Social Sciences; NIE
et al., 1975). All of the data were first converted to a logar-
ithmic scale. The eigen-value was cut-off at 0.5. Factors 1-3
of the principal component matrix for various materials
arc plotted in Fig. 3. The possible grouping of various
elements in Fig. 3 (enclosed by dashed lines) was deduced
from the coherency of elements, both in the plots of factors
I vs 2 and factors 1 vs 3 (or factors 2 vs 3). Any pair of
elements in one group also should have a high correlation
coefficient in the correlation matrix. In interpreting the
factor analysis results, onc should be aware that an appar-
ent corrclation could be caused by systematic error in
chemical analysts and an apparent lack of correlation may
be produced if the uncertainty in chemical analysis is
greater than the natural variability. Therefore, the results
of any factor analysis should be checked against other rele-
vant information for consistency.

In both plankton and suspended parttcles, the alumino-
silicate detritus phase (Al, Sc, rare earths, V, Th, Fe and
Mn whose E%, values are near onc) and “biophile” ele-
ments (c.g. Zn, Pb, K. Ni, Ag, Cu, P for plankton and Hg,
Zn. Pb, Sb, Ag. Au, Se for suspended particles) form a
coherent group (Figs 3A and 3B), indicating a close genetic
link between plankton and suspended particles. In plank-
ton, Mg and Na represent sea salt components, while Si
and Ba represent siliceous diatom tests (e.g. Ku et al.,
1970). The high correlation coefficient between P and Cd
confirms the observed correlation between P and Cd in the
water column (BOYLE et af., 1976, and MARTIN et al., 1976).

In the marine aerosols from the North Atlantic (Fig. 3C)
the aluminosilicate detritus phase (Al, Sc, rare carths, V,
Th, Fe and Mn) and ‘biophile’ elements (Cu, Zn, Ni, Pb,
Sb, Ag, Au) become separatc groups, even though the
enrichment pattern of ‘biophile’ elements in the aerosols
and the suspended particles is very similar (Fig. 1B). Inter-
estingly, aerosol samples from the equatorial Atlantic
(probably from the Sahara Desert) are similar to continen-
tal soil or shale in composition and the enrichment of Pb,
Zn, Sb, Hg and Se is relatively small (Fig. 1C), but the
factor analysis (Fig. 3D) is very similar to that from the
North Atlantic (Fig. 3C). In Figs 3C and 3D, Na, Cl and Br
are sca salt components. As discussed earlier, Pb, Zn, and
Cu are mostly pollution inputs in the post-1960 Greenland
snows and North Atlantic aerosols. Therefore the grouping
of Pb, Cu, Zn, Ni, Sb, Au and Ag in Figs 3C and 3D and
the high correlation coefficicnts between any pair of these
elements indicate that the northern and equatorial Atlantic
aerosols also contain large pollution components of Ni, Sb,
Au and Ag. The fact that the change in Hg concentrations
is always independent of other elements (Figs 3C and 3D}
is consistent with the earlier suggestion of strong natural
Hg sources. Se is strongly correlated with organic carbon
in the equatorial Atlantic aerosols.

BouTroN and Lorius (1979) also performed R-mode
factor analysis on the compositional data of a Greenland
snow layer (1973-1974). The results are very similar to that
of the North Atlantic aerosols. The grouping of Pb, Cu, Zn
and Ag in Greenland snow (Fig. 1 in Boutron' s paper)
should again represent their dominant human inputs. The
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Fig. 3. Plots of the principle component factors 1 vs 2 and factors 1 vs 3 for (A) plankton, (B) suspended
particles from the North Atlantic, (C) aerosols from the equatorial Atiantic, and (D) aerosols from the
North Atlantic. N represents the number of cases.

change in Cd concentrations of Greenland snow layer is
independent of other elements and, like Hg, indicates
strong natural Cd sources.

R-mode factor analysis of Antarctic snow data as per-
formed by Boutron and MARTIN (1980) shows that Pb,
Cu, Zn and Ag are mostly independent of the sea salt and
continental soil sources. Except for the Pb-Zn pair, how-
ever, the correlation coefficients between any other pair of
these elements are quite low, probably indicating several
natural sources or enrichment mechanisms. For example,
BouTroN (1980) shows that time variations of ER} and E5!
in the Antartic snows from 1881 to 1977 parallel volcanic
activity rather well but the parallelism is not very evident
for Cu, Ag and Cd. indicating natural sources other than
volcanism. As discussed earlier, pollution inputs in the
Antarctic region dre probably small (BouTron, 1980).

MASS BALANCE BETWEEN RIVER INPUTS
AND OCEANIC SEDIMENT OUTPUTS
For a first approximation one can assume that the
total river loadings of element i, including dissolved

and particulate forms, are deposited in estuaries and
continental shelves with typical shale composition,
and on the deep sea floor with oceanic pelagic clay
composition (for simplicity, oceanic carbonates are
ignored since the concentrations of most elements in
carbonates are generally low). Mass balance requires:

M CL+ F-Cih = (M + F-2Ch
~M)Ch + M-C, (1)

where

M. = the total suspended particulate flux from
rivers to the ocean = I8 + 3 x 10'%g/yr
(HOLEMAN, 1968; MEYRECK, 1979);

M = the total sedimentation rate of oceanic pelagic
clay = 1.1 + 04 x 10'° g/yr, obtained from
the average pelagic clay sedimentation rate of
03 + 0.1 x 10 3g/cm?/yr by Ku et al
(1968):
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F = the total river water flux = 33 + 3 x
108 g/yr (GARRELS and MACKENZIE, 1971);

Ci, Ck, Cly and C5, are the concentrations of element
i in river-suspended particles, filtered river water,
shale and oceanic pelagic clays, respectively.
F-ZC% = the summation of the dissolved river load-
ings exclude Ca?* and HCOj; which are deposited
scparately in the ocean as oceanic carbonates, and the
recycled sea salt components (by assuming Cl~ is re-
cycled through the atmosphere) ~09 x 103 g/yr
(LivinGsTON, 1963).

Dividing egn (1) by M, and substituting various coef-
ficients with known values, one obtains:

Ci+ 1.8 x 10° Ch =099 CL, + 006 C, (2)

where C's are all in ppm.

Since Ci, Ck, Ciy, and Ci, are also known, one can
compare the balance between the left-hand side (=
the total riverine input Ciy) and the right-hand side
(= the total sediment output = Cout’) of egn (2) for
various elements, as summarized in Table 1. The aver-
age shale (C',) and oceanic pelagic clay (C})) data are
mainly from TuREKIAN and WEDEPOHL. (1961). Excep-
tions are rare earths (Piper, 1974), Th and U for pela-
gic clay (Ku, 1966), and Si for shale (WEDEPOHL,
1960). The data for riverine-suspended particles are
mainly from MARTIN and MEYBECK (1979) except for
Ag (GorDeYEV and LisitsyN, 1978). The agreement
between the data sets given by MARTIN and MEYBECK
(1979) and by GorDEYEV and Lisitsy~ (1978) is gener-
ally within a factor of two or better. The river water
(Ck) data are mostly from GOELDBIRG et al. {1971)
except rare earths, Al, Fe (MARTIN and MEYBECK,
1979), U (MANGINI et al, 1979), Th (MOORF, 1967),
and Cd (BoyLE et al., 1976). The agreement between
the data sets summarized by GOLDBERG et al. (1971)
and MARTIN and MEvBECK (1979) is usually within a
factor of two or better. For some elements, however,
they used the same original data sources. For Ca and
Sr the 006 C., term in Table 1 also includes the
oceanic carbonates which is about 0.08 C, where C,
is the concentration in the oceanic carbonates. The
coefficient 0.08 above is obtained by multiplying the
average sedimentation rate of oceanic carbonates
(about 0.4 + 0.1 x 1073 g/em?yr in the Pacific for
the last 45 Myr, WORsLEY and DAVIES, (1979); a poss-
ible different rate in the Atlantic Ocean is ignored
presently) by the total area of the ocean and dividing
by M.

The elements in Table 1 are grouped according to
the following criteria.

Group A: Cour/Cin > 0.7
subgroup A;:  C,,/C,, < LS
subgroup A,:  C,,/Cq > LS

- Group B: Coyr/Ciy < 0.7
subgroup B;: C,./C,, > 1.4
subgroup B,: C,./C,, <07

The subgroup A, elements are, in general, well
balanced (Coyr/Cix = 0.7 ~ 1.4) except Li, Sr and As.
The high Coyr/Ciy ratios for Li, Sr and As (2.6, 1.7
and 1.6, respectively, Table 1) are probably caused by
low C} values given by MARTIN and MEYBECK (1979).
For example, if the C| values of Li and Sr given by
GORDEYEV and LisSITSYN (1978) are used, the Coyr and
Cn are balanced (see values in parenthesis in Table ).
The high Cour/Cin ratios could also be caused by
additional inputs other than rivers, e.g. mid-ocean
ridges (EDMOND et al., 1979a). But one can rule out Sr,
since Sr is not enriched in hydrothermal solutions as
compared to ambient seawater (EDMOND et al,
1979a).

How to estimate chemical fluxes to and from the
mid-ocean ridges is still very much in dispute. For
example, WoLERY and Surep (1981) argue that the
water flux of 140 x 10'* g/yr for axial vents used by
WOLERY and SLEeP (1976) and EDMOND et al. (1979a)
1s at least a factor of 6 too high, i.e. 1/6 of this value is
on the ridge crest and 5/6 is on the ridge flanks.
Because of lower temperatures, the extent of the
basalt—seawater interaction should be less in the ridge
flanks than in the ridge crest, thus yielding lower
hydrothermal inputs than previously suggested. The
balance between Coyr and Cjy for Ca even suggests
that the mid-ocean ridges may not be an important
net source for Ca in the ocean.

According to Table 1, the dissolved river inputs of
Ca and Sr are mainly deposited in the ocean as carbo-
nates. About one-half of the dissolved Mg river input
1s deposited in the continental-shelf sediments and the
other half could be removed by basalt-seawater inter-
‘action in the mid-ocean ridge system. The dissolved
river inputs of K and U seem to end up mainly in the
continental shelf sediments. The dissolved Si river
input is probably deposited as pelagic siliceous oozes.

For the subgroup A, elements (Ni, Co, Mn, Ba, Mo
and B), the balance between inputs and outputs is
again satisfactory (Coyr/Vin = 0.9 ~ 1.3): therefore,
there is no need to invoke large sources other than
rivers to explain the high concentrations in oceanic
pelagic clay (C,,/Cs, = 2 ~ 10). The desorption or
remobilization of Mn, Co, Ni, Ba and, to a lesser
extent, Mo, from the riverine suspended particles dur-
ing and/or after deposition in estuarines and conti-
nental shelves (C, > Ci;) can supply the necded
amounts for the deep-sea sediments. A careful study,
of the Mn geochemical cycle in the Gulf of St Law-
rence by YEATS et al. (1979) demonstrated that this is
the case for Mn. Most of the Mn flux from the mid-
ocean ridges (EDMOND et al., 197%9a, b} may have been
deposited as basal metalliferous sediments near the
ridges (e.g. CRONAN, 1976). The average thickness of
the basal metalliferous sediments and oceanic sedi-
ments are about 10 and 500 m, respectively, and the
average concentration of Mn in basal sediments is
about [l times that in average oceanic sediments
(roughly the average of carbonaceous and noncarbo-
naceous sediments, CrRONAN, 1976). Therefore, the
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Table 1. The mass balance hetween river inputs {dissolved (1800 Cp) and particulate (C_ )]
and marine sediments [shale (0.99 Csh) and pelagic clay (0.06 Cop)’ all in ppm
0.99 ¢, 0.06 ¢ 1800 ¢, Cp Cout/ St Cop/Cstr
GROUP A:  Cqupp/Cpy > 0.7
Subgroup Aj: COP/CSh < 1.5
Al 79,000 5,000 100 94,000 0.89 1.1
Se 13 1.1 0.007 18 0.78 |
Ti 4,600 280 5. 5,600 0.86 1.0
Fe 47,000 3,900 70 48,000 1.1 1.4
Ga 19 1.2 47504 25 0.80 1.1
Cs 5.0 0.4 0.04 6 0.89 1.2
la 41 2.7 0.1 45 0.96 1.1
Ce 82 6.0 0.14 95 0.93 1.2
HA 38 2.6 0.07 35 L&l | 391
St 7.4 0.50 0.002 7 1.1 1.1
Fu 1.6 0.11 0.002 1.5 Bl 1.2
Lu 0.60 0.04 0.002 0.5 1.3 1.2
Th 12 0.8 0.08 14 0.90 1.1
v 130 742 1.6 170 0.79 0.92
fh 140 7 2 100 1.4 0.79
Cr 89 3.4 1.8 100 0.93 1.0
Si 273,000 15,000 12,000 285,000 0.97 0.91
Li 65 3.4 5.4 25 (st 2.3 (.2t 0.86
K 26,000 1,500 4,140 20,000 Tl 0.94
U 3.6 0.16 0.7 3 L) 0.70
As 13 0.8 3.6 S 1.6 1.0
Mg 14,800 1,200 7,380 11,800 0.83 L&
Ca 21,900 27,700%%* 27,000 21,500 1.0 1.3
St 300 170% %% 130 150 (int 1.7 (.2t 0.60
Subgroup Aj: op/csh > .5
Ni 67 14 0.5 90 0.89 3.1
Co 19 4.4 0.2 20 1.2 3.9
Mn 840 400 13 1,050 1.2 7.9
Ba 570 140 36 600 1.1 4.0
B 99 14 18 70 1.3 2.3
Mo 2.6 1.6 11 3 1.0 10
F 730 78 180 - = 1.8
GROUP B: COUT/C[N < 0.7
Subgroup B;: Cop/csh > 1.4
? 690 90 36 1,150 0.606 2al
Cu 45 15 13 100 0.53 5.6
Pb 20 4.8 5.4 150 0.16 4.0
Zn 94 9.9 36 350 0,27 1.7
cd 0.29 0.03 0.12 1 0.29 1.4
Au 0.00099 0.00016 0.0036 0.04 0,026 2.6
Ag 0,069 0.0066 0.94 3 0.021 1.a6
Na 9,500 2,400 11,340 7,100 0.65 4.2 (3.0)k%
Cl 179 1,260 ° 14,000 — <0.10 116 (0)**
Br 4.0 442 36 S 0.20 18 (~0)**
Subgroup By: Cnp/csh < 0.7
Heg 0.40 0.006 0.13 0.65 0.52 0.25
Sb 1.5 0.06 3.6 2.5 0.25 0.67
S 2,380 78 6,660 - <0.37 0.54 (0.13)**
1 2.2 0.003 13 - <0,17 0.023 (~0)**
Se 0.59 0.01 0.36 = = 0.02
Sn 59 0.09 0.07 = # 0.25
I 1.8 0,06 0.05 = - 0.56
* Cont = 1800 Cpi+Cpl, coprl = 0.99 Copl+0.06 Cypl.

** Corrected for sea salts.
*** Including oceanic carbonates (=0.08 C_ ).
+ Cp, data from Gordeyev and Lisitsyn (1978).

amount of Mn in the basal metal-rich sediments is
only about 24% of that in the overlying oceanic sedi-
ments. Also the basal metalliferous sediments can be
considered geochemically as a part of the oceanic
basalt, since they deposit within or at the surface of
the oceanic basalt and are most likely to be subducted
along with the oceanic basalt at the plate boundaries.
Of course, considering the uncertainty of the data,
one can allow about 20% of the Mn and Co

{Cour/Cin = 1.2) and 309 of the B (Coyr/Cix = 1.3)
in the oceanic sediments to be supplied from the mid-
ocean ridges. EDMOND et al. (1979b) estimated that the
mid-ocean ridges alone can supply about one-to-three
times the total manganese deposition rate observed in
deep-sea sediments today. Apparently their flux calcu-
lations for Mn as well as those for other elements are
over-estimated (as mentioned before). Since Mo is not
enriched in Reykjanes hydrothermal solutions
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(BJORNSSON et al., 11972) and Ni is even depleted in
hydrothermal solutions from the mid-ocean ridges
(EDMOND et al., 1979b) compared to ambient sea-
water, the mid-ocean ridges also cannot be important
sources for Ni and Mo in the deep-sea sediments.

Except for Cl and Na, the Group B elements all
belong to the ‘biophile’ elements. The excess river
inputs of Group B elements, defined here as equal to
Cin — Cour (Table 2), probably can be supplied, (as in
the case of marine aerosols) by (1) volcanic gases,
volatilization of metals from land vegetation or sur-
face rocks, (2) recycling from the surface ocean
through the atmosphere as marine aerosols and back
to rivers by rain, and (3) pollution input or, (4) simply
caused by bad data. If the excess river inputs are
solely caused by the first processes, then in a steady
state ocean, excess river inputs to the ocean should be
balanced by sinks somewhere other than the ocean
sediment reservoirs, e.g. the mid-ocean ridges. The
flow rate of seawater through hydrothermal systems
at the mid-ocean ridges is estimated, at most, at about
140 x 10'% g/yr (WoLErY and SLEep, 1976, 1981), as
compared to the annual river inflow rate of
3300 x 10'S g/yr (GARRELs and MACKENZIE, 1971).
Therefore, even if all of the dissolved P, Cu, Pb, Zn,
Cd, Au, Ag, Hg, Sb, Se, Sn and W were taken up by
mid-ocean ridges as seawater flowed through the
hydrothermal systems, the mid-ocean ridges could
take up at most only a few percent to a fraction of
one percent of the excess river inputs. According to
the data given by BIORNSSON et al. (1972), the mid-
ocean ridges may even be sources for Br and I
Alternatively, it is plausible that the excess river
inputs to the ocean by the first processes could be
released from the surface ocean and transported as
marine aerosols back to the continents. Therefore, the
next question is how efficient is the marine aeroso!
recycling process.

If one assumes that the cxcess river input of chlor-

ine (= CF — CSuy) is entirely transported from the

Table 2.
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ocean as marine acrosols, then the marine aerosol
contribution to the excess river inputs for the Group
B elements can be estimated roughly by

i G C1 15|

ma/ Cona (Cin — Cour)
where €% /CS! is the concentration ratio of element i
and chlorine in the marine aerosols.

The results are given in Table 2. North Atlantic
aerosols (BUAT-MENARD, 1979) are assumed to be rep-
resentative of northern hemisphere aerosols. Ad-
ditional data for W, P and Sn are from RauN (1976),
S from CuUONG et al. {1974) and I from MOYERS and
Duce (1972).

The marine aerosol contributions can almost en-
tirely explain the excess river inputs of Br, I, Na, Cd
and Hg (within a factor of 1.5, Table 2). It is well
documented that 1 can be effectively released from
seawater by bubbling during U.V. irradiation (e.g.
SeTo and Duck, 1972). The exact chemical forms of
the released I are yet unknown. However, LOVELOCK
et al. (1973) detected appreciable amounts of methyl
iodide (CH;I) over the North Atlantic and suggested
a biological origin in the ocean. As shown in the last
section, Hg and Cd are the very elements which have
strong natural sources for marine aerosols. If the
enriched Hg and Cd in marine aerosols are primarily
of marine origin, one can conclude that the cxcess
river inputs of Hg and Cd into the ocean are supplicd
by volcanic exhalation and volatilization from land
vegetation or surface rocks, but these elements are
mostly redeposited on the continents by transport
from the air-sea interface through bubbling and/or
biological activity. On the other hand, if Hg and Cd
in marine acrosols are mainly supplied from the con-
tinents through the atmosphere, then the excess river
inputs of Hg and Cd into the occan have no sink
(neither the mid ocean ridges nor atmosphere). There-
fore, they should be predominantly pollution inputs
(or simply caused by bad data). The conclusion of

The excess river inputs (CIN_COUT) of the Group B elements

and the marine aerosol contributions to the excess river inputs
(Cmai/cmaC1 [C[NC1 - CoUTC1l), all in ppm unit.

S Cour Chal/CraCl (C1nCl-coyr®hy
Subgroup Bj: Coplcsh > b
P 400 5
Cu 53 7
Pb 130 40
Zn 280 50
Cd 0.8 1
Au T.042 T.003
Ag 3.5 0.12
Na 6,540 9,000
c1 12,360 17,550
Br 3 2
Subgroup Bj: Ccplcsh < 0.7
g 0.37 0.3
Sb 4.6 1.
S >4,200 2,400
1 510 12
Se - 1
Sn . 0.3
w - 0.05
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SLEMR et al. (1981) that gaseous Hg in marine air
mostly originates from continental sources tends to
support the latter explanation. However, it is still dif-
ficult to explain why the anthropogenic inputs of Hg
and Cd should greatly affect river concentrations but
not marine aerosols.

The excess river inputs of S are about two times,
and of P, Pb, Cu, Zn, Sb, Ag and Au at least 4 times,
greater than the marine aerosol contributions which,
in turn, contain large pollution components. There-
fore one can conclude that the excess river inputs of
P, Pb, Cu, Zn, Sb, Ag, Au and S are largely caused by
pollution and/or bad data.

One may argue that the excess river inputs of these
elements are artifacts caused by ignoring some orga-
nic-rich sediments (which may be enriched in these
clements) in the mass balance calculation (eqn 1).
However, the concentrations of Pb, Cu and Zn in
average Black Sea sediments (HirsT, 1974) and black
shale (VINE and TOURLELOT, 1970) are not greatly dif-
ferent from the average shale (TUREKIAN and WEDE-
POHL, 1961), indicating remobilization before or dur-
ing burial. Therefore, on a mass basis, organic-rich
sediments cannot be an important sink for Pb, Cu
and Zn as compared to the shale and pelagic clay
sediment reservoirs.

THE INTERNAL CYCLES OF
ELEMENTS IN THE OCEAN

For convenience, oceanic pelagic clay (Ci)) is used
as the standard material for the calculation of EY; in
this section. The E%Y’s in zooplankton, fecal pellets
obtained from the surface waters off Monaco
(FowLEer, 1977; HIGGO et al.,1978) and sediment trap
samples from the Sargasso Sea (SPENCER et al., 1978;
BREWER ¢t al., 1980) are shown in Fig. 4. Excluding
elements related to the aluminosilicate detritus phase
(e.g. Eu, Th, Sc and Fe), the E4’s in fecal pellets are
always much lower than that in zooplankton (Sb is
the exception, probably due to analytical uncertainty
or sample contamination), perhaps caused by the
dilution effect of ingested inorganic detritus particles
which are low in those elements. The EY,’s of Cu, Zn,
U and I in the sediment trap sample at 5400 m are
much lower than that at 1000 m (Fig. 4), indicating
the remineralization of these ‘biophile’ elements dur-
ing the settling of fecal pellets.

The settling of fecal pellets and fecal aggregates has
been suggested as the major transport mechanism of
elements from the surface to deep oceans (e.g. CHERRY
et al.,, 1978; BisHoP et al., 1978). The depletion of Mn,
Co and Ni (Ey, < 1) in fecal pellets, as well as in the
sediment trap samples from the Sargasso Sea
(SPENCER ¢t al., 1978), as compared to pelagic clay
(Fig. 4), however, indicates that the settling of fecal
pellets, as well as manganese-enriched particles (the
sediment traps should have collected settling manga-
nese-enriched particles if they do exist), is not the
major transport mechanism for Mn, Co and Ni from
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the surface to deep oceans and to the sediments. For a
series of sediment trap samples in the Atlantic off
Barbados (BREWER et al., 1980, site E) the Mn/Al and
Co/Al ratios, and therefore their E}'s, increase with
depth, but E4/'s for Mn and Co are still less than one
(0.09 at a water depth of 389 m increasing to .15 at
5086 m for Mn and 0.21 at 988 m to 0.35 at S08 m
for Co). CoBLER and DYMOND (1980) also have shown
that the fluxes of Mn and Ni to the surface sediments
near the Galapagos Spreading Center are two to three
times greater than the values measured in traps de-
ployed 20 and 100 m above the bottom in the same
area. According to MARTIN and KNAUER (1980), an
appreciable amount of Mn in the sediment trap
samples collected in near-shore California waters is
released to the high density NaCl solution (containing
5% formalin) inside the traps. But even after correct-
ing the released Mn back to the samples, the EX! in
the sediment trap samples (from water depth of
35-1500m) is still as low as 0.17-0.11. Therefore, in
conclusion, the dissolved Mn, Co and Ni in the deep
ocean may be adsorbed directly by pelagic clays at
the sediment-water interface.

The flux of Mn from the surface to deep oceans by
downwelling (due to the higher concentration in the
surface waters than in the deep waters) and particle
sinking is estimated to be about 5% (BENDER et al.,
1977) to 33% (MARTIN and KNAUER, 1980} of the Mn
accumulation rate in pelagic sediments. Therefore, in
a steady state ocean, the deep occan needs Mn
sources other than the surface ocean. The most likely
sources are the continental margins. As discussed
earlier, the remineralized Mn in coastai waters may
be partly transported to the surface occan but largely
should be transported to the deep ocean near the con-
tinental margins by processes such as benthic nephe-
loid transport of Mn-enriched particles across the
shelves and slopes and redissolution at depth in
reducing environments. The mid ocean ridges may
also contribute some Mn to the deep ocean.

If one assumes that the settling of fecal peliets is the
major transport mechanism of e¢lements (except Mn,
Co and Ni) from the surface to the deep ocean and to
pelagic clay (e.g. CHERRY et al., 1978}, then the redis-
solution rate of element i into the deep ocean water
column from fecal pellets, I}, should be

Ity = (CH/CR) Copg M — Cop' M

P

=(Eh = D Chr M

(3a)

(3b)
where

io/Cf = the concentration ratio of elements i
and Al in fecal pellets
M = average sedimentation rate of pela-
gic clay ~ 03 + 01 x 1073
g/em?yr (Ku et al., 1968).

The first term on the right hand side of eqn (3a) rep-
resents the total flux of element i carried down to the
deep ocean by fecal pellets and on the second term,
the net deposition rate on the ocean floor.
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Fig. 4. Plot of the enrichment factors of various elements (pelagic clay as the standard) in zooplankton,

fecal pellets and sediment trap samples vs log (C,,/C\,). The dashed lines represent the enrichment of

elements in deep ocean water relative to surface water as functions of log EY, and log €', /C¥,, in a steady
state ocean.

On the other hand, according to BROECKER's (1971)
two-box occan model, '}‘, also should be equal to
R{[D] — [S']! in a steady state ocean where [D‘]
and [S7] are the average concentrations of element i
in the deep ocean box (3600 m) and the surface ocean
box (200 m), respectively. R is the water exchange rate
between the two boxes with an estimated value of
about 3 + I m/yr {(~300 g/cm? yr). Therefore,

(Eai — D) Cop'M = R{[D] — [S]} ()

Since Ci, ~ [D'], (C, = average concentration in
secawater) eqn (4) can be rewritten as

(Eai = 1) Cop/ChusM = R{1 = [ST/[D']}  (3)

The interrelationship among EY,, C%/Ct, (distribu-
tion coefficient) and [D']/[S*] from eqn (5) is shown
by the dashed lines in Fig. 4.

If the data points for fecal pellets fall above the line
of [D)/[S'] = 10 to infinity in Fig. 4 (e.g. Pb, Cu, Zn),
the left-hand side of eq (5) would always be greater
than the right-hand side. Therefore the condition of
the steady state ocean is violated. In other words,
fecal pellets would carry too much of these ¢lements
to the deep ocean and cause a steady increase in con-
centration in the deep ocean. The conclusion is that
Pb, Cu and Zn in fecal pellets and the sediment trap
samples at 1000 m depth may already contain a large
fraction of pollution components, thus causing a vio-
lation of the steady state ocean condition,

Similarly, since the EY, values of ‘biophile’ elements
in marine plankton (Figs 2A and 4) and in fine sus-
pended particles (Fig. 2A) mostly fall above the line of
[D')/[ST] = 10 to infinity, one can rule out the direct
settling of marine plankton and fine suspended par-
ticles as an important transport mechanism of the

aroa 458711 —a

‘biophile’ clements from the surface ocean to the deep
ocean. BUAT-MENARD and CHESSELET (1979) arrive at
the same conclusion through the calculation of vert-
cal fluxes of elements associated with small and large
particles in the ocean.

Since Ci,/CL, values for elements such as rare
carths, Th, Sc, Al etc., are so large (> 107) (or C, so
low), these elements can be casily enriched in the decp
ocean water relative to the surface water by slight
dissolution from any settling particles 4s in the case of
Al (HYDES, 1979), rarc carths (GOLDBERG ¢t al., 1963),
Sc (BREWER et al., 1972), etc. The amount of dissolu-
tion, however, is limited by solubility and is small
compared to the total flux to the sediments. There-
fore, it is still safe to use Al as well as Sc, Th, etc., as
the normalizing element to derive eqns {3) <(5). In
Fig. 4, the Eu and Fe data for fecal pellets also fall
above the line of [DY/S7] = 10 to infinity. However,
Eu and Fe are not ‘biophile’ elements, i.e. their regen-
eration in the water column though biological activity
should be small (e.g. E4’s of Eu and Fe for plankton
and fecal pellets are the same). Since there is only one
analysis of fecal pellets by FowLer (1977), slight
enrichment of Eu and Fe in fecal pellets as compared
to the average pelagic clay may represent only the
high side of their natural variability.

The [D']/[S] values are roughly known for some
‘biophile’ elements, e.g. I (WONG and BREWER, 1974),
Zn, Cu, Cd and Ni (Bruranp, 1980), Hg (MUKHERJI
and KESTER, 1978), and Se (MEASURES and BURTON,
1980). Using the known [DJ/[S] and CL /CL, valucs
for these elements, the E', values in the settling par-
ticles can be predicted from eqn (5). The results are
shown in Fig. 4 as double circles. The calculated EY,
values for Cd, Hg, Se and I in the settling particles are
very similar to those in fecal pellets or sediment trap
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samples at 1000 m. This fact further supports the con-
tention that fecal pellets are the main carriers of the
‘biophile’ elements from the surface to the deep
oceans. Even though the fecal pellets and sediment
trap samples at 1000m are enriched in U, the
[D'1/[S] value for U should be less than 1.01 (Fig. 4).
The field observation by Ku et al. (1977) confirms this
prediction. Similarly, one can predict that the
[D']/[S7] ratio for V should be less than 1.05 and for
Ag. Cs, and Cr around 1.05 to 2. Equation (5) cannot
apply to Ni, since the accumulation of Ni in deep sea
sediments 1s largely by direct adsorption at the sedi-
ment-water interface, as discussed earlier, and prob-
ably a small fraction by the settling of fecal pellets to
account for the small increase in the Ni concentration
with depth (BRuLAND, 1980). Certainly we need more
data to substantiate or disprove many preliminary
contentions in this paper.

SUMMARY AND CONCLUSIONS

(1) The cnrichment of ‘biophile’ elements (Pb, Cu,
Zn, Cd. Sb, As. Hg, Ag, Au, Se, S, etc)) in pre-1900
Greenland snows indicate their natural sources other
than sea salt and continental soil particles.

(2) Enrichment factor calculations and R-mode
factor analysis show that post-1960 Greenland snows
and North Atlantic aerosols contain large pollution
inputs of Pb, Cu, Zn, Ni, Sh, Ag, Au, S and probably
Se, while Hg and Cd are mostly from natural sources
which over-shadow the pollution input signals.

(3) The balance between the river input rates and
the oceanic sedimentation rates for the Group A ele-
ments (Table {) indicates that mid-ocean ridges are
not important sinks or sources for thesc elcments.

(4) The high concentrations of Mn, Co, Ni, Ba and
Mo (all Group A elements) in oceanic pelagic clays as
compared to the average shalc are supplied by the
desorption or remobilization of these elements from
riverine suspended particles during and/or after depo-
sition in estuarines and continental shelves.

{5) The excess river inputs of Hg, Cd, I, Br and Na
into the ocean can be balanced by recycling of mar-
ine aerosols from the ocean to the continents. The
calculated excess river inputs of P, Pb, Cu, Zn, Au,
Ag, Sb and S are attributed to pollution inputs and in
some cases probably bad data.

(6) The settling of fecal pellets and fecal aggregates
is the most impertant vertical transport mechanism of
elements (except Mn, Co and Ni) from the surface to
the deep oceans. The direct settling of planktonic
detrital materials is shown not to be an important
transport mechanism.

(7) The transport of Mn, Co and Ni from coastal
environments to the deep ocean may involve benthic
nepheloid transport of metal-enriched particles across
the continental margins and redissolution. The dis-
solved Mn, Co and Ni in the deep ocean may have
been adsorbed directly by pelagic clays at the sedi-
ment-water interface.

Yuan-Hur Ls

(8) Fecal pellets and sediment trap samples at
1000 m depth may contain large pollution com-
ponents of Pb, Cu and Zn which are probably already
causing a steady increase in the concentrations of
these elements in the deep ocean.
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