Sediments and Soils: Chemistry and Abundances

Scott M. McLennan

1. INTRODUCTION

The continental crust is widely cxposed to the
hydrosphere, biosphere and atmosphere. Most primary
ignecous and metamorphic minerals within the crust,
typically forming at elevated pressures and temperatures,
are thermodynamically unstable at or near the surface of
the earth. Accordingly, a fundamental process of crust-
exosphere interaction is the chemical and physical
weathering of crustal rocks to form soils and sediment.
Calculating the magnitude and efficiency of this process is
not a simple matter for a number of reasons, not Icast
being that some 70% of the earth's weathering profiles are
formed on sediments and sedimentary rocks and that clastic
sediments are themselves largely derived from pre-existing
sedimentary rocks.

2. SEDIMENTS

2.1. Mass and Fluxes of Sediment

The overall sedimentary mass is rcasonably well known
to be about 2.7x1024 g, of which between 85-90% is
found on continents, including the exposed continents,
submerged platforms and passive margins [41]. Prccise
estimates of the mass of unconsolidated scdiment (as
opposed to sedimentary rocks) are not rcadily available and
are difficult to make. Sediment consolidation is a
complex process with no simple relationship with either
age or depth of burial. Estimates of the mass of Cenozoic
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sediments and sedimentary rocks, by tectonic setting, are
given in Table 1. A number of workers have examined
changes in the sedimentary mass over time in order to
understand sedimentary recycling processes [e.g., 10-12,
32, 33, 40, 41] and the rcader is referred there for further
discussion.

In contrast, considerable effort has gonc into estimating
sediment flux from continents into scdimentary basins
(notably oceans). Table 2 lists estimates for the
particulate flux to the oceans according to transport
mechanism.  The overall flux is cstimated at about
22x1015 g yr'l and is dominated by fluvial transport,
especially of suspended material. Applicability of such
estimates, even for the recent geological past, is uncertain
due to strong anthropogenic effects (see below).

Table 3 lists the suspended sediment fluxcs to the
oceans for the major rivers of the world. An important
feature is the large anthropogenic effects on riverine
sediment fluxes associated with dam construction and
agricultural practice [e.g., 22-24]. Thus, the Colorado
River had one of the largest sediment yields prior to dam
construction, but now delivers negligible scdiment to the
lower reaches. Other rivers that have been or shortly will
be similarly affected include the Nile, Indus, Mississippi,
Zambesi and others. In contrast, accelerated erosion
resulting from agricultural activity has increased sediment
flux for many rivers; for example, the Huangho River
sediment load may be an order of magnitude greater than
pre-agricultural rates [25]. In Table 4, suspended flux is
compiled according to region. The present global flux of
suspended sediment is about 20x1013 g yr-1, however if
the competing effects of dam building and accelerated
erosion are accounted for, the pre-agricultural rat¢ may be
as low as 7-13x1015 g yr-1 [21-24), resulting in an
overall sediment flux to the oceans of about 9-15x1015 g
yr'1, all other rates being equal (see Table 2).



TABLE 1. Preserved Mass of Cenozoic Sediment, by

Tectonic/Sedimentary Setting.
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TABLE 3. Suspended Sediment Flux to the Oceans
From Some Major Rivers of the World.

Drainage Sediment Sediment
Area Discharge Yield Rank?

Mass
Tectonic Setting (1021g)
Platforms 531
Other Continental Settings 98.7
Passive Margins 140.8
Marginal Basins 121.8
Deep-sea Fans 13.2
Abyssal Plains 91.2
Pelagic 116.6
Cenozoic Total 6354

Compiled from [11, 12, 32, 33, 41].
Data for Platforms and Other Continental Settings arc for
Paleocene through Pliocene only.

Complimentary estimates of mass and average
sediment accumulation rates are available for the ocean
basins. The overall mass of sediment found in the various
ocean basins are compiled in Table 5 according to
lithology. The estimated acccumulation rates are given in
Table 6, and there is reasonably good agreement among
various workers. There is a large discrepancy between
estimated particulate flux to the ocean (22x1015 gyrl;
Table 2) and average accumulation rates of terrigenous and
volcanogenic sediments in the ocean basins (3.9x1015 g
yr-1; Table 6). This is the result of a combination of a
large amount of sediment being trapped in estuaries and on

TABLE 2. Total Particulate Flux to Oceans.

Flux
Sediment (1015g yrly
River suspension 20.0
River bedload and storm 1.50
Marine Erosion 0.25
Glacial 0.20
Aeolian 0.07
Extraterrestial 0.003
World Total 22.0

Data compiled from [10, 23, 24, 31].

River (105km2)(10!2g yr'ly (106g km2
yr'l)
Amazon 6.15 1200 195 1
Amur 1.85 52 28
Colorado 0.64 0.01 0.02
Colorado {(pre-dam) 190
Columbia 0.67 10 15
Colum. (pre-dam) 70
Congo (Zaire) 3.72 43 12
Copper 0.06 70 1,167
Danube 0.81 67 83
Fly 0.076 115 1,513
Ganges/Brahmap. 1.48 1,060 716 2
Godavari 0.31 170 550 8
Haile 0.05 81 1,620
Huanghe (Yellow) 0.75 1,050 1,400 3
Hungho (Red) 0.12 130 1,100
Indus 0.97 59 61
Indus (pre-dam) 258
Irrawaddy 043 220 620 5
LaPlata 2.83 92 33
Lena 2.49 12 5
Mackenzie 1.81 42 23
Magdalena 0.24 220 917 6
Mekong 0.79 160 202 9
Muississippi 3.27 210 64 7
Mississ. (pre-dam) 200
Narmnada 0.089 125 1,404
Niger 1.21 40 33
Nile 3.03 ®)] ©)
Nile (pre-dam) 40
Ob 225 16 6
Orange 0.89 17 19
Orange (pre-dam) 100
Orinoco 0.99 150 152 10
Parana 2.83 79 30
St. Lawrence 1.03 4 3.9
Tigris-Euphrates  1.05 753 750
Yangtze 1.81 480 265 4
Yenisei 2.58 13 5
Yukon 0.84 60 s
Zambesi 1.20 20 17
Zambesi (pre-dam) 35

Data compiled from [13, 22-24] with minor allerations to

some drainage areas.

3Rarnk is by Sediment Discharge.
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TABLE 4. Suspended Sediment Flux to the Oceans From Major Regions of the World.

Drainage Continent

Surface Drainage Sediment Sediment Sediment
Area Arca Discharge Yield Yield

Continent (10%km?) (10%km?) 1012g yr'ly (10 km2yr'l) (105 km2 yr'l)

Eurasia (excl. Islands® 48.2 32.7 6,800 208 141
S.E. Asian Islands? 33 30 7,600 2,533 2,303
North & Central America 28.2 17.5 1,500 86 53
Affica 30.5 15.3 700 46 23
South America 194 17.9 3,300 168 155
Antarctica 4.10 ©) V) © ()]
Australia (excl. Islands?) 8.2 2.2 65 30 8
Arabia 4.11 ) (V) (0)] (®)]
World 146.0 88.6 19,965 225 137

Data compiled from {5, 23, 24].
2Japan, New Guinea, New Zealand, Indonesia, Philippines, Taiwan and other S.W. Pacific islands (see [23]).

TABLE 5. Mass of Sediment in the Ocean Basins.

-—--Biogenic Pelagic----

Ocean Terrigenous Volcanogenic Carbonate Siliceous  Total
(10%1g) (10%1g) (10%1g) (10%1g)  (10%1g)
North Adantic 69.4 0.7 7.6 1.6 79.3
South Atlantic 34.6 0.0 35 0.5 38.6
North Pacific 19.7 3.7 4.6 2.8 30.8
South Pacific 13.8 1.5 9.5 4.1 28.9
Indian 52.4 0.4 18.0 2.5 73.3
Other? (19) (5 @ ()] 24.5
World Totals 208.9 6.8 47.2 12.5 2754
Hay et al. [14]° 141.7 49 107.5 7.9 262.0

Data compiled from [12, 14].

2Basins not considered by Howell and Murray (12], including Arctic, Norwegian-Greenland Sea and
parts of the Antarctic (see [14]). Lithologic proportions assumed to be equivalent to global averages.
bValues calculated on the basis of total pelagic sediment of 140 x 102! g. Terrigenous component
includes 24.6 x 1021g of pelagic red clay.



TABLE 6. Accumulation Rate of Sediment in the Ocean Basins.

Average ----Biogenic Pelagic----
Ocean Age Tem'sgenous Volcanogenic ~ Carbonate Siliceous Total

10%n  aoBgyrly @olgyrl) aoBgyrl)  aoBgyrl)  (10l5gyrl)
North Atlantic 71.1 0.97 0.009 0.11 0.023 1.12
South Atlantic 63.1 0.54 0.0 0.05 0.007 0.61
North Pacific 58.2 0.35 0.066 0.08 0.046 0.53
South Pacific 43.9 0.32 0.033 0.22 0.092 0.66
Indian 55.4 0.95 0.007 0.33 0.046 1.32
Other? (55.3) (34) (.009) 07 (.018) (44)
Averages 553 3.78 0.124 0.86 0.232 4.98
Hay et al. [14]b 2.56 0.089 1.94 0.143 4,74
Lisitsyn et al. [17]¢ 1.92 1.20 0.191 3.31
Gregor [11]4 2.30 1.89 4.20

Data comniled from 12, 141
sata coplied oM 14, 15

2Basins not considered by Howell and Murray [12], including Arctic, Norwegian-Greenland Sea and parts of the
Antarctic (see [14]). Lithologic proportions and age assumed to be equivalent to global averages.
bValues calculated on the basis of total pelagic sediment of 140 x 102! g. Terrigenous component includes 24.6 x
1021g of pelagic red clay.
“Values of Lisitsyn et al. [17] increased by 10% since all oceans were not included in their survey.
dTerrigcnous component includes all non-pelagic sediment. Data from [11].

TABLE 7. Average Upper Continental Crust and Various Average Sedimentary Compositions.

Upper Average Average

Continental Average Average River Pelagic
Element Crust? SedimentP Mud® Particulated Loess® Clayf
Li  (ppm) 20 21 30 25 30 57
Be  (ppm) 3 22 3 - 2 2.6
B (ppm) 15 75 100 70 - 230
Na (wt.%) 2.89 1.25 0.89 0.71 14 4.0
Mg (wt.%) 1.33 1.85 14 1.2 0.68 21
Al (wi%) 8.04 7.10 10.3 9.4 6.9 8.4
Si (wi%) 30.8 30.0 29.9 28.9 35.7 25.0
P (ppm) 700 665 700 1150 - 1500
K (Wt%) 2.80 2.35 32 2.0 1.9 2.5
Ca (wit%) 3.00 6.40 0.93 2.2 0.79 0.93
Sc  (ppm) 11 14 16 18 8 19
Ti  (wt%) 0.30 045 0.60 0.56 0.41 0.46
\Y (ppm) 60 110 140 170 73 120
Cr  (ppm) 35 74 100 100 44 90
Mn (ppm) 600 680 850 1050 560 670
Fe  (wt%) 3.50 4.00 5.1 4.8 2.4 6.5
Co (ppm) 10 16 20 20 11 74
Ni  (ppm) 20 40 60 %0 20 230
Cu (ppm) 25 40 50 100 18 250
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TABLE 7. Continued.

Upper Average Average
Continental Average Average River Pelagic
Element Crust? Sediment? Mud® Particulated Loess® Clayf
Zn  (ppm) 71 65 85 350 60 200
Ga (ppm) 17 16 20 25 14 20
Ge  (ppm) 1.6 1.5 2 - - 2
Rb  (ppm) 112 110 160 100 85 110
St (ppm) 350 385 200 150 192 18
Y  (ppm) 22 21 27 28 25 40
Zr  (ppm) 190 210 210 - 375 150
Nb  (ppm) 25 17 19 - 20 14
Mo (ppm) 1.5 -~ 1.0 3 - 27
Cd  (ppb) 98 - - 1000 - 300
Sn (ppm) 5.5 5 6 - 5 3.0
Cs  (ppm) 3.7 4.5 6 6 4 6
Ba  (ppm) 550 480 650 600 625 2300
La  (ppm) 30 28.3 38.2 46 35.4 42
Ce  (ppm) 64 58.9 79.6 88 78.6 80
Pr  (ppm) 7.1 6.52 8.83 9.0 8.46 10
Nd  (ppm) 26 249 33.9 33 339 41
Sm  (ppm) 4.5 423 5.55 7.0 6.38 8.0
Eu (ppm) 0.88 0.86 1.08 1.5 1.18 1.8
Gd  (ppm) 3.8 3.61 4.66 5.4 4.61 8.3
Tb  (ppm) 0.64 0.60 0.774 0.89 0.81 1.3
Dy (ppm) 3.5 3.61 4.68 5.4 4.82 7.4
Ho (ppm) 0.80 0.76 0.991 1.1 1.01 1.5
Er  (ppm) 2.3 2.19 2.85 3.1 2.85 4.1
Tm  (ppm) 0.33 0.31 0.405 0.44 0.40 0.57
Yb (ppm) 2.2 2.14 2.82 3.2 2.71 3.8
Lu  (ppm) 0.32 0.33 0.433 0.52 0.42 0.55
Hf  (ppm) 5.8 55 5.0 6 114 4.1
Ta  (ppm) 2.2 1.5 2 1.25 - 1
W (ppm) 2.0 2.1 2.7 - 1.6 1
Pb  (ppm) 20 17 20 150 13 30
Bi  (ppb) 127 - 250 - - 550
Th  (ppm) 10.7 104 14.6 14 11.3 134
U (ppm) 2.8 2.3 3.1 3 2.5 2.6

3From Taylor and McLennan [37). Additional elements available in original reference.

bNew estimate based on geochemical data from many sources. Weighted average based on relative distribution of
sedimentary lithologies during the Cenozoic [31, 32]. Proportions adopted are: Mud : Sand : Carbonate : Evaporite :
Siliceous : Volcanogenic =59 : 16 : 13:2:1: 9.

®Volatile- and carbonate-free basis; assumed equivalent to average shale with minor ammendments [37].

dFrom Martin and Meybeck [18]. REE estimated assuming smooth chondrite-normalized pattern [see 20].
Concentration of a number of elements is strongly affected by anthropogenic factors (e.g. Cd, Pb).

©On a carbonate-free basis. Tm and Lu estimated from chondrite-normalized diagrams. From Taylor et al. [38].

fSee Taylor and McLennan [37] for details and sources. Includes 1300ppm F and 2.1% Cl. Additional elements
available in original reference.



the shallow continental margins [17] and subduction and
cannibalistic recycling of continental margin and occanic
sediment [12, 40, 41].

2.2. Chemical Composition of Sediments

The major factors controlling the chemical composition
of sedimentary rocks are discussed in Garrels and
Mackenzie [10] and Taylor and McLennan [38]. Table 7
lists estimates of the average composition of several
sedimentary reservoirs and the upper continental crust. An
estimate for the average composition of loess is included
because unconsolidated and semi-consolidated loess
deposits cover approximately 10% of the carth's surface
[31] and there is a growing appreciation that aeolian
material is an important component in many soils (sec
below).

A new estimate for the average composition of sediment
was determined by compiling, from numerous sources,
average compositions of the various classes of sediment
(mud, sand, carbonate, volcanogenic, evaporite, siliceous)
and averaging by giving weight according to their relative
abundances in the Cenozoic [32, 33]. Average trace
element abundances for lithologies such as carbonates,
evaporites and siliceous sediments are difficult to estimate;
there is a meagre data base and few systematic studies that
evaluate the role of minor terrigenous material in
controlling the trace element composition of such
lithologies. For this estimate, trace element abundances
for carbonate, evaporite and siliceous sediments are
assumed to be negligible except in certain obvious cases
(e.g., Sr in carbonates; B and Ba in siliceous sediment).
This assumption likely introduces no more than 5%
uncertainty due to the relatively low abundances of these
sediments in the geological record. The volcanogenic
component was assumed to be equal to average island arc
volcanic rock [38]. This cstimate of average sediment
reflects the long-standing observation that the sedimentary
mass does not match upper crustal abundances, but is
enriched in ferro-magnesian elements, Ca and B and
depleted in Na. These features may be attributable to a
combination of preferentially sampling undifferentiated
crust at continental margins (e.g., arcs) and perhaps
carbonatecs and recycling sedimentary rocks that have
undergone a previous weathering history. Enrichments in
B result from adsorption from seawater, with an ultimate
hydrothermal origin.

3. SOILS

3.1. Soil Distribution
Soil nomenclature is complex and there are many
classification schemes in use around the world, mostly
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geared to meet agricultural needs. Details of
classification, characteristics, timing and global
distribution of the various types of soils are available in
standard texts [e.g., 4, 26, 35, 37, 42]. In Table 8, the
major soil orders, defined by the United States
Comprehensive Soil Classification System, are described
in terms of general characteristics, environment of
formation and arcal extent. Although rarely considered,
soil distribution is also affected by plate tectonic
associations [9]. A useful scheme, the Jackson-Sherman
weathering stages, is based on the dominant clay fraction
mineralogy [e.g., 35]. Soil develops from (1) Early Stage
(primary silicates, gypsum, carbonate in clay {raction)
under reducing conditions with low water flux; through (2)
Intermediate Stage (quartz, dioctohedral mica/illite,
vermiculite/chlorite, smectites) under conditions of
ineffective leaching, moderate alkalinity and oxidation;
through (3) Advanced Stage (kaolinite, gibbsite, iron and
titanium oxides) under conditions of intensive leaching,
oxidation and low pH.

The mass of soil at the earth's surface is immense. If
we assume an average depth to unweathered rock of 0.5 m
and an average density of 1.5 g cm-3 (both likely lower
limits), at least 1020 g (perhaps more realistically 5x1020
g) of soil is present (the degree to which this material is
weathered is, of course, highly variable). This compares
with an annual sediment flux of about 1016 g yr-1 (Table
2 and above discussion), suggesting an expected residence
time for soil of >10% years (not all sediment is derived
from soil). The anthropogenic influence on soil
distribution is apparent from the estimate that about 0.7%
of the carth's topsoil currently is lost annually [8].

3.2. Weathering: Mineralogy and Chemistry
In Table 9, some major weathering reactions are listed
along with the corresponding Gibbs free energies [7].
Such data, calculated for unit activities and standard
pressure and temperature, reflect the intrinsic instability of
most primary igneous/metamorphic minerals in the
presence of acidic waters and also provides a general guide
to the relative stability of various minerals during the
weathering process. In detail, mineral stability during
weathering is complex and controlled by many factors,
such as pH and other ion activities. Figure 1 illustrates
one simple example, showing stability relations among
albite and various clay minerals as a function of Nat/H*
versus SiOy. Important areas of recent resecarch have been
to document the kinetics of relevant weathering reactions
as well as the time scales for development of weathering
profiles [e.g., 6, 15, 26, 36] and to quantify the
biogeochemistry of the weathering process [e.g., 16, 34].



10.

11.

12.

LOW DEGREES OF WEATHERING:

Inseptisol (I) Soils with pedogenic horizons of minor leaching
or alteration. Usually moist regions with plant
growth.

LOW - MODERATE DEGREES OF WEATHERING:
Aridisol (A) Soils with pedogenic horizons; may have caliche
deposits. Dry regions with little organic matter.

Soils with black, organic rich surface horizons.
Typically high in Ca and Mg. Moist or dry.

MODERATE DEGREES OF WEATHERING:

Mollisol (M)

Spodosol (S) Soils with hardpans of Al- and Fe-oxides/
hydroxides in subsurface horizons.
Usually moist or usually wet.

Alfisol (A) Organic-rich soils with strongly leached upper

horizons and clay rich lower horizons. Moist.
HIGH DEGREES OF WEATHERING:

Ultisol (U) Highly weathered, organic-bearing soils with
leached upper horizons and clay rich lower
horizons. Moist.

Oxisol (O) Similar to Ultisols but lower clay horizons

composed of Al- and Fe-oxides. Lateritic in
character.

Highly variable. Regions

of newly formed soils. 12.4
Arid Regions (including
Deserts). 24.7
Grasslands (e.g., Steppes,
Prairies). 11.0
Variable. Includes cool

wooded areas and areas 5.7
of podzol.

Mainly temperate forest

(young surface, high pH). 17.9

Temperate to sub-tropical
forest (old surface, low pH). 7.1

Intertropical. Highly

weathered, old surfaces. 11.3

9.1

18.3

8.1

42

133

53

84

Adapted from Buol et al. [4].


















