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Part 1 « Origin and Transport of Sedimentary Materials

fveec;men_tary rocks for.m thrpggh a complex set of processes that begins with
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In summary, the origin of sedimentary rocks involves weathering of older rock to

Lnﬁsrgiaéiz aclc)trg)tilr};ntalt (tlerrigegous) Or marine environments, and diagenetic alteration
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processes of weathering, the nature of the resulti i ey
: ‘ . ) ng weathering products, and i
discussion of soils Chapter 2 contin i i iscussio variogs
Is. C ues with a detailed discussion of the various
g;oce;ies by whlch sediment grains are transported from weathering sites to
go§| jonal ba§|ns. Other. aspects of the origin of sedimentary rocks are introduced
and discussed in succeeding chapters, as appropriate.

CHAPTER 1

Weathering and Soils

1.1 INTRODUCTION

Weathering involves chemical, physical, and biological processes, although chemical processes are by far the most important.
A brief summary of weathering processes is presented here to illustrate how weathering acts to decompose and disintegrate
exposed rocks, producing particulate residues and dissolved constituents. These weathering products are the source materials
of soils and sedimentary rocks; thus, weathering constitutes the first step in the chain of processes that produce sedimentary
rocks.

It is important to understand how weathering attacks exposed source rocks and what remains after weathering to form
soils and be transported as sediment and dissolved constituents to depositional basins. The ultimate composition of soil and
terrigenous sedimentary rock bears a relationship to the composition of their source rock; however, study of residual soil
profiles shows that both the mineral composition and the bulk chemical composition of soils may differ greatly from those
of the bedrock on which they form. Some minerals in the source rock are destroyed completely during weathering, whereas
more chemically resistant or stable minerals are loosened from the fabric of the decomposing and disintegrating rock and
accumulate as residues. During this process, new minerals such as iron oxides and clay minerals may form in situ in the soils
from chemical elements released during breakdown of the source rocks. Thus, soils are composed of survival assemblages
of minerals and rock fragments derived from the parent rocks plus any new minerals formed at the weathering site. Soil
composition is governed not only by the parent-rock composition but also by the nature, intensity, and duration of weather-
ing and soil-forming processes. It follows from this premise that the composition of terrigeneous sedimentary rocks such as
sandstones, which are derived from soils and other weathered materials, is also coMplled by parent-rock composition and
weathering processes.

Most ancient soils were probably eroded and their constituents transported to furnish the materials of sedimentary
rocks; however, some survived to become part of the geologic record. We call these ancient soils paleosols. Weathering and
soil-forming processes are significantly influenced by climatic conditions. Geologists are greatly interested in the study of
past climates, called paleoclimatology, because of this relationship and because paleoclimates also influenced past sea
levels and sedimentation processes as well as the life forms on Earth at various times.

In this chapter, we examine the principal processes of subaerial weathering and discuss the nature of the particulate
residues and dissolved constituents that result from weathering. We also consider the less important but highly interesting
processes of submarine weathering. Submarine weathering includes both the interaction of seawater with hot oceanic rocks
along midocean ridges—a process that leaches important amounts of chemical constituents from hot crustal rocks—and
low-temperature alteration of volcanic rocks and sediments on the ocean floor. Finally, we take a brief look at soils and
paleosols and discuss important soil-forming processes and the factors, such as climate, that influence soil development.

1.2 SUBAERIAL WEATHERING PROCESSES

Physical Weathering

Physical (mechanical) weathering is the process by which rocks are broken into smaller fragments through a variety of caus-
es, but without significant change in chemical or mineralogical composition. Except in extremely cold or very dry climates,
physical and chemical weathering act together, and it is difficult to separate their effects.
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FIGURE 1.1 Large, angular
blocks of rock generated by
freeze-thaw weathering of thin-
bedded sandstones and
mudstones of the Canning
Formation (Paleocene) exposed
along the Canning River, Arctic

National Wildlife Refuge, Alaska.

[Photograph by C. J. Schenk, U.S.
Geological Survey Open File
Report 98-34, The oil and gas
resource potential of the Arctic
National Wildlife Refuge 1002
Area, Alaska, 1999.]

FREEZE-THAW (FROST) WEATHERING Disruption of rock fabrics owing to stresses generated

by freezing and thawing of water in rock fractures is an important physical weathering process in
climates where recurring, short-term changes from freezing to thawing temperatures take place.
Water increases in volume by about 9 percent when it changes to ice, creating enough pressure in
tortuous rock fractures to crack most types of rock. To be effective, water must be trapped (sealed
by freezing) within the rock body, and repeated freezing and thawing are necessary to allow
progressive disintegration of the rock, which occurs very slowly. Other processes, such as the
movement of water into a freezing zone rather than conversion of water in place to ice, may also,
or alternatively, cause freeze-thaw expansion of cracks (Bland and Rolls, 1998, 89).
Freeze-thaw weathering commonly produces large, angular blocks of rock (Fig. 1.1) but
may also cause granular disintegration of coarse-grained rocks such as granites. The presence of
microfractures and other microstructures exerts an important control on the sizes and shapes of
shattered blocks. Mechanically weak rocks such as shales and sandstones tend to disintegrate

more readily than do hard, more strongly cemented rocks such as quartzites and igneous rocks
(e.g., Nicholson and Nicholson, 2000).

INSOLATION WEATHERING Expansion of rock surfaces heated by the Sun (insolation) fol-
lowed by contraction as temperature falls can allegedly weaken bonds along grain boundaries
and cause subsequent flaking off of rock fragments or dislodging of mineral grains. A thermal
gradient is set up between the surface and interior of a rock that has been heated; the rock surface
expands more than the interior, creating stresses. These stresses presumably lead to formation of
small cracks and possibly granular disintegration (Ollier and Pain, 1996, 26). Once a small crack
in a rock’s surface expands with heating, silt or sand particles may sift into the crack and prevent
it from closing when the rock cools. Repeated heating and cooling causes the crack to grow
wider and wider, resulting in small-scale disruption of the rock surface. These kinds of physical
changes are caused mainly by heating from sunshine but may also result from fires (e.g., Allison
and Goudie, 1994). Halsey et al., 1998, suggest that short-term, climatically induced heating ad
cooling cycles may be an important aspect of insolation weathering.

SALT WEATHERING High temperatures in desert environments also tend to promote weather-
ing caused by the crystallization of salts in pore spaces and fractures (Sperling and Cooke, 1980;
Watson, 1992; Bland and Rolls, 1998; Wright, 2007). Evaporation of water concentrates dis-
solved salts in saline solutions that have access to rock fractures and pores. Growth of salt crys-
tals generates internal pressures (crystallization pressures) that can force cracks apart or cause

anular disintegration of weakly cemented rocks. Expansion pressures may also bc? geperated
when salts in fractures become hydrated (absorb water) and expand. Salt weathfanng is most
common in semiarid regions but can occur also along seacoasts where salt spray is blown onto
sea cliffs.

WETTING AND DRYING Alternate wetting and drying of soft or poorly cemented rocks s'uch as
shales causes fairly rapid breakdown of the rocks, and most disintegration may occur during the
drying cycle. The exact causes of disintegration are not well unde.rstood, but drying may lead tﬁ
negative pore pressures and consequent tensile stresses @ontractlon) that t‘c‘and tq pu,}l the roc

apart. On the other hand, absorption of water during wetting phases creates sw‘elhng pressures
that push cracks apart. Disintegration by wetting and drying appears to be particularly effective
on well-exposed, steep cliff faces where loosened fragments fall off and expose fresh surfaces.

STRESS-RELEASE WEATHERING A rock unit buried b?lOW a land surface experienc.:es high
compressional stresses because of the weight of the overlymg rock. If some of the overlymg r‘(‘)ck
is removed by erosion, compressional stresses on the rock unit are reduced and the rock unit “re-
bounds” upward. Expansion of the rock upward creates tensile stresses (pu11§ the rock apart),
causing fractures to develop that are oriented nearly parallel to th'e topographic surface. Thfase
fractures divide the rock into a series of layers or sheets; henge, this process of cr:f.ck formation
is often called sheeting. These layers increase in thickness with deth and may exist for several
tens of meters below Earth’s surface. Sheeting is most conspicuous in hoqlogeneous rocks such
as granite (e.g., Fig. 1.2) but may occur also in layered rock, such as massive sandstone.

OTHER PHYSICAL PROCESSES Other factors that may contribute.to mechanical wetherlng
under certain conditions include volume increases caused by absorpnon of. water (hydratlofl) py
clay minerals or other minerals; volume changes causefi by alteration of minerals sgch a; b19t1te
and plagioclase to clay minerals; growth of plant roots‘ln the cracks of rocks; plucking o miner-
al grains and rock fragments from rock surfaces by 11c1.16ns as t¥1ey expand and contract 1n‘;e1:-
sponse to wetting and drying; and burrowing and ingestion of soils and loosened rock materials
by worms or other organisms. .
Some physical weathering effects may be the result of two or more processes operatm(gi
together. Exfoliation, the peeling off of large, curved sheets or slabs of ro'ck' from the weathefe
surfaces of an outcrop, is an apposite example. Stress release may create initial fractures, which
then allow the entry of water that further widens fractures by freeze-thaw or othﬁ_{‘processes.
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FIGURE 1.2 Conspicuous
convex sheeting in granite,
Yosemite National Park,
California. Note that sheeting
follows topographic surfaces.
(Huber, N. K., 1987, The Geologic
Story of Yosemite National Park,
U. S. Geological Survey Bull. 1595,
Figure 40-B.)
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FIGURE 1.3 Spheroidal
weathering in granite. Note how
successive, thin layers of
weathered rock are spalled off to
produce a spheroidal core.

Sph.eroi.dgl weathe:ring is smaller-scale weathering of roughly cubic rock masses, cut by inter-
secting joints, causing layers or “skins” to spall off to produce spheroidal cores (I;ig. 1.3). The
fractures that separate the weathering rinds may form in response to stress release or pos‘sibly
thermal changes (Taylor and Eggleton, 2001, 166); entry of water into fractures promotes addi-

'tlonal physic.al stresses arising from freeze-thaw or chemical processes such as those mentioned
in the preceding paragraph.

Chemical Weathering

Chemlcgl. weathering involves changes that can alter both the chemical and the mineralogical
composition of rocks. Minerals in the rocks are attacked by water and dissolved atmospheric
gases (oxygen, carbon dioxide), causing some components of the minerals to dissolve and be
rgmoved in solution. Other mineral constituents recombine in sify and crystallize to form new
n_uneral phases. These chemical changes, along with changes caused by physical weathering, as
d1scusseq, disrupt the fabric of the weathered rock, eventually producing residual blocks ai’d a
loose residue of resistant grains and secondary minerals (e.g., Fig. 1.4). Water and dissolved
gases play a dominant role in every aspect of chemical weathering. Because some water is pres-
ent in almost every environment, chemical weathering processes are commonly far more irrl: or-
tant than physical weathering processes, even in arid climates. Nevertheless owing to the l;’ow
temperatures of the weathering environment (<30°C), chemical weathering (;ccurs very slowl
The processes of chemical weathering are listed and briefly described in Table 1.1, alon wit};;
selected examples of new minerals formed in situ during the weathering processes.. , :

MAJOR CHEMICAL WEATHERING PROCESSES

' Simple Solution  Simple solution (congruent dissolution) occurs when a mineral goes into
soluqon completely without precipitation of other substances (e.g., Birkland, 1999, 59). Simple
solution of highly soluble minerals such as calcite, dolomite, gypsum, and h,alite a’md e.ven lgss
soluble m1nera1§ such as quartz, occurs during exposure to meteoric water (rainwa,ter) Chemical
pond§ betweeq ions in the minerals are broken, destroying the minerals and releasing <.:onstituent
ions 1ntq solution in surface and ground waters. If carbon dioxide is dissolved in the rainwater
through interaction with atmospheric or soil CO,, the usual case in the weathering environment,

the solubilizing ability of water is enhanced. Dissolution of CO, in water forms carbonic acid
(H,CO5;—this is what makes soft drinks effervesce), which subsequently dissociates to produce
hydrogen ions and carbonate ions (CO, + H;O <*H,CO; <H* + HCO3). Increase in H* ions,
relative to OH™ ions, makes meteoric waters more acidic and thus more aggressive dissolution
agents, particularly for carbonate minerals. Simple solution of this type is an important weather-
ing process, particularly in moderately wet climates where carbonate rocks or evaporites are
present near the surface or at the water table.

Hydrolysis Hydrolysis is an extremely important chemical reaction between silicate min-
erals and acids that leads to breakdown of the silicate minerals and release of metal cations and
silica, but the reaction does not lead to complete dissolution of the minerals. In other words, the
amount of ions from the mineral that are taken into solution during weathering does not corre-
spond to the formula of the weathering mineral. This kind of incomplete dissolution is called
incongruent dissolution. If aluminum is present in the minerals undergoingjncongruent
dissolution during weathering, clay minerals such as kaolinite, illite, and smectite m'z;y form as a
by-product of hydrolysis. For example, orthoclase feldspar can break down to yield kaolinite or
illite, albite (plagioclase feldspar) can decompose to kaolinite or smectite, and so on, as illustrat-
ed by the reactions in Table 1.1. As mentioned, the H* ions shown in Table 1.1 are commonly
supplied by the dissociation of CO, in water. Thus, the more CO, that is dissolved in water, the
more aggressive the hydrolysis reaction. Hydrolysis can also take place in water containing little
or no dissolved CO,, with H* ions being supplied either by clay minerals that have a high propor-
tion of H* ions in cation exchange sites or by living plants, which create an acid environment.
Most of the silica set free during hydrolysis goes into solution as silicic acid (H4SiOy); however,
some of the silica may separate as colloidal or amorphous SiO, and be left behind during weath-
ering to combine with aluminum to form clay minerals. Hydrolysis is the primary process by

he acidity o : olution is expressed by its pH. The pH is defined as the negative logarithm
“to the base 10 of the approximate hydrogen-ion concentration in moles per liter. The pH scale extends
“from 0 to 14, corresponding to H* concentrations ranging from 10° to 10", For example, a solution
 containing a H* concentration of 10~ moles per liter has a pH of 1, an H* concentration of 107 yields a
_pH of 7, and so forth: Solutions with a pH of 7 are considered neutral. Acids have pH values lower than

 7.and bases have values greater than 7

Chapter 1 * Weathering and Soils 7

FIGURE 1.4 Combined physical
and chemical weathering of
coarse-grained Pikes Peak
Granite on the summit of Bison
Mountain, Colorado. Note
enhanced weathering of the
granite along joints and
fractures, producing residual
blocks as well as fine-size
weathered debris. (Lovering, T. S.
and E. N. Goddard, 1950,
Geology and Ore Deposits of the
Front Range, Colorado, U. S.
Geological Survey Professional
Paper 223, Fig. 9-D.)
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: which silicate minerals decompose during weathering. A more rigorous and detailed discussion \
: of this process is given by Nahon (1991, 7).
| o _g_é} Oxidation and Reduction Chemical alteration of iron and manganese in silicate minerals
§ ° % D £ ) such as biotite and pyroxenes, caused by oxygen dissolved in water, is an important weathering
k-] E © g ﬁj i e process because of the abundance of iron in the common rock-forming silicate minerals. An
'§ 5| £ 3 § £ N electron is lost from iron during oxidation (Fe?* to Fe3* + ¢”, where ¢ = electron transfer), which
z2 E M % £ %(_vg 5 0 causes loss of other cations such as Si** from crystal lattices to maintain electrical neutrality.
A — - ot . . . . . . .
IBE| € g o 2 g @ 2 5 Cation loss leaves vacancies in the crystal lattice that either bring about the collapse of the lattice
18 E g '; *é E o E 2 b4 < E or make the mineral more susceptible to attack by other weathering processes. Oxidation of man-
= 23 8 o © g ° B € & ganese minerals to form oxides and silicic acid or other soluble products is a less important but
o ] = . e . . .
28 & = 5. = g & S common weathering process. Another element that oxidizes during weathering is sulfur. For ex-
I U A = L R ] = . . ‘4 . . .
n ample, pyrite (FeS;) is oxidized to form hematite (Fe,O3), with release of soluble sulfate ions.
Under some conditions where material undergoing weathering is water saturated, oxygen supply
- may be low and oxygen demand by organisms high. These conditions can bring about reduction
of iron (gain of an electron) from Fe?* to Fe?*. Ferrous iron (Fe**) is more soluble, and thus more
mobile, than ferric iron (Fe>*) and may be lost from the weathering system in solution.
| OTHER CHEMICAL WEATHERING PROCESSES  Although simple solution, hydrolysis, and oxi-
\ % o dation are the most important chemical weathering processes, under certain conditions several
Lo &° other processes can facilitate chemical weathering of minerals. Hydration is the process where-
| _— © o~ . .
| & T= L3 - by water molecules are added to a mineral to form a new mineral. Common examples of hydra-
| I ol '-(8‘; 2 o+ 5 Ly tion are the addition of water to hematite to form goethite, or to anhydrite to form gypsum.
‘ 8 3 g =8 & g g s g § Hydration is accompanied by volume changes that may lead to physical disruption of rocks.
S Iz 77 .7 S £ “ g Under some conditions, hydrated minerals may lose their water, a process called dehydration,
Py ~ ~ -y . . . . .
- on + ST df X& %‘; o S and be converted to the anhydrous forms, with accompanying decrease in mineral volume.
n é 8 g O: .:.'_3 A E T3 :.E,. —_ % & ?E' = Dehydration is relatively uncommon in the weathering environment because some water is
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5 é o ++ L8 T= Q g § _g ® :% Y ; g; Ion exchange is a process whereby ions in a mineral are exchanged with ions in solution,
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Sl &5 W g o= 5 2~ NG += 5 ® for example, the exchange of sodium for calcinm. Most ion exchange takes place between
2 a = @ = o @ . fee . . . . .
‘-% ® * g % g g ~ T E % -Q &8 2 % cations (positively charged ions), but anion exchange also occurs. This reaction causes one min-
[ . . . . .
% 3 ~ g:? ":"_’ + T 8 g % £ &2 : + eral to be altered to another (new) mineral and, in the process, releases soluble ions into solution.
= (o] v o . . . . . . .
) TS 8 + + N + g o8 2 T w528 Ton exchange is particularly important in alteration of one clay mineral to another (e.g., alteration
¥ + T o *+ o~ 0 c .28 . o . h . .
1 5 Zg N~ g o) 1 T B 8 + = of smectite to illite). Ion exchange also plays a role in alteration of one kind of zeolite to another
» Q, = + o= ‘; S S‘ @) % N;, f S 1 2 (e.g., alteration of heulandite, a Ca-zeolite, to analcime, a Na-zeolite). .,
) o ~ = o . . . . ~ .
. &+ sE S - + 2 Ig N~ 2g 299 Chelation involves the bonding of metal ions to organic substances to form organic mole-
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~ o S U2 xU =28E tices and also keeping the cations in solution until they are removed from the weathering site.
s Chelated metal ions will remain in solution under pH conditions and at concentrations at which
B nonchelated ions would normally be precipitated. The bonding of aluminum or iron with a
’ s complexing agent and subsequent removal of these elements from a rock are of particular impor-
8 tance. A good example of natural chelation is provided by lichens that increase the rate of chem-
B o ical weathering on rock surfaces on which they grow by secreting organic chelating agents. In
e - ’g B =:‘ = addition to their role as chelating agents, plants also enhance chemical weathering processes by
s '% = 5 w2 - = S 2 g’ retaining soil moisture and by acidifying waters by release of CO, and various types of organic
§ 2%, s JC* e g -:‘ £ E ; . £ 'g_ g g acids during decay.
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- . -_— b~ . . . - . -
o A 2085 & 5 2LCTE 9 SEf o @ uncertain task. Various techniques are used to evaluate weathering rates: estimating the rate a
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) £ Q o @ . . . . . . .
_g s 2\ 2l 2 :E ° -% a P>E 5 ;% S % & g % o e mating the volume of solid detritus removed from weathering sites by streams, making chemical
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rate of chemical weathering (Nahon, 1991, 4); however, the influence of temperature on weath-
ering rate is difficult to quantify, although we know that the rate of chemical reactions is acceler-
ated by increasing temperature. Slope of the land surface is also important. Weathering tends to
be more effective on low to moderate slopes as compared to steep slopes. Water is more likely to
be retained on low slopes, and material undergoing weathering remains for a longer time before
being removed by erosion.

The rate of weathering of silicate rocks, such as granite and gneiss, of a given grain size
may be related to the relative chemical stabilities of the common rock-forming silicate minerals.
Table 1.2 shows the order of relative stability to weathering of the most important mafic and fel-
sic minerals, as determined by Goldich (1938) through empirical study of sand- and silt-sized
particles in soil profiles. Readers will recognize this order as the same as that in which minerals
crystallize in Bowen’s reaction series. Minerals that crystallize at high temperatures (e.g.,
olivine) have the greatest degree of disequilibrium with surface weathering temperatures and
thus tend to be less stable than minerals that crystallize at lower temperatures (e.g., quartz).
Furthermore, the high-temperature minerals are bonded with weaker ionic or ionic-covalent
bonds, whereas quartz is bonded with strong covalent bonds. Jackson (1968) suggests that the
stability of very fine-size (clay-size) particles may differ somewhat from that of larger particles
(Table 1.2). Rates of chemical weathering of silicate minerals are discussed in detail by White
and Brantley, 1995.

TQBLE 1.2 Relative stability o',f‘;co,mmah sand-size minerals évhd‘varioué clay-size e
* minerals under conditions of weathering R R T e T

Sand- and silt-size minerals* Clay-size minerals**

Mafic minerals Felsic minerals 1. Gypsum, halite
Olivine 2. Calcite, dolomite, apatite
3. Olivine, amphiboles, pyroxenes
Ca plagioclase 4. Biotite
Pyroxene 5. Na plagioclase, Ca plagioclase,
Ca-Na plagioclase K-feldspar, volcanic glass
Amphibole Na-Ca plagioclase 6. Quartz
Na plagioclase 7. Muscovite
8. Vermiculite (clay mineral)
Biotite 9. Smectite (clay mineral)
K-feldspar, 10. Pedogenic (soil) chlorite
muscovite, quartz 11. Allophane (clay mineral)

12. Kaolinite, halloysite (clay minerals)

13. Gibbsite, boehmite (clay minerals)

14. Hematite, goethite, magnetite

15. Anatase, titanite, rutile, ilmenite (all,
titanium-bearing minerals), zircon

Y(increasing stability)

Source: *Goldich (1938); ** Jackson (1968).

Rates of weathering must take into account both physical and chemical processes, and they
are very likely to be site-specific. Therefore, it is probably unwise to generalize too much about
weathering rates. In particular, there is no rule of weathering susceptibility that can be applied
generally to sedimentary rocks. Rates of weathering of these rocks are a function of the mineralo-
gy, the amount and type of cement in the rocks, and the climate. For example, limestones weather
rapidly by solution in wet climates and much more slowly in very arid or very cold climates.
Quartz-rich sandstones cemented with silica cement weather very slowly under most climatic con-
ditions. Finally, it is likely that rates of weathering have varied throughout geologic time depending
upon climatic conditions and vegetative cover. Prior to the development of land plants in early
Paleozoic time, absence of plant cover to hold soil moisture and contribute organic acids probably
slowed rates of chemical weathering while contributing to increased rates of physical erosion.

PRODUFTS OF SUBAERIAL WEATHERING Subaerial weathering generates three types of
weathering products that are important to the formation of sedimentary rocks (Table 1.3):
(1) source-rock residues consisting of chemically resistant minerals and rock fragments derived
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LE 1.3 Principal kinds of products formedby Suﬁaefi;alitweathering pmteéseé and the types of sedimentary
Type of Ultimate
Weathering process weathering product Example depositional product

Silicate minerals such as
quartz and feldspar; all
types of rock fragments

Physical weathering Particulate residues

Chemical weathering

Hydrolysis Soluble constituents Silicic acid (H4SiOg); K*,
Na*, Mg?*, Ca?*, etc.
Clay minerals
Silicic acid; K*, Na*,
Mg?*, Ca?*, HCO5,
SO42_, etc.
Ferric oxides (Fe,O0H);
manganese oxides
(MnOZ)

Silicic acid; SO4%~

Secondary minerals
Soluble constituents

Simple solution

Oxidation Secondary minerals

Soluble constituents

Sandstones, conglomerates,
mudrocks

Cherts, limestones,
etc.

Mudrocks (shales)

Limestones, evaporites,
chert, etc.

Minor constituent in
siliciclastic rocks

Chert, evaporites, etc.

particularly from siliceous rocks such as granite, rhyolite, gneiss, and schist, (2) secondary min-
erals formed in situ by chemical recombination and crystallization, largely as a result of hydrol-
ysis and oxidation, and (3) soluble constituents released from parent rocks mainly by hydrolysis
and solution. Until they are removed by erosion, residues and secondary minerals accumulate at
the weathering site to form a soil mantle composed of particles of various compositions and of
grain sizes ranging from clay to gravel. Grain size and composition depend upon the grain size
and composition of the parent rock and upon the nature and intensity of the weathering process.
These characteristics of the weathering environment are in turn functions of climate, topography,
and duration of the weathering process.

Source Rock Residues The residual particles in young or immature soils developed on
igneous or metamorphic rocks may include, in addition to rock fragments, assemblages of miner-
als with low chemical stability: e.g., biotite, pyroxenes, hornblende, and calcig¢ plagioclase.
Mature soils, developed after more prolonged or intensive weathering of these rocksy commonly
contain only the most stable minerals: quartz, muscovite, and perhaps potassium feldspars.
Because the silicate minerals that make up siliciclastic sedimentary rocks such as sandstones have
already passed through a weathering cycle before the siliciclastic rocks were formed, the weather-
ing products of these rocks tend to be depleted in easily weathered minerals. Thus, even young
soils developed on siliciclastic sedimentary rocks may have assemblages of mature minerals.
Weathering of limestones by solution produces thin soils composed of the fine-size insoluble
silicate and iron oxide residues of these rocks.

Secondary Minerals Secondary minerals developed at the weathering site are dominantly
clay minerals, iron oxides or hydroxides, and aluminum hydroxides. The common secondary iron
minerals include goethite, limonite, and hematite. The weathering products reflect both the nature
and the intensity of the weathering process and the composition of the parent rock. Clay minerals
formed in immature soils under only moderately intense chemical weathering conditions may be
illites or smectites. More prolonged and intense leaching conditions lead to formation of kaolinite.
Under extremely intense chemical weathering conditions, aluminum hydroxides such as gibbsite
and diaspore are formed. These latter clay minerals are aluminum ores.

Comparing the chemical composition of unweathered silicate rocks with that of the weath-
ering products of these rocks shows a net loss attributed to weathering of all major cations except
aluminum and iron (e.g., Krauskopf, 1979). In the oxidized state, aluminum and ferric iron
(Ee?*) are both relatively insoluble. Although considerable silica is lost as soluble silicic acid
during weathering, loss of Mg, Ca, Na, and K is comparatively much greater. Therefore, the
relative abundance of silica, aluminum, and ferric iron in the particulate weathering residues of
silicate rocks is greater than that in the parent source rocks.
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Soluble Materials Soluble materials extracted from parent rocks by chemical weathering
processes are removed from the weathering site in surface water or soil groundwater more or less
continuously throughout the weathering process, Ultimately these soluble products make their
way into rivers and are carried to the ocean. The most abundant inorganic constituents of rivers,
representing the principal soluble products of weathering, are, in order of decreasing abundance,
HCO5 (bicarbonate), Ca™, H,Si0, (silicic acid), SO, (sulfate), CI", Na*, Mg?*, and K*
(Garrels and McKenzie, 1971). These constituents are the raw materials from which chemically
and biochemically deposited rocks such as limestones and cherts are formed in the oceans.,

1.3 SUBMARINE WEATHERING PROCESSES AND PRODUCTS

Although we commonly think of weathering as being a subaerial process, an important kind of
weathering also takes place on the ocean floor. Geologists have long recognized that sediments
and rocks on the seafloor are altered by reaction with seawater, a process called halmyrolysis or
submarine weathering. Halmyrolysis includes alteration of clay minerals of one type to another,
formation of glauconite from feldspars and micas, and formation of phillipsite (a zeolite miner-
al) and palagonite (altered volcanic glass) from volcanic ash. Dissolution of the siliceous and cal-
careous tests of organisms may also be considered a type of submarine weathering. Prior to the
1970s, submarine weathering processes had not received a great deal of
research, and it was not recognized that they might have a significant ef-
fect on the overall chemical composition of the oceans. Our concept of the
importance of submarine weathering has changed dramatically since the
mid-1970s because studies of volcanic rocks and weathering processes on
the seafloor show that submarine weathering of basalts, particularly on
midocean ridges, is an extremely important chemical phenomenon. This
process results in both widespread hydration and leaching of basalts as
well as changes in composition of seawater owing to ion exchange during
the reaction of seawater with basalt.

Alteration of oceanic rocks occurs both at low temperatures (less
than 20°C) and at higher temperatures ranging to ~350°C. Low tempera-
ture alteration takes place as seawater percolates through fractures and
voids in the upper part of the ocean crust, perhaps extending to depths of
2-5 km. Olivine and interstitial glass in the basalts are replaced by smec-
tite clay minerals, and further alteration may lead to formation of zeolite
minerals and chlorite. As a result of these changes, chemical elements are
exchanged between rock and water, and large volumes of seawater
become fixed in the oceanic crust in hydrous clay minerals and zeolites.

The discovery in 1977 of submarine thermal springs along the
Galapagos Rift (Corliss et al., 1979) led to the awareness that large-scale
hydrothermal activity takes place in the ocean. Since that initial discovery,
scientists using submersible vehicles and water-sampling techniques have
located many additional hot springs along midocean ridges in both the
Pacific and Atlantic oceans, as well as along convergent plate margins, in
backarc basins, and even on midplate volcanoes in the Hawaiian chain
(e.g., Karl et al., 1988; Parson, Walker, and Dixon, 1995). These hot
springs originate where seawater enters the ocean crust along fractures or
other voids and comes in contact with hot volcanic rock. The heated water

FIGURE 1.5 A multiple-orifice black smoker, Faulty
Towers complex, Mothra hydrothermal vent field,
Endeavour Segment, Juan de Fuca ridge. The
constructional chimneys in the foreground were buift by
precipitation of sulfides and other minerals from heated
water issuing from the vents at temperatures exceeding
250°C. [Photograph courtesy of Jjohn R. Delaney and
Deborah S. Kelley, University of Washington School of
Oceanography.]

then flows out into the ocean through vents on the ocean floor and mixes
with the overlying water. The heated water rises as hydrothermal plumes
100-300 m above the vent field. Exceptional plumes rising to heights of
1000 m have also been reported (e.g., Cann and Strens, 1989).

At the sites of many oceanic hot springs, investigators have found
spectacular vents composed of sulfide, sulfate, and oxide deposits up to 10
m or more tall that discharge plumes of hot solutions (Fig. 1.5). These
vents or chimneys are called black smokers if they discharge water

containing suspended, fine-grained, dark-colored minerals or white smokers if the water ;(t)lrlr
tains no suspended dark minerals (McDonald, Spiess, and Ballard, 1980). The temPeratur§ o 'tﬁ
water when it emerges from the vents may exceed 350°C.. When thes.e hot solutlpns 1;msx wi .
seawater of ambient temperature, they precipitat_e various minerals, particularly p‘yntef(f e 2.3 allln :
chalcopyrite (CuFeS;), to build sulfide deposits a.round the'vents.. The deposits of fossi ) yn
drothermal systems have now been observed in ancient oceanic ophiolite complexes exposed o
. n and Strens, 1989). . ‘ . .
tand (;ia{c(t:iﬁis between hot basalt and seawater play a role in regulating the chemlca'l composi-
tion of seawater. Magnesium, sulfate, and sodium ion§ are r.emoved from seawa}tfer during thl.S ex-
change, whereas many other elements such as calcium, iron, manganese, silicon, g(;;zssmrg,
lithium, and strontium are enriched in the seawater (Edmond et al., 1982; Palmer an . mzn ,
1989; Von Damm, 1990). The entire ocean appareqtly mrcu]a?es 'througt.l ocean-floor hydrot er;
mal systems on a time scale of 105-107 years, \;/él;(;l; has a significant impact on the budget o
, including silica (Kadko et al., . . ‘

severa'}‘:l::e::z;rtnsitude of hygdrotherr(nal alteration of basglps along rpidocean rldges and its effect l:n
ocean chemistry is still being investigated and uncertainties remain; howevgr, 1't now alplziedar(s1 t.at
circulation of ocean water through hydrothermal systems throughout geologic time has E. de }sllg-
nificant quantities of certain ions to the ocean and removed gthers. Thus, both seafloor hydrot tlalr—
mal reactions and continental weathering processes supply ions to thf: ocean that may eventuaky
be extracted to form chemically deposited rocks such as hme§tones, 1r(?n—nch sedlmentarydroc S,
and cherts. Stanley and Hardie (1999) argue that changes in sprgadmg rates along mi oceag
ridges, where hydrothermal activity takes place, haye e':xerted'a major cgntrol on the clzal.cmgl artl‘
magnesium content of seawater throughout geologic tlr.ne. ngh spregdmg re'utes result in signifi-
cant adsorption and loss of magnesium with concomitant increase in calcium, thus causing a
decrease in the ratio of magnesium to calcium (Mg/Ca). Low spreading rates have the oppﬁsue
effect of increasing the Mg/Ca ratio. As discussed in Chapters 6 and 11, the§e cpanges ave
important implications regarding the kinds of calcium-carbonate minerals deposited in the ocean.

1.4 SOILS

Considered from the standpoint of sedimentary-rock or'igin, we are perhflps more 1nter‘es.ted in
the products of weathering than in the processes that bring about weathering, although it l(Si use-
ful for students to understand just how weathering processes operate (o generate these pro ucts(i
The materials that make up sedimentary rocks are either siliciclastic grains derived f;g:l the .1an”
as a result of weathering (or explosive volcanism in some cases) or they are so-called "themical
minerals that were precipitated from ocean or lake water. .The element.s that make up these Fhem—
ical minerals were released from parent rocks by chemical weathering processes operatm.g' on
land and in the ocean. Thus, it is quite reasonable to consider. that the ggneratxon of both silici-
clastic and chemical/biochemical sedimentary rocks begins with \f/eathgnng. )
Subaerial weathering products initially form so.ils of varleq thickness over weathere
bedrock. Throughout geologic time, most of these soils have ultlma@y been strlppczld av:)ay
and transported as sediment to sedimentary basins; hovxfever, some soﬂs' are preserve Fo t }c]:—
come part of the sedimentary record. Thus, because soils represent an {ﬂClplgnt stage‘n;1 e
generation of siliciclastic sedimentary rocks and some are preseryed in their own right, a
discussion of soil-forming processes and the various kinds of soils that result from these

processes is pertinent.

Soil-Forming Processes

Subaerial weathering processes generate a mantle of soil above bedrock. The chargcterlstlcs and
thickness of this soil mantle are a function of the bedrock lithology, thf: cllmate (rainfall, t'emper(i
ature), and the slope of the bedrock surface. These factors govem the intensity of Weathermg an
determine which minerals survive to become part of the soil profile, What new minerals are cre(;
ated in the soil, and the length of time soil materials remain before being eroded and transported
to depositional basins. On very steep slopes, for example, the weathered mantle may be remove
so rapidly by erosion that little soil accumulates.

Chapter 1 * Weathering and Soils
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In addition to the chemical and physical weathering processes that cause breakdown of
bedrock to form soils, several other biologic and chemical processes operate within soils over
time to modify their characteristics (e.g., Birkland, 1999, 105; Shaetz] and Anderson, 2005):

1. Additions to the ground surface—precipitation of dissolved ions in rainwater; influx of
solid particles such as windblown dust: addition of organic matter from surface vegetation
2. Transformations
a. Decomposition of organic matter within soils to produce organic compounds
b. Weathering of primary minerals; formation of secondary minerals, including iron oxides
3. Transfers
a. Movement of solid or suspended material downward from one soil horizon to a lower
horizon by groundwater percolation (eluviation)
b. Accumulation of soluble or suspended material in a lower horizon (illuviation)
¢. Transfer of ions upward by capillary movement of water and precipitation of ions in the
soil profile
4. Removals—Removal of substances still in solution to become part of the dissolved con-
stituents in groundwater or surface water -
5. Bioturbation of soil—Soil disruption by animals (e.g., ants, termites) and plants

This list of soil-forming processes is highly simplified. Buol et al. (1997, 112) recognize and
define more than two dozen soil-forming processes. These processes generate distinct soil
horizons, which are collectively referred to as the soil profile. Further details of soil-forming
processes may be found in additional readings listed at the end of this chapter.

Soil Profiles and Soil Classification

Soils are classified on the basis of the characteristic horizontal layers or horizons that are visible
in road cuts, pits, and so on. The thickness and nature of these soil horizons are determined by the
various soil-forming processes mentioned and may vary widely. Soil profiles can be divided
crudely into five major horizons: O, A, E, B, and C. The O-horizon is the surface accumulation of
mainly organic matter. The A horizon, which occurs at the surface or below the O-horizon, con-
sists of a dark-colored accumulation of organic mater (e.g., leaf litter) that is decaying and mixing
with mineral soil. The E horizon, which underlies an O or A horizon, is a light colored eluvial
horizon (a horizon from which material was removed by downward movement) characterized by
less organic matter, fewer iron and aluminum compounds, and/or less clay than the underlying
horizon. The B horizon underlies an O, A, or E horizon and may contain illuvial (added material
derived from an upper horizon) concentrations of fine organic matter, clay, and so forth; most of
the original rock structures have been obliterated by soil-forming processes. The C horizon,
which lies above bedrock, is partly altered bedrock that can be deeply weathered but is relatively
unaffected by soil-forming processes. Studies of soil profiles show, however, that soil layers are
commonly much more complex than indicated by this simple scheme. As many as 24 different
kinds of soil horizons have been described (e.g., Birkland, 1999, 5).

Numerous systems for more detailed classification of soils are in existence: e.g., the
Australian handbook classification, the U.S. Soil Taxonomy classification, and the FAQ
(UNESCO) world map classification (Eswaran et al., 2003). One of the more widely used soil
classifications in the United States appears in Soil Taxonomy: A Basic System for Making
Independent Soil Surveys, 2nd ed. (Soil Survey Staff, 1999), which recognizes 12 major classes
or orders of soils with names such as aridosol (soils of arid regions) and ultisol (leached soils of
warm, humid regions). These soil types are differentiated on the basis of a variety of complex
criteria, such as the amount of contained organic material, the presence of clay layers, and the
presence of oxic (iron-rich) horizons.

The factors that influence soil formation, and thus the kinds of soils that form, include the
parent rock material, length of soil-forming process, climate (e. 8-, wet or dry), topography (steep
or gentle slopes), and organisms (vegetation cover and soil fauna such as earthworms). Climate
plays a particularly important role in soil formation.

PALEOSOLS In the context of this book, we are concerned primarily with ancient soils, called pa-
leosols, rather than modern soils. Paleosols, sometimes referred to as Jossil soils, are buried soils or
horizons of the geologic past. Most soil horizons that developed in the past on elevated landscapes
were eventually destroyed as erosion lowered the landscape. Nonetheless, some soils, presumably

those formed mainly in low-lying areas, escaped erosion t(? become' part of the stratigraphic reccorg.
Quaternary soils that formed particularly on glacial or ﬂuylal dgposﬁs are most common (e.g., Catt,
1986). Such soils that have not been buried are called rel‘lct soils. Many byned soils of Quatemary
and much older age are also known. Old paleosols occur in the stratlgraphlc record at major unco}tll»
formities, including unconformities in Precambrian rocks, whelje their pres'enc.e mag reﬂegt t e
combined processes of soil formation, erosional landscape lowering, reorganization o: pree)ustmgt
soil horizons, and changing flow of groundwater (_Retallack,' 1990, 14): Paleosols are also preseild
as interbeds in sedimentary successions, particularly in alluv1§1 successmns,.that. are at 'leait as o
as the Ordovician (e.g., Reinhardt and Sigleo, 1988). Geolog}sts are begommg.lpcreasmg y inter-
ested in paleosols as indicators of paleoenvironments and ancient climatic conditions.

RECOGNITION OF PALEOSOLS Because interbedded paleosols in sedimentary succgssul))rlls
superficially resemble sediments or sedimentary r‘ocks, many paleosols have unqtilestlonaeezf1
gone unrecognized in the past. Many of us have simply identified them as gray, re1 , Or igr
mudstones. As awareness of paleosols has increased, hovyever, mor.e anfl m(?re pa eosols are
being recognized. How can the ordinary geologist, not specifically tra}nefi in ssnl sc1;n(;:f:, recot,g~
nize paleosols in the field? Retallack (1988, 1997) suggests tl'free principal k.mds o g?gfnos 1.c1
characteristics of paleosols that help distinguish them from sedimentary rocks: traces of life, soi
i il structure (Fig. 1.6).
honzolr{lf),o?nt(riaizls are the m(()stgimportant traces of life preserved. in paleoso!s. Root traces pro-
vide diagnostic evidence that rock was exposed to the atmos‘phere and colonized by Il)zlantst,rthus
forming a soil. The top of a paleosol is the surfac{e from whlclr} rt_)ot t%'aces emanate.b oot a(gs
mostly taper and branch downward (Fig. 1.7), which helps to dlsgngu.lsh them from 'utc'irml;vs. E
the other hand, some root traces spread laterally over hardpans.m soils, and some k.m $ branc
upward and out of the soil. Root traces are most easily recogmzed when their or}glnallor%anlc
matter is preserved, which occurs mostly in paleosols for.med in waterlogged, anoxic lowla:il ertnl;
vironments. Root traces in red, oxidized paleosols cops1st mainly of tubular features filled wi
material different from the surrounding paleosol matrix.

PROMINENT OR COMMON FEATURES OF PALEOSOLS

DIAGNOSTIC FEATURES OF PALEOSOLS (and where else formed)

ministromatolites (ocean, river, or lake)
endolithic microbial traces
(ocean, river or lake) "’"«.
non-marine fossils &
(ocean, river or lake) @ g;!

ROOT TRACES
i v ncated tops

downward taper

downward branching

burrows (ocean, river or lake)

coal and carbonaceous shale (ocean, river or lake)
zones of base depletion (hydrothermal system)
quartz-rich residuum (ocean, river or lake)
zones of clay accumulation (ocean, river, lake,
degp burial, or hydrothermal system)
zones of carbonate accumulation (ocean, river, lake,
shallow or deep burial, or hydrothermal system)

zones of iron accumulation (ocean, river, lake,
or hydrothermal system)

SOl HORIZONS

] rip-up clasts in overlying
sediment
erosional, sharp top

I ”_H gradational changes downward
[}

Il

|
{

()
(g
B

\%

little altered parent material

SOIL STRUCTURES

» — nodules and concretions (ocean, river, lake,
1 shallow burial, volcanic ash or hydrothermal system)

A “desert roses” and crystals (playa lake, sabkha)

S deep burial, metamorphic, hydrothermal or igneous)

:mukkara Structure — san % relict foliation (fault zone, or metamorphic)
lentil peds wedge wedge
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FIGURE 1.6 Characteristic and
common features useful in
recognition of paleosols. [From
Retallack, G. J., 1992, How to find
a Precambrian paleosol, in
Schidlowski, M., et al. (eds.), Early
organic evolution: Implications
for mineral and energy resources,
Springer-Verlag, Berlin, Fig. 10,

p. 27, reproduced by permission.]
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The presence of soil horizons is a second general feature of pale-
osols. The top of the uppermost horizon of a paleosol is commonly
sharply truncated by an erosional surface, but soil horizons typically show
gradational changes in texture, color, or mineral content downward into
the parent material. Differences in grain size, color, reaction with weak
hydrochloric acid (to test for the presence of carbonates), and the nature of
the boundaries must all be examined to detect soil horizons (Retallack,
1988). Comparison with modern soil horizons aids in recognition.

Bioturbation (disruption) by plants and animals, wetting and dry-
ing, and other soil-forming processes cause paleosols to develop char-
acteristic soil structures at the expense of the original bedding and
structures in the parent rock. One of the characteristic kinds of soil
structure is a network of irregular planes (called cutans) surrounded by
more stable aggregates of soil material called peds. This structure gives

|
5 6 7 8 9 10

FIGURE 1.9 Red paleosols
exposed below bedded
sandstones in the Middle

FIGURE 1.8 Characteristics of various kinds of soil peds. [From Retallack, G. J., 1988, in Reinhardlt, J.,
and W. R. Sigleo (eds.), Field recognition of paleosols: Geol. Soc. America Spec. Paper 216, Fig. 9,
p. 216. Reproduced by permission of Geol. Soc. America, Boulder, Colo.]

Martini, 1. P, and W. Chesworth (eds.). 1992. Weathering, soils and
paleosols. Amsterdam: Elsevier.

Nahon, D. B. 1991. Introduction to the petrology of soils and chemical
weathering. New York: John Wiley & Sons.

- a hackly appearance to the soil. Peds occur in a variety of sizes and Miocene, Chinji Formation,
shapes (Fig. 1.8). Their recognition in the field depends upon recogni- Siwalik Group, in a creek bed 3
tion of the cutans that bound them, which commonly form clay skins I;lrgtsec;tthpg:ils(gzur%’::tr\:;i:mer is
around the peds. Other kinds of soil structure include concentrations of 25 em I<'>ng. From. Retallack,
specific minerals that form hard, distinct, calcareous, ferruginous, or Gregory, J.: A Colour Guide to
sideritic lumps called glaebules (a general term including nodules and Paleosols. 1997. Copyright John
concretions). More diffuse, irregular, or weakly mineralized concentra- Wiley & Sons, Ltd. Reproduced
tions are called mottles. Figure 1.9 shows the field appearance of some with permission.

Miocene paleosols. These paleosols are red; however, paleosols can .
have a variety of colors and properties (Retallack, 1997). dioxide had accumulated sometime during the early Precambrian; subsequent addx.uor% of oxygen
Paleosols can be recognized to have characteristics similar to those also had an important bearing on the weathering processes. Geologists are becoming increasing-
of modern soils; thus, U.S. Soil Taxonomy names such as aridosol and ly aware of the need to study Earth’s past climates (paleoclimatology). . . .
FIGURE 1.7 An example of root traces in a paleosol. ultisol can be applied to paleosols (e.g., Retallack, 1992). Because the This short, generalized description of paleosols i.s intended f)nly to pique reader interest in
The original organic matter has been partially replaced characteristics of paleosols reflect the conditions under which they fossil soils. Several of the books listed under Additional Readings at the end of the chapter
by iron oxides. Early Miocene, Molalla Formation, formed, including climatic conditions, study of paleosols is an important provide further details.
\évee:;ﬁ;r;kc)]regon. [Photograph courtesy of G. J. tool in paleoenvironmental analysis. For example, aridosols suggest for-
mation unfier dese'rt‘ conditions whereas ultisols reflect wetathermg under 1.5 CONCLUDING REMARKS
warm, moist conditions. Clearly, the processes of weathering that lead to .
generation of sedimentary particles and soil formation are intimately tied up with climatic condi- The processes that form sedimentary rocks can be considered to begin with weathering, a
| tions. Weathering did not begin on Earth until an atmosphere containing water vapor and carbon process strongly influenced by climatic conditions. Weathering brings about breakdown of
» older rocks exposed in upland areas to yield solgble ions, which are transported to the ocean
‘ in solution, and insoluble, chemically resistant minerals such as quartz that may accumulate at
- | the weathering site for a time as soils. Soil formation, like weathering, is intimately related to
TYPE PLATY PRISMATIC | COLUMNAR ‘Blocky | ° BLOGKY | | GRANULAR CRUMS climatic conditions. Some soils, called paleosols, are preserved to become part of the
sedimentary record; however, most insoluble soil materials are removed by erosion and trans-
ported by gravity processes, water, glaciers, or wind to basins at lower elevations, Where
SKETCH deposition takes place. Succeeding chapters of this book describe the processes of sedlment
! 2%%e gg‘:, transport, deposition, and burial that ultimately result in generation of lithified sedimentary
tabular and elongate with flat elongate with equant with sharp | equant with dull spr;roidal with rounded and - rocks.
DESCRIPTION  |horizontal to land  |top and vertical domed top and interlocking edges | interlocking edges | slightly interlocking | spheroidal but not
surface to land surface vertical to surface edges interlocking
USUAL HORIZON|  EBsKC Bt Bn Bt Bt A A _ _— . .
init_ial disruption of swgllir]g and as for. prismatic, cracking around as for angular active bioturbation as for granular; . )
jay [l oy oy |sobusiuron, |booy e edemirgont it Further Readings
CAUSES cementing material | drying percolating water, | shrinking on deposition of sesquioxides, and | soil clasts
and greater wetting and material in cracks  |organic matter
swelling of clay drying weathering
very thin <1mm  |very fine <1cm very fine < 1.cm very fine < 0.5cm  |veryfine < 0.5cm |very fine < 1 mm very fine < 1 mm Bland, W., and D. Rolls. 1998. Weathering: An introduction to the sci- Parson, L. M., C.L. Walker, and D. R. Dixon (eds) 1'995. Hydrothermal
s thin 1 to 2 mm fine 1to 2 ¢m fine 1t0 2 cm fine 0.5to 1 cm fine 0.5t0 1 cm fine 1to 2 mm fine 1to 2 mm entific principles. New Yo rk: Oxford University Press Inc. v‘ents and processes. London: The Geological Society. .
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CHAPTER 2

Transport and Deposition
of Siliciclastic Sediment

2.1 INTRODUCTION

Silicate minerals and rock fragments weathered from older rocks on land, together with pyroclastic particles gifr;erat;;il by
explosive volcanism, are the source materials of siliciclastic sedimentaljy rocks—-—congloxperates, sandstones, sha Zs. e(sie
materials are eroded from highlands and transported to depositional basins at‘ lower elevations, where they may un -e'rflo al -
ditional transport before final deposition. Mass-wasting processes such as slides and slumps commonly pla)t; an 1n1t1 , rose_:
in moving sediment short distances down steep slopes to sites whe;e other transport processes take over. sl;l seq;{cla(n ]‘.lrair(li :
port may involve fluid flows (e.g., moving water) or sedimi;lt-gra;a:ly ﬂolws,. sluch e;sﬂmu;x(;i ftl'l(())v::\/s, that may behave like fluids.
iment transport requires some understanding of the principles o . '
Ths ’i‘ttl:: }flu(:xilzﬁ;’;lj;ntal laws (?f ﬂuidqdynamics are moderately complex when applied to flui'd flow alone. These compllex1-
ties are magnified when particles are entrained in the flow dur'ing sedim«?nt transport. Sediment transport can1 ta.ke p acse
under a variety of conditions: subaerially by wind an(cii certain hqu gf sediment-gravity flows, and subaqueously in rivers,
by currents, waves, tides, and sediment-gravity flows. ‘ '
fakes. ﬁlshigit?:;z;, \zlle investigate sediment transport processes by ﬁfst examining some.: of the pfopeme.s of fluids ;u;d thtj,
basic concepts of fluid flow and sediment-gravity flow. We then consider tl}f: problems 1nvo¥ved in entrainment and ransf
port of particles by fluid- and sediment-gravity-flow processes. No attempt is made h.ere to give a comprehens1y§ re:v1ev;/1 ©
fluid mechanics. Only those concepts of flow that are important to unders‘tandmg sediment transport and dfapo_smon. frgl is-
cussed, and these concepts are presented in very simplified form. More rigorous treatment of fluid dynaxmcs' 115 a;/ax g. e 11;
numerous specialized books, e.g., Middleton and Southard (19§4), Leeder (1999), Rdwyan et al. (20Q6). Det;u.s 0 ser: n:-li:;le
transport peculiar to various depositional environments (e.g., river systems, lakes, the ocean) are discussed in approp
sections of subsequent chapters.

2.2 FUNDAMENTALS OF FLUID FLOW

Fluids are substances that change shape easily under their own weight. Air, water, 'fmd water cgntainmg various amo(timts 'of
suspended sediment are the fluids of interest in sediment transport. ’.I’I.le basic Physwal properties of these ﬂ.mds are density
and viscosity. Differences in these properties markedly affect the ability of ﬂu1d§ to e'rode and transport secfi;mentil )

Fluid density, commonly referred to as p (rho), is defined as mass per unit ﬂuld volume. Density affects t f:dmzilgnl
tude of forces that act within a fluid and on the bed as well as the rate at wh}ch patticles fall or settle t%lrough a ﬂufl (s ow-
er in denser fluids). Density particularly influences the movement of fluids downs}ope under t.he 1nﬂuence0099g8ravr1rtli
Density varies with different fluids and increases with decreasing'teml_)erature qf a fluid. The densx.ty of .w.a.ter ( f. g/ y
at 20°C) is more than 700 times greater than that of air. This density difference mflu.ences the relative ab111t1eds 1;) wgtczr an
air to transport sediment; for example, water can transport particles of much lmger size than th-ose transporte d}"] w1nd. a

Fluid viscosity is a measure of the ability of fluids to flow. Put s1mp1y, ﬂmds W}th low viscosity ﬂ(?w readi %/V an hu-
ids with high viscosity flow sluggishly. For example, air has very low v1§cos1ty and ice has very high v1scos1ty% 'ate}:‘r;1 :;s
low viscosity; honey has high viscosity. The viscosity of water at 20‘.’C is almqst 55 times greater than that of air ( z ,
Middleton, and Murray, 1980, 91). Like density, viscosity increases wnt}} decreasing temperature of the fluid. Viscosity ai
a particularly important influence on water turbulence. Increasing viscosity tends to suppress turbulence (Fandom movefmen
of water molecules), thereby slowing the rate at which particles settle through water—a significant fgctor in transport of sus-
pended sediment. Decreased turbulence also reduces the ability of running water to erode and entrain sediment.
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