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Deformational Mass Transport and
Invasive Processes in Soil Evolution
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Soils are differentiated vertically by coupled chemical,
mechanical, and biological transport processes. Soil prop-
erties vary with depth, depending on the subsurface
stresses, the extent of mixing, and the balance between
mass removal in solution or suspension and mass accu-
mulation near the surface. Channels left by decayed roots
and burrowing animals allow organic and inorganic de-
tritus and precipitates to move through the soil from
above. Accumulation occurs at depths where small pores
restrict further passage. Consecutive phases of transloca-

tion and root growth stir the soil; these processes consti-
tute an invasive dilatational process that leads to positive
cumulative strains. In contrast, below the depth of root
penetration and mass additions, mineral dissolution by
descending organic acids leads to internal collapse under
overburden load. This softened and condensed precursor
horizon is transformed into soil by biological activity,
which stirs and expands the evolving residuum by inva-
sion by roots and macropore networks that allows mixing
of materials from above.

of open biogeochemical ecosystemns at the interface of the

atmosphere, biosphere, hydrosphere, and subaerial lithosphere
(1). In an effort to define the role of soils in global change, researchers
have considered soils to act as the earth’s geomembrane (2), with some
behavior analogous to that of biomembranes of living organisms (3).
The term geomembrane implies that interfacial ransport processes are
regulated and raises the central questons of how transport occurs in
soils, how organisms in the soil community (4, 5) influence ansport
processes, and how soils decompose rocks. In this artcle we examine
the theory thar vertcal evoludon of soil formed in place (not on steep
hillslopes) is a consequence of spontaneous dynamic interaction of the
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biota and waste-product organic acids with rock minerals derived both
from the underlying rock and from eolian sources. This interacton is
governed by nonequilibrium thermodynamics, mechanics, mass trans-
port, and ground-water flow in the rock-soil-plant system. We quan-
dfy and interpret modes and rates of interaction among organisms,
transported marerials, and the minerals that compose weathered rocks
in these invasive interfacial systems.

Mass fluxes berween different portions of chemical weathering
and soil forming systems are particularly useful monitors of near
surface transport processes. They serve as natural chemical tracers
indicative of the extent of crosion (6), source, pathway, and
reservoir regions (7), and can be related directly to observed soil
features (8—11). Because mass fluxes in soils are computed from mass
conservation volume-density-composition relations, it is imperanve
to evaluate the effects of volume change. Deformadon and buckling
of concrete sidewalks by root growth provide vivid and familiar
evidence thar volume changes attributable to common saesses do
occur near the surface in soils.

Mass balance modeling techniques -yielding chemical gains and
losses that arend chemical weathering and soil formation have
evolved considerably in their trearment of volume change. Initally,
and undl recently, isovolumetric reactions were assumed (6, 12-14)
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or ranos of presumed immobile clemens were used to normalize
chemical concentrations {15). In contrast, our purpose here is to
apply recenr formal mass balance models {7-71) to quantfy and
berter understand the various roles of deformation and to define
their interplav with mass ransport processes and biological activiry.

Natural soil deformation under wansienr or constant loads has been
guantfied in many applicadons, for example, landslides, soil creep,
and tillage-induced compacoon (16-19), but studies ¢oordinating
" deformation with other surface processes, such as chemical or thermal
effects, are less common. Two examples of abiotically induced ther-
momechanical strain are (1) cracking in vertsols atmibured to alternac-
ing shrink-swell behavior of expandable clays that change volume in
response o hydradon-desiceadon cycles (20, 21} and {ii) mass dis-
placemnent i frozen soils by frost wedging in an active layer above
permafrost (22},

Clarifving the role and interrelaton berween deformation and mass
transport during soil evolunon and rock weathering is critical to
understanding surface processes and their response 1o global change.
For exampie, ardification, resulting both in remobilization of copper
(7, 23) and reducdon in erosion rare, has led to surficial enrichment
and preservation of cerrain ore deposits (24). Eolian dust deposition
has been shown to be an important fearure of the genesis of laterinc
bauxire deposits (9}, and gold in some deposits has been concenrrared
mechanically in the subsurface during laterigc weathenng (10).

Strain and Mass Transport Analysis

Recent developmenr of & physiochemical strain gauge {(8-70)
based on mass balance has allowed researchers 1o derermine the
amount and sense of deformadon in soils and hence to use the
accurnulared strain o calculate chermical gains and Josses. The overall
conservation of mass of any chemical element, /, can be expressed n
terms of the producr of volume (7 in cubic cenumerters), dry bulk
density (p in grams per cubic cendmerter}, and chermcal composition
{C in weight percent) plus the accumulated mass fhaxes (m; 5.,) into or
out of the svstem, where “p” refers to the parent material and “w”
refers to is weathered product:

Voo C: VoG
pPpl-ip Pl w
100 8T T g0 (1

Fluxes are posinve if they enrer the system and negatve if they leave
the svstem. Rather than rely on an assumed isovolume frame of
reference, we identify insoluble host minerals contaming immobile
clemens, £, and solve Eq. 1 for strain, ¢, ,, defined as (V,, — V)V,
which reduces to Eq. 2 for an immobile clement for which m, 4, is
equal o zaro:

PeCip
chx,w

Posirve strains are diladons and negative strains répresent col-
lapse. Collapse is indicared bv Eq. 2 when the increase in concen-
mation of an immobile element (C,,,) caused by loss of mobile
consntuents is not exactly compensated by an inversely proportonal
decrease in bulk density (p,,) due to mcreasing porosity such that the
product of C, ,, and p,, remains constant, Clearly, the definidon of
strain given in Eq. 2 trears only bulk volume change, ignoring
distorfon and offering no informaton abour the direction of
volume change, and reties on sample size being sufficiendy large to
constirute a representative sample of 1 homogeneous media. The
representative elementary volume (REV) used in our analysis is a
sampic volume of 132 cm?® (10).

Once the bualk strain is compured from Eq. 2, absolute chemical

2

Eiw =

696

mass gains and losses per unit volume of parent material, §; .,
calculated with Eq. 3, or mass fractions, 7, ,,, relative to the mass of
element, J, in the parent material are calatated with Eq. 4.
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Development of Soils

We have evaluated the biogeochermcal mechanics and progressive
development of soils over two disunct tdme scales by analyzing (i)
the mechanisms of in situ developmenr as a funcdon of dme when
communites colonize freshly exposed geological substrates and
evolve for periods up to 240,000 vears and (ii) the long-term record
of soil evolution in ancient cratonal soils developed over millions of
years.

Soils originate when bacteria, fungi, algae, lichens, and vascular
plants colonize freshiv exposed geological subsirares. One can studv
soil development by using chronosequence concepts in which the
effects of dominant nonchronological controls on soil evoludon
(clirnate and climate change, organisms, topography, and parent
material} are minimized by careful field-site selection {4, 5). As an
example of strain analysis in reference to mass ansport applied o
soil development in a humid remperate cnvironment, we sampled
soll profiles that form a dme history of soil evolurion in beach sand
(25-29). Seven soil profiles were sampled on six gently sloping (1° to
4°) marine terraces formed over the past 240,000 years near the
mouth of the Martole River, northern California. Many aspects of
morphological, mineralogical, and chemical deveiopment of these
profiles have been quandfied refadve to sand on the present beach
that represens the parent material for each profile (26, 27). Here, we
quantify soil deformaton in respouse to biogeochemical mass fluxes.

Plots of &, , versus depth (Fig. 1A) for each profile indicaze that
the soils evolved from dilation (posiuve strain) to collapse (negarive
strain) as thev became established and aged. In the younger terraces,
the greatest diladon oceurs near the surface. In the vounger profiles
(3.9 10 29 ka (thousand vears ago)), dilanon decreases with depth to
a point where near zero strain is reached; the older soils {40 to 240
ka} are dilated near the surface bur collapsed within the first meter
below the surface. These observations suggest that as soils age, the
amount of dilation near the surface decreases, the extent of collapse
increases, and the poinr of crossover between dilation and collapse
ascends toward the surface.

A plot of average smain for each profile, mregrated over the
sampling deprh, versus terrace age (Fig. 1B) indicates that initaity
the sotls dilated rapidly, but then they followed a linear coilapse
through dme. In sotls that formned over the last 40,000 years,
collapse has just begun, whereas in soils that began forming 240 ka,
nearly 40% of their volume has been lost. These relations imply that
cumulic processes dominated during the early stages of these soils
but mineral dissolugon and leaching processes dormnated as they
marured. Inidallv, there were dramatc increases in Si (Fig. 1C) by
eolian addidons of quartz-rich sand (a strand of barbed wirc is
buried under 20 an of eolian sand on the 3.9-ka terrace). At the
same dme. organic carbor (OC) (Fig. 1D became incorporated
into the soil as vegeranon was established. The profile shows that
incorporadon of eolian sand and OC, associated with strong dilation
{>30%) of the soil, dilured the concentraton of immobile trace
elements such as Zr (C, ) and lowered p,, (Eq. 2). Silicon and OC
are imporrant controlling variables for soil deformation because they
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are the most abundant component in the soils (with the exception of
oxvgen) and show the greatest percent change relative to parent
material concentratons, respectively, (17). In contrast, Fe and Al
have undergone only minor mass changes

The cumulic phase of soil development in these soils was intense
but of short duration because eolian flux and OC accumulation
decreased rapidly after the formation of each terrace. The drop in sea
level after interglacial or interstadial eustatic sea-level highstands and
the rapid coastal uplift (~4 mm per year) removed newly formed
terraces from the active colian zone. The rate of OC accumulation
slowed rapidly once dynamic equilibrium between OC input and
breakdown was reached (5). The amount of eolian additions varies
among nearby profiles (thus, the calculated dilatational strain var-
ies); for this reason the soil on the youngest terrace (3.9 ka) may not
be representative, and we thus developed best-fit predictive curves
both with and without these dara (Fig. 1, B and C).

Compared with cumulic processes, mineral weathering and leach-
ing are less spaually variable but slower to leave a quantifiable
impact. However, in the 29-ka soil, the concentration of Si is much
less than that in the younger soil and is similar to thar of the beach
sand; the OC concentration has only increased by 50% over the
value in the soil on the 3.9-ka terrace. Average integrated diladon in
the 29-ka soil is less than 20%. Comparison of the soils on the 29-
to 240-ka terraces shows that Si mass loss and average collapse
increase with age. If we include data from the 3.9-ka terrace, average
collapse is stll linear (Fig. 1B), bur Si loss is nonlinear (Fig. 1C), as
is OC gain (Fig. 1D). Elemental mass balance and mineralogical
studies indicare that soil collapse is due to leaching of Si and cations
released by hydrolysis of plagioclase and other weatherable minerals,
which increases the concentration of immobile Zr in the soils
occurring as unweathered zircon (Fig. 1, E and F) (11). Collapse is
partly offser by addigons of OC and eolian minerals, but the higher
transinon point berween diladon and collapse in the older soils
indicates that desilication is the most important long-term factor in
soil deformadon. In young soils, accumulation of OC and eolian
inpur predominate over Si loss. Hence, dilation occurs.

Morphostratigraphic studies have shown that the present beach
sand is representative of the parent marterial of each soil profile (26,
27). Thus, we can document colonizadon of geologic substrate and
chemical evolution of the soil profile by comparing soil composition
with that of the sand. Our model for soil evolution is that vegeration
growth traps colian sand in the near-beach environment and incor-
porates organic matter into the growing soil. Low molecular weight
organic acids released in root exudates and microbial breakdown of
organic martter fuel long-term hydrolytic weathering of silicate
minerals. Early in the development of a soil, desilication is a
by-product of nutrient release. Long-term evolution of the soil may
lead to exhaustion of nutrient-supplying minerals, as in the case of
the Blacklock soil in the Pygmy Forest along the Mendocino coast of
California (5). In most cases, however, long-term soil evoludon is
subject to changes in external sumuli, such as increased erosion or
modification in the rate of eolian dust deposidon. Mass balance and
micromorphologic interpretations of older soils allow detailed eval-
uadon of more complex soil function.

Long-Term Evolution of Soils

Long-term natural pedogenic processes, including deformadon
occurring over time spans of millennia or millions of years and
depths exceeding tens of meters, can be understood by smdy of
ancient soil profiles formed on tectonically inactve cratons. Here,
the antiquity of soils and slow erosion rates allow study of extreme
states of soil development, including (i) mass exchange between
well-developed soil reactor compartments, (i) the upward evolu-
gonary sequence (30-32), and (iii} the prolonged effects of regional
dust depositon of a chemically marure eclectic mixture of foreign
detritus on soil mechanics (9, 10). The soil profiles we have studied
are lateridc bauxite deposits in Western Australia. These soils,
widespread on cratons, are thick and chemically mature soils of
global geological, economic, and agricultural importance that have
been studied inrensively by numerous workers (9).
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character of these strain index minerais from I-m depth in the 3.9- and 240-ka soils, respectively. Zircons are 260 pm long in (E) and 190 um long in (F).
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The Jarrahdale bauxite deposits in the Darling Range of Western
Australia near Perth (9) are developed on Archean granitc gneiss
parent marerial. Using Eq. 3, we transformed conventonal
geochemical profiles for Zr, Si, Al, Fe, C, and S (Fig. 2, A to F) into
chemical mass gains and losses (Fig. 2, G to L). These mass budgets
arc based on a strain profile (Fig. 2M) calculated from Eq. 2.
Because a distinctive, abraded, heavy-mineral suite consisang of
rounded zircon, rutile, and ilmenite (9, 33) is recognized as a
contaminant in the upper meter of the profile, we corrected the Zr
concentrations by submracting the amount of Zr conwibuted by
foreign zircon using a digitizing microscope for accurate modal
counting of trace minerals in quandtative heavy-mineral concen-
trates (34, 35) (Fig. 2A).

In addidon to contamination by the abraded detrital mineral
suite, the upper parts of the bauxites have also accurmulated Al, Fe,
C, and § compounds (Fig. 2, I to L). Although the magnitude of AL,
Fe, and C accumulation is significant, this net mass gain is more than
offset by pervasive loss of Si (Fig. 2H), which has caused a reduction
in bulk density on the order of almost 1 g/cm®, as in the oldest of the
Martole River soils. The depth of C accumulation by biochemical

cycling of organic components (Fig. 2K) is roughly coincident with
the depth of modern root growth (Fig. 2G) and is also similar ro the.
maximum depth of Al- and Fe-rich mineral infillings in biopores
created by roots (Fig. 2, I and J). We conclude, therefore, that the
soil column can be divided into two functional layers. Within a near
surface bioturbated layer, continuous macropores facus the down-
ward translocation of indigenous and foreign particles. Below this
contaminated zone the much smaller microscopic pores preciude
further mranslocation of detrital minerals from above. Hence, intense
feaching of Si and Al species by hydrolysis of silicate minerals,
largely feldspars, predominates chemical gains and losses.

Separating the upper and lower soil systems is what we term a
translocation crossover (TCQO) (36), where mass accumulaton by
invasive downward translocation ceases (for Fe and C) or, for
cerrain elements (Al), even becomes negative where net mass loss
occurs. Surprisingly, Al is leached (Fig. 2I) even though the Al
concentration is higher than that in the parent material (Fig. 2C), an
effect that could not have been recognized with the use of previous
isovolumetric inrerpretive methods (12, 13, 37).

Direct evidence of the complex and heterogeneous strain indicat-

Depth (m)

ﬁwm

02000204 -0.10.00.102
8"

Fig. 2. Bauxite profile from Jarrahdale, Western Ausmalia. (A dirough F)
Convendonal (C;) geochemical profiles for Zr, Si, Al, Fe, C, and §,
transtormed into corresponding absolute mass gain or loss (3, ,,) profiles (G
through L) with Eq. 3; strain was determined from Eq. 27
corrected Co, dara for abraded eolian zircon suite by modal analysis with the
digitizing microscope (34) to determine volumes of rounded grains. Quan-
titative heavy liquid scparation techniques (centrifuge and vacuum concen-
tration) (35) were used to concenmate these trace minerals from soils.
Conversion from a volumetric to a gravimetric basis with mineral densities
gives the mass of abraded foreign zircon. Given the Zr content of zircon, the
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mass of Zr contained in these surficial phases is subtracted from the Zr
concentradon in each sample. A negadve value of §;,, in (G through L)
indicates depledon, and a positve value indicates accumulation by translo-
caton in excess of residual and deformational effects. The saprolites have
higher concentrations of Al than the parent material, bur the negative values
of 8, reveal that Al has been intensely leached (“loss™ areas). Unceruainges
in resules are shown for sample 13 [a blocky hardcap in (I) and (M)] and are
based on use of the maximum and minimum values of Zr concentradon in
the parent marerial.
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Fig. 3. Phoromicrographic evolution of bauxire profile from (a) Archean
gneissic granite parent material through (¢ and d) saprolite, (g and h)
massive hardcap, and (e and f) blocky hardcap to (I and J) pisolitic gravel,
shown at low magnification (left) and higher magnification (right). (b)
Shows 1200-pm-diamerer mosaic protolith quartz grains in relation to the
400-pm-diamerer angular quarz fragments in (c) and (d). Quartz dissolu-
ton appears to have been negligible. Voids are blue-colored.
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ed in Fig. 2M can be observed microscopically (Fig. 3) and related
to mass flux budgets in a sequence of steps from which the
biogeochemical mechanics of weathering emerge. At depth, sapro-
lite occurring immediately above the granitic gneiss bedrock has not
formed by an isovolumetric transformation but instead is highly
collapsed, having shrunk ro abour one-half of its original volume.
The fabric of the saprolite departs markedly from that of the gneiss
(Fig. 3c). Loss of Si (Fig. 2H) by dissolution of feldspars (plagio-
clase and microcline) has controlled this collapse. In contrast, quartz
has not dissolved appreciably burt has simply broken into smaller
(400 wm in diameter) fragments; the size of fragments reflects the
spacing of microcracks in the mosaic quartz grains (1200 pm
diameter) of the gneiss (Fig. 3b). Because the smaller quartz
fragments remaining after dissolution of feldspar and dislocation of
larger quartz grains-are not in contact in the saprolite (Fig. 3, a and
d), there is little resistance ro dissolutional collapse and the saprolite
becomes only marrix-supported, not grain-supported. Thus, break-
ing of the quartz grains into smaller angular pieces is a critical part
of saprolite formaton (Fig. 3d). Because of the intensity of chemical
and physical modification of the saprolite and its position immedi-
arely below the TCO, we call it protosoil. This chemically primitive
material represents the lowest soil compartment and is free of the
invasive influence of surficial detritus introduced through tubular
voids in the soil above. Thus, the TCO helps to eliminate a need for
an arbitrary definition of the base of soil (5).

Above the protosoil, duricrust hardcap zones are characterized by
tubular voids created by roots (Fig. 3, e through h); these voids
contrast markedly with the submicroscopic pores of the protosoil.
They are large, connected openings that control translocaton and
are parnally infilled with oriented subhorizontal layers of aluminous
and feruginous clay (Fig. 2, I and ]J) (9). The microlayering
demonstrares thar a cumulative soil-forming process (38) was oper-
ative, in which episodic addidons of parent material occurred at the
top of the soil. Comparing these micromorphological fearures with
the strain curve shows that the massive hardcap (Fig. 3, g and h)
remains in the collapsed stare of its immediate progenitor “saprolite”
protosoil, whereas the blocky hardcap expanded from —50% to over
+20%, a net change of about +70%. Expansion has occurred as a
result of many generations of root growth and microsedimentary
infillings, as indicated by superimposed and crosscutting microsed-
imentary unconformides (Fig. 3f). Only the last few stages of
textural reorganizaton survive as discernible sedimentary unconfor-
mities; evidence of the earlier stages is preserved only in the cryptic
record of physical properties and chemical composidon of the
hardcap.

At the top of the profile a layer of pisolitic gravels develops.
Accretionary spherical growth occurs by artachment of eolian and
indigenous mineral grains to iron oxide cores (Fig. 3j). The gravel is
a grain-supported aggregate with discrete pisolites touching tangen-
dally. Because growth is accretionary, the amount of expansion
increases upward toward the surficial source of quartz and ferrugi-
nous material. With accretion, pisolite centers move farther apart
and conmribute to dilation.

The interrelation berween mass transport and deformation is
evident from the strain-mansport-ime (STT) paths (Fig. 4) (36).
Although there are no absolute age data on the individual depth
zones in the bauxite, their development within the weathering
profile has evidently occurred in general by a sequence of progressive
replacement steps from a progenitor resembling that currently
underlving each of them (39). The most recent material to form is at
the base of the profile, and the most mature marerial is on top.
Evidence that simultancous advance of the interfaces has occurred
and thar these interfaces are functionally related to each other is
evident in the character of the pathways (Fig. 4). Chemical gains and

ARTICLES 699



-+—— Contraction | Dilation ———
&
h

Fig. 4. Strain and
translocared absolure
mass gain-loss path-
ways tor (A) Si (B)
AL (C) C, and (D) Fe
(svimbols as in Fig. 2).
Strain as a funetion of
mass gain-loss, show-
Ing  sain-mansport-
tme paths for the de-
velopment of each soil
zone: I, saproliee; I,
massive hardeap; 11
pisolidc gravels; and
From these plos we
can  determune  the
of soil evolugon
during which chemi-
cal spedies contribured
to deformation. Veracal slopes indicate that an element did nor affect strain. The
is subdivided into four quadrants on the basis of the direction of
deformaton and mass gain or loss as indicated, with the point (0,0) being the
origin prorolith: upper left. expansion and mass loss; upper right, expansion and
mass accumulation; lower lett, contracton and mass loss; and lower nghr,
conrraction and mass accumuladon.

Br (g/em?)

fosses of four major efements (Si, Al, C, and Fe} essennaily conaol
the state of strain from parent material to protosoil, to hardcap, and
uldmartely to pisolinc gravel.

Bedrock is first transformed to protosoil, which becomes more
clay-rich toward the surface (pathway I in Fig. 4), a trend indicating
a collapse of 50% thar is induced by desilication (loss of 0.6 g/cm®
of Si} during dissoludon of feldspars (while quartz is retained).
Collapse is accompanied by a minor loss of Al and no change in the
mass of Fe. These stage I processes are equivalent to those respon-
sible for the soil evolution in the beach sand discussed above.

The zone immediately above the protosoil, the blocky hardcap, is
anomalous in terms of strain because it is dilated. It is an anomaly in
the generalization thar monotonic soil marurity increases upward.
We infer thar the wransformation after parent material o protosoil is
probably protosoil to massive hardcap (STT path II), a process
involving only minor Si loss and no change in the state of smrain
(Fig. 2M), although Al, C, and Fe accumulate in minor amounts.
We propose that the blocky hardcap, out of vertical maruration
sequence, develops by modification of massive hardcap (STT path
[I') by accumuladon of Si, Al, and C compounds and no change in
the amount of Fe. These changes occur by infilling of open voids, a
process resulting in the microsedimentary fearures in Fig. 3F. A
dramadc decrease in pore size in the protosoil restricts farther
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downward translocation and serves to trap fine-grained detriral
minerals above the base of the blocky hardcap. These detrital
minerals thus fill the pores toward the surface.

Goethite- and hematre-rich pisolites from the massive hardcap
develop (STT path III) by dilatational accumulation of Fe as in Fig.
4D. This rransformaton has two steps: reorganization of hardcap to
form pisolite nuclei and accredonary growth around these nuclei,
which causes expansion as indicated by increasing strain. Mass
additions during pisolite growth are evident also for Si (0.2 g/em?),
Al (0.1 gjcm®), and C (8.0 mg/cm?) (Fig. 4, A to C).

The Mechanics of Cyclical Dilatational Mixing

The spatal correspondence between depth zones of mass accu-
mulation, diladon, and macropores evident in Figs. 2 and 3 suggests
that the mass transport processes controlling soil development are
{inked with deformadon. The collectve effect of many cycles of root
growth and decay is progressive dilation when foreign particles
added at the soi! surface fill the pores created by roots, not only once
but repeatedly, so that an excess volume of solids inflates the soil.
During soil evolution, inflation develops in proportion to the
subsurface space problem caused by continued translocation of
mobile detritus or of precursors of chemical precipitates into voids
in the subsurface. Relaxadon or restoration of the system to an
unstrained state is precluded because of the continued detrital influx.
This dilatadional effect may be enhanced by burrowing organisms,
especially as mineral particles are excavated and transported above
ground, contributing to further soil disaggregadon (40, 41). Thus
process results in a thorough mixing that artends inflation.

An understanding of dilatational mixing is central to evaluatng
deformational mass mansport during soil evoludon, but proof of its
viability hinges on a demonstraton (i) that the parent material is
contdnuous, (ii) thar the strain analysis is valid, shown by a demon-
stradion of the chemical immobility of Zr in the strain index mineral
used, zircon, (iii) that much of the detrital heavy-mineral fracdon has
a foreign source, and (iv) that the inferred mechanism is possible
mechanically in light of known root-growth stresses.

The first three conditions involve use of the mineral zircon as a
tracer. This mineral is useful because most of the Zr in the soil resides
in this mineral. it is a common detrital mineral, and its age and surficial
history can be determined with a combinaton of radiogenic isotope
geochemistry and scanning electron microscope (SEM) analysis. Ion
microprobe work has been done with the SHRIMP (sensiave high
mass resoludon ion microprobe) (42) (Fig. 5).

Three distincr types of zircon were evident in the cratonal soil: (i)
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Fig. 5. Ion microprobe data on 0.55
(A) zoned cuhedral zircons A
from the Jarrahdale protolith
gneiss (solid symbols; samples
1129-1 and 1129-4) and baux-
ite profile (open symbols; sam-
ple 1129-23), revealing cond-
nuity of Archean bedrock
parent marerial, and on (B)
clear, rounded foreign zircons,
showing a wide provenance age
specrum down to 90 Ma. In-
sets: SEM images of (A) cuhe-

2700 o B 2800

dral (170 ym) and (B) rounded
(200 um) zircon populatons

from Jarrahdale. 207ppy/235Yy

cuhedral zircons occurring in the granitic parent bedrock, (ii)
euhedral and color-zoned zircons occurring throughout the bauxite
profile that appeared to be idendcal to the zircons in the granite, and
(iii) colorless rounded zircons, found only from the surface down to
a depth of 2 m within the pisolitic gravels and upper part of the
blocky hardcap. The similarity of 2°°Pb/??8U, 2°7Pb/?**U, and
297Pb/?%°Pb ages as well as recent Pb loss parterns of both types of
cuhedral zircons in the gneiss and overlying bauxite demonstrate
that the bauxite developed by weathering of the gneiss. In contrast,
the broad age specrum from 2600 to 90 Ma (million vears ago) of
rounded zircons (Fig. 5B) shows that they were derived from rocks
of a foreign character. Analysis with the SEM shows thar pristne
euhedral zircon occurs throughout the profile and indicates that
zircon is insoluble in the pore solutions. These data support the use
of Zr in strain determination after the Zr profile is corrected for the
younger rounded zircon introduced in the upper 2 m (43, 44).
We tested the feasibility of the proposed dilatational mixing mech-
anism by experimental simulaton under dry conditions of root
growth cycles and decay (Fig. 6A). We used fine-grained white sand
positioned above a black-colored composite granular mixture consist-
ing of hollow plastic spheres 1 cm in diamerer and interstitial black
sand; the mixrure had a bulk density near that of soil. The dilatadonal
mixing test cell contained a single vertical tube, a pseudoroot made of
surgical rubber that was inflated with nitrogen gas at known pressure
and deflated in cycles to simulate root growth; expansion or decay was
separated by periods of translocation of surficial granular material. We
found thar a stress of approximately 11 bar was adequate to deform
the sandy matrix. Natural root-growth pressures can approach 15 bar
(45). At the start of the experiment, the interface berween white sand
and black porous substrate was sharp and horizontal (Fig. 6A).
Mixing commenced with downward translocation of white sand
through the black sand matrix during several cycles of expansion and
contraction. The contraction phase of the tube cycle decompressed the
surrounding matrix and allowed white sand particles to penetrate
deeper into the black marerial as a propagating wedge of mixed sand.
As the number of cvcles increased, a conical mixing front proceeded
to greater depths (labeled 1 in Fig. 6B), defining the downward limit
of translocation (46). The original interface between white and black
sand began to ascend, indicative of cyclical dilatational mixing. After
only 200 cycles, more than 3 cm of upward dilation indicates that the
two-dimensional horizontal compressive stresses were readily convert-
ed into true three-dimensional vertical displacements, even in this
simplified case with no water available to assist translocadon.
Both dilation and mixing depth increased in proportion to the
number of infladon-deflation cycles (Fig. 6C); the cycles were con-
trolled at a rate of about 3 cycles per minute (a rate that was shown to
be sufficienty slow to allow complete translocation). Dilation is
directly proportional to the depth of mixing (Fig. 6D). These
experimental results are consistent with an expression for strain (e, ,,)
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thar shows direct dependence on depth of mixing (Z,,,) (Eq. 5)
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where area is horizontal cross-sectional area of a control volume, n,,

Air ; Air

Dilation
Mixing
depth
Zn

(m)

nilation-deflation tube

Fig. 6. Soil mechanics test cell
used to simulare cyclical dila-
rational mixing. (A) The cell
conmained a surgical rubber
tube embedded in a sandy ma-
trix thar was viewed through
the front plastc panel of the
mixing cell. (B) Essential fea-
tures after dilation. Curve 1 is
the depth of mixing at a cer-
tain number of cycles, curve 2
is the dilated surface, and
curve 3 is the top-of the over-
lying fine sand body. Results
of cyclical dilaradonal mixing
by translocaton: (C) expan-
sion (O) and depth of translo-
cational mixing (@) as a func-
don of number of cycles and
(D) relation of expansion with
mixing depth. From Eq. §,
strain shouid be directy pro-
portional o translocational
mixing depth, density of the
translocating mineral grain
(p), and average grain density
of the parent material (pg p) and vary mvcrscly with average grain density of
rhc mixed material (pg, ,,J, its porosity (n_,), and the concentration of an
immobile element (C, ,)-
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and n, are porosity of the clean whire sand and mixed sand,
respecnvely, and p,, p,, , and p, , refer to transiocared grain densiry,
clean white sand density, and mixed sand density, respecavely (47).
Equation 5 is an expression for strain of the form ¢, ,, = (V,/V} —
1 such thar the enore first term (preceding 1/V,) expresses the
overall volume of the deformed porous medium.

From thesc experimenaal results and eatier anatyneal resuits on sotl
profiles, we propose that dilation of sotls occurs when animal burrow-
ing, root growth, and root decay are coupled with addidons of organic
compounds, inorganic eolian derrims, and indigenous marterial de-
rived from near surface soil by regolith reduction {10); the soil is then
subject to compression. In contrase to dilagon, progressive collapse
occurs below the influence of invasive particulate constituents. Con-
sequenty, collapse domunares the lower portion of soils below the
depth of root penetration and dilatadonal mixing.

Consequences of Deformational Mass
Transport

Physiochemica} caiculations of bulk strain show that natural defor-
magon of soll s widespread and 1s a phenomenon thar must be
considered a cnideal dimension of soil properries as well as an essential
feamre of profile differentadon. In addidon ro mixing soils, deforma-
non 1s related to mass transport of material moving in suspension and
solurion in the presence of subsurface stresses, pardcularly those
induced by near surface root growth and Joad compaction at depth.

As shown above, soils arc differennared into disanct lavers with
varable strain (cither dilaton or coilapse) that is governed by
tanslocarional mass gains or losses in response to gradadonal
biological acuviry and muneral dissofudon under shallow gverbur-
den load. Near the surface, consecutive cycles of manslocagon and
root growth produce incremenral inflation as continued mass influx
prechudes complete relaxation of the soil. Increased porosity due 1o
root decav, burrowing, and mineral dissolution allows mineral and
organic partcles to move 1o the base of the dilared layer, and in the
process, finer grains, which rranslocate to a grearer deprh, are sorted.
These processes lead 1o ransiocation-induced sotl horizons, such as
argillic and spodic horizons. Farther below, in the substrarum where
few roots penetrate, mucroporous protosoil forms by organic acid-
mediated hydroiysis of soluble rock minerais. Exploitadon of mucro-
soructural imperfections in minerals thar survive chemical artack
releases all but the least soiuble elements with tume. Soil growth
occurs by intense biomechanical invasion through the acdvity of
roots and burrowing organisms and through infladon and activation
of this decompased and softened precursor layer of soil.
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