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ABSTRACT

Brimhall, G.H. Lewis, C.J., Ford, C., Bratt, J., Taylor, G. and Warin, O., 1991, Quaniitative geochem-
ical approach 10 pedogenesis: importance of parent material reduction, volumetric expansion, and
colian influx in lateritization, in: M.). Pavich (Editor}, Weathering and Soils. Geoderma, 51: 51
9t ¢

Using mass balance techniques we test the prevalent view that laterite genesis is dominated by in
situ residual enrichment during chemical weathering of bedrock. Through calculation of net mass
fluxes through the laterite soils in Mali, West Africa, we show that residual enrichment by removal of
mobile elements with a corresponding increase in bulk porosity and decrease in bulk density, contrib-
utes only a very minor fraction of the enrichkment of Al, Fe, Si and Au. Instead, we demonstrate that
the abundance of these efements is due 20 the influx and accumulation by selective retention of chem-
ically mature detritus of local and foreign origin clearly evident in micromorphological infilling fea-
tures. At the same samphe depths that accumulation reaches extreme values, we show that volumetric
expansion in excess of 200% has occurred locally. We infer that these spatially coincidental zones of
mass influx of rock-forming metals Fe, Al, Si, and also Au with dilational hyperstrains resuit from a
mutualy reinforcing, mechanical interaction beiween material influx and the effects of subsurface
deformationat processes such as shrink-swell cycles and root growth and decay, We propose that with
progressive infilling of available connected voids by illuvial microsedimentary deposits of insoluble
resistate and neoformed minerals, the capacity for the combined skeleton and plasma to remain iso-
vulumetric is exceeded, We speculate that the resultant space problem is relieved by upwards expan-
sion towards the overlying free surface. Continued translocation and void infilling occur and are him-
ited 10 the depth where the size of translocational particles is smaller than that of the connected voids.
Consequently, progressive kyperstrains accumulate above this critical depth by the long-term influ-
ence of a proposed translocational wedge of chemically-resistant minerals against which numerous
generations of plant roots have exerted stresses.

Eclectic surficial contaminants involved are continucusly derived from above leaving no indication
of a relict source region within the present soil profile from which they might have been extracted,
Instead, the source region is largely the existing regolith column itself which releases local material
and in addition, is supplemented by deposition of colluvial detritus shed nearby by escarpment retreat
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and {rom contributions by foreign colian sources, The regolith sndergoes progressive reduction by
wind deflation, erosion, focal dissolution and reprecipitation. This open-system in situ fractionation
pracess may be characteristic of tectonically-siable continental weathering in general where the rela-
tive stability of the landscape contributes 10 the accession, superficial recycling and retention of re-
sistant minerals by interrelated mechanical, chemical and biological mechanisms. Residual enrich-
ment in lateritic weathering profiles which has an increasingly-eclectic grain character near i1s top is
then best viewed as only the first step of in site modification of parent material. As such, residual
enrichment dominates only the basal saprolitic portions of laterites but higher up is subordinate too
the accumulated effects of translocation and accumulation of mineral detritus within voids. Lithos-
tructure i5 progressively destroyed by bioturbation, mixing and expansion. The migration of surficial
detritus into the ocean basins is thereby delayed and widespread cumulative lateritic soils become the
long-term repositories of an aged continental residuum.

Gold is one mineral which is highly concentrated in the zone of lateritic weathering above miner-
alized Precambrian volcano-sedimentary greenstone protoliths and this surficial enrichment is of con-
siderable econormnic importance. 1l appears that because of its small particle size and unusuatly high
grain density, gold particles contained in the parent material are effectively enriched mechanically
during regelith reduction as a captive constituent in the laterite column and are selectively separated
from gangue constituents which are physically or chemically carried away by eolian and {luviatile
regolith reduction and in solution in groundwater discharge.

INTRODUCTION S

‘Laterites, including ferruginous tropical and sub-tropical Red Soils, pres-~

ently mapped as Oxisols, Ultisols and Aridisols, broadly grouped together are
estimated to cover as much as one third of all the emerged lands of the world
(Nahon, 1989). The prevailing view of their origin is as being residual surfi-
cial accurnulations of insoluble oxides and hydrous oxides of Fe, Al, Ti, Mn
and silicate clays left in place and locally reworked while more solubl¢ ¢on-
stituents are carried away in solution.in groundwater. Since laterites are so
widespread and occasionally extend to depths in excess of one hundred me-
ters, they are perhaps as important globally as any known broad group of soils.
Therefore, as a subaerial repository of relatively immobile chemical species,
laterites affect a significant local hydrochemical fractionation of immobile
from mobile chemical elements and thereby influence the composition of river
discharge. On a larger scale, it is also likely that lateritization contributes to
long-term changes in the chemical and isotopic character of the oceans when
continental landmasses are subject to intense weathering within equatorial
latitudes. Understanding of the relationship of widespread laterization to
landscape evolution, paleoclimate, and continental drift is important for in-
terpreting the long-term mass exchanges between continents and oceans. Fur-
ther developments require knowledge of the age of laterites, duration of
weathering processes, rates of conversion of bedrock to soil, surficial erosion
rates and extent of eolian and fluviatile influx of locally-derived and foreign
detritus into soils.
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Global environment of laterites

By far tl}e most expansive development of laterites is on tectonicatly-stable
Pre;cambnan cratonal continental masses. There, their accumulation as sur-
ﬁcra.l products of intense chemical weathering of bedrock proceeds relatively
und1§1urbed by removal of soil by active fluviatile erosion. The eventual pas-
sage into the oceans of chemically-mature debris created by lateritic weath-
ering is heqce delayed and its surficial residence time is prolonged. Rather
.than a dominance of erosive phenomena as on orogenic areas, the topograph-
1cain-subdue_d landscape and its long-lived soil mantle may then contribute
toa _predommance of interrelated geochemical and biological processes in-
cludi_ng tree root heave, termite activity, and root dilation that cause a pro-
gressive reworking of detritus from surface to subsurface to surface again
recyc}mg the most mature mineral constituents as well as nutrient cations’
usedin t!le biochemical cycle. Furthermore, since global wind trajectories (Fig,
I} crossing cratonal areas emanate from hyper-arid and semi-arid interiors
of continents where high dust-storm activity, wind erosion (Morales, 1979;
Geudle,- 1983; Pye, 1987) and desertification (El-Baz and Hassan, 3986)’
-preciommate_, we hypothesize that deposition of dust of local or distant origin
may contanunate laterites with chemically-mature detritus. Millions of tons
per year qf dust are carried from the Sahara and contribute to soils or oceans
sn;rroundlpg this desert region alone (Yaalon, 1987). Therefore, rather than
view laterites as simple residual deposits, we examine them for possible for-
e1gn source material. Here, we first develop a new strategy for studying later-
ites in terms of their possible open geochemical system behavior.

Strategy

qu choice qf which properties of laterites to measure 1o offer essential ge-
netic fnfqrmatmn is guided by a physical and chemical model which obeys
the principle of conservation of mass (Brimhallet al., 1985) and incorporates
a term expressing mass fluxes (Brimhall et al., 1988). With a mass balance
approach we can use the chemical elements themselves as geochemical tracers.
The beh_avior of tracer elements, both those which are immobile and mobile,
is then interpreted in terms of formal mass balance principles presented as
functional forms of constitutive relations between soil chemical composition,
bulk density, porosity, and volume change in relation to similar properties of
the parent material.

Oulr methods do not reject existing observational pedogenic techniques such
as micromorphology or selective solvent extraction in favor of physio-chem-
ical measurements. On the contrary, we continue to utilize them in studying
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soils, but proceed to incorporate them into a more powerful quantitative
sirategy supported by general mass balance models in which all such field and
microscopic observations, as well as mineral chemistry must fit with interpal
consistency and compatibility with bulk chemistry and physical properties.
We hope therefore to offer an integrative compliment to existing pedological
methods, which embraces direct observation and analytical measurement with
physio-chemical models adapted for specific pedogenic systems.

Qualitative genetic model

Although excellent descriptions of laterites exist {Goudie, 1973; Mec-
Farlane, 1976; Butt, 1983; Golightly, 1981; Esson, 1983), their inferred ori-
gin is based largely on insightful, though often speculative, inference about
pasi climates or climatic change for which there has been a scarcity qf‘ inde-
pendent evidence. For example, isolated occurrences of laterite capping Iow
hills in the Coast Ranges of Oregon and California have been rationalized by
proposing past wetter climates in the Tertiary (Hotz, 1964; Cumberlidge and
Chase, 1968). Elsewhere, climatic change to more arid conditions has been
invoked to explain the apparent cessation of laterite formation by incision of
drainage through duricrusts, escarpment retreat and redeposition of detritus
in lowlands in yet younger weathering profiles (Goudie, 1973). The apparent
geomorphic persistence of these old armored surfaces is explained by their
relative resistance to erosion. A clear need exists to sort out the cause and
effect relationships in chemical weathering, landscape evolution, climate, and

tectonic stability. Rather than interpret lateritized terrains in terms of as-

sumed climatic change, we wish to further develop the factual record here and
then proceed to develop their use as paleo-climate indicators subsequently.

On the small scale of weathering profiles, laterite genesis from bedrock par-

ent material is generaily conceptualized as a spontaneous develogment of ver-
tically-zoned and differentiated soils in response to intense tropical weather-

ing of a variety of igneous, sedimentary and metamorphic bedrocks (Nahon’i%ﬂ
1989). At their base, advance of the weathering front proceeds at the expense

of parent rock as percolating groundwater carries away soluble const%tuents
leaving the remaining saprolite enriched in relatively insoluble species but
essentially intact structurally as original rock texture is preserved. However,
in addition to the profiles developing from the base upward in this fashion,
they also mature from the top down by intense pedogenic modification gmd
may as well receive influx of detritus of local and distant origin of a chemical
maturity characteristic of surficial exposures in the source region. Thus later-
itic weathering is simultaneously induced both from below and above by ad-
vance of two very different processes; one at depth affecting incipient altera.
tion of bedrock apparently under water-saturated reducing conditions, and
the other completing a progressive evolution in chemistry, structure, and
physical properties, which has proceeded downward by replacement of each
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zone by its superadjacent and pedogenically more mature counterpart leading
towards complete oxidative equilibrium with the atmosphere. Thus, the zonal
sequence is a series of dynamic partial equilibrium states between the solid
earth and the atmosphere, mitigated by the migration and reactivity of per-
colating groundwater and ground gasses.

The uppermost portions of laterites vary considerably and include Oxisols
and Ultisols. Frequently, capping laterite profiles are indurated duricrusts of
concretionary pisolitic ferricrete (Tardy and Nahon, 1985) referred to as
hardpans or canga, forming topographic mesas separated by flat jowlands.
Such features are believed to show their considerable age and progressive de-
velopment of each horizon from a progenitor which resembled that currently
underlying it (Butt, 1983). Local enrichment of low-level laterites by detritus
shed from nearby high-level laterites is inferred from the fragmented nature
of hardcaps near the edges of mesas where tree roots often occupy cracks be-
tween disoriented blocks and the occurrence of hardcap inclusions in younger
duricrusts below. )

In the West African, Brazilian, and Guyanan shields, surface denudation
rates of 10-50 m/Ma are so slow that erosion is transport limited, as the rate

@g of supply of material by weathering exceeds the capacity of transport pro-

i
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cesses to remove the material (Stallard, 1989). Under such conditions,
- weathering penetrates to depths exceeding 40 m and is refatively complete.
The resultant lateritic soils (Oxisols, Ultisols, and Ferrisols) and derivative
suspended sediments in rivers contain Na, K, Mg, and: Ca cation-depleted
minerals principally silicate clays and Al-Fe sesquioxides. This mineral suite
? is chemically more mature than that typically derived from erosion in tecton-
" ically-active mountain belts where denudation rates are rapid, in the range of
50-5000 m/Ma and alumino-silicate rocks do not weather so completely.

Metallogenesis

Though generally poor in many plant nutrients, Iaterites are soils of consid-
erable agricultural and economic importance particularly in many developing
countries in Africa, India and Scuth America. Of growing importance in these
areas is the considerable mineral resource potential of laterites which already
constitute a significant portion of the world’s Al, Ni, and Co reserve. Laterites
are also the focus of an intense regional exploration for Au sparked largely by
the discovery of the huge Boddington gold-enriched laterite in Western Aus-
tralia developed by weathering of a gold-beari ng volcan o-sedimentary green-
stone protore of the Archean Yilgarn craton (Davy and El-Ansary, 1986).
Enrichment mechanisms for gold involving ferrolytic oxidation of ferrous Fe
during precipitation of goethite have been proposed (Mann, 1983a, b, 1984;
Webster and Mann, 1984), directly linking chemical gold enrichment to la-
teritic weathering.
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The metailogenic significance of lateritic weathering is immense both for
metals and industrial minerals. Regional dust trajectories (Fig. 1) emanating
from the arid continental interiors may contribute to further enrichment of
in situ bauxite deposits of Al (Brimhall et al., 1988). Submarine clay plumes
in seafloor sediments represent the distal sites of offshore dust deposition.
Nearer to the continental source regions, but still positioned along dust tra-
jectories, coarser-grained, clastic terriginous sediment collects in proximal
shoreline environments as heavy mineral beach sand deposits representing
most of the world’s mineral resources of Zr and Ti. Together, these varied
mineral deposits from widespread fractionation sequences of continental de-
sritus distributed hydrodynamically along dust trajectories {Brimhall et al.,
1988).

Therefore, as a widespread group of residual soils which also includes baux-
ites, laterites have been intensively studied as major global sources of Ni, Co,
and Al and more recently intensively explored internationally for enriched
Au, Pt and Pd ore deposits. Because of the many difficulties of successfully
exploring in deeply-weathered terrains where bedrock geology is obscured
(Smith, 1983) and interpretation of leached outcrops is compilicated, the tre-
mendous global resource potential of these soils is only now being realized
with application of rapid advances in multi-element regional geochemical
sampling methods. While proving to be effective in locating gold-enriched
laterites, regional geochemical mineral surveys in these poorly-exposed and
deeply weathered laterized terrains have accentuated the need for an im-
proved general understanding of laterite genesis, age, geochemical dispersal
patterns and response to climatic change. Thus, knowledge of the response of
many valuable and geochemically-diverse transition metals 1o complex pe-

dogenic processes then becomes vital to mineral exploration. -

PURPOSE OF THIS STUDY

:I‘he purpose of this paper is to illuminate the chemical mass exchanges

petween vertically adjacent pedogenic compartments within laterites and’to
relate this mass transfer to surficial processes. Mechanistically, this amounts
to establishing the extent of open-system transportin a deforming porous ine-
dia, a task which has in the past been impeded for lack of a means of evalu-
ating the state of strain so that chemical gains and losses should be calculated
accurately. Physical strain markers are often scarce making it necessary to
devise a more general technique of estimating strain. Using Zr and Ti, two
elements which are viewed as being refatively immobile, we study their be-
havior quantitatively in order to evaluate strain as rigorously as possible. This
done, we establish mass influx of major soil-forming elements: Al Feand Si,
turning lastly to Au behavior as an important ore metal enriched in laterites,
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as weil_ as being uniqu_e in its property of density which make it a particularly
revealing tracer constituent mechanically.

THEORY OF GEOCHEMICAL MASS BALANCE

Background

The den\fatxon and application of constitutive mass balance techniques to
hydrochem‘lcal weathering processes are described in detail by Brimhall et al
( 198.’? ), I.irmjhall and Dietrich {(1987), and Brimhall et ai. (1988). The term-
constitutive is used simply because we have derived formal analytical rela-
tionships betfveen physical and chemical properties of soils in relation to their
parent material under constraints imposed by conservation of mass. Of great-
est importance, however, is that these constitutive relations are explicit func-
tional forms from which interpretation of distinct pedogenic processes be-
comes possible. From our previous experience applying mass balance analysis,

we now have a uselul strategy at our dis i i
: posal with which to addre -
system soil development. > open

Complexity of determining elemental mobility

Our purpose in this section is to develop a set of analytical mass balance

. functions whicE}, when appliec% to sets of chemical and physical data, can be
~ used to determine open chemical system gains and losses in soil profiles in

felauon to their parent material, The transformation of parent material to soil
is due to tljc action of a complex combination of interrelated surficial pro-
cesses that zpctudc hydrochemical, biological, mechanical and eolian factors
'i_"q succeed in unraveling such complex patterns, we must require that models.
accoxprr{odate the complexity of the near-surface environment of lateritic
wgat_hermg‘ This entails evaluating all assumptions and limitations in light of
gg%qxﬁc field circumstances and petrographic observations.

_Basic conservation equation

[+ The basic constitutive equation expressing the overall conservation of mass

of any c:h‘emical element, j, relates volume, dry bulk density, and chemical
composition and mass fluxes into or out of the system:

V.. C: Vb C;
plphip ww w
~ELECEP 4 . 2z et W
f. flux 100 ( l )
The first term on the left-hand side of eq. (1), expresses the mass of element,

100
J> contained in the protolith before weathering, subscri isgi
f . pted as p. Itis given by
the product of volume (¥ in cm?), dry bulk density (pin g/cm?), and chem-
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ical concentration {C in wt%). Notice that the units combine {0 give the mass
of element j in grams. The mass of ¢lement j introduced into or out of the
protolith volume is indicated as m; g« and is added to the mass of jin the
protolith. Fluxes are taken as positive if they come into the system and are
negative if they leave the system. On the right-hand side of eq. (1), the mass
of element j contained in the weathered product volume of interest, sub-
scripted w, is given by the product of the new volume, dry bulk density, and
chemical concentration.

Meaning of volume: the sample system

The concept of volume used in this context refers to representative elemen-
tary volumes, abbreviated REV. For a homogeneous starting material, a REV
can be quite small, and field samples of 100 cm?® are equivalent and can be
conveniently taken in soil profiles. The mass conservation equation then ap-
plies to individual sample volumes with the boundaries of each chemical sys-
tem being their outside surface.

Volumetric strain

We make no assumption about chemical and biophysical weathering being
isovolumetric and seek instead to determine volumetric changes. We accom-
- plish this by utilizing the classical definition of strain, &, the ratio of volume
change in a process to the initial volume:

ViV, V,
R Al 2)

Subscript i refers to the strain determined by use of an immobile strain
index element and subscript w refers to strain duc to weathering. Notice on
the right-hand side of eq. (2) that the strain can be expressed as a ratio in-
volving V,,/V,. Rearranging eq. (2) shows that strain is a unitless ratio:

Vo

‘:[/_': i.w+l (3}

P

Note that the volumes denoted in eqgs. { 1--3) are representative elementary
volumes (REV) of sufficient size so as to be homogeneous throughout. In
most cases, a hand-sample size is sufficient to insure homogeneity.

Mass fluxes

Since we are primarily interested in open-system mass fluxes, we solve eq.
(1) for m; au: - ’
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Vibo G VipoCip
100 100
and dixfidfz by ¥, to give eq. (5) which contains Vw/ V, ratios which we can

soon eliminate using eq. (3 ), replacing them by & o+ 1:
mﬁ ftux - prw C; w _qu P
v, 100V, 100 ()

My pux =

(4)

Substituting in &+ I from eq. (3) for ¥../V, gi i
o . w gives the mass flux rel
to the volume of the protolith: i clative

ch},w 2, C;
=(g, ,+ 1) Pelip
@+ D=6~ ~"T00 . (6)

mj. flux

VP

Mass transport function

- Although this volume reference for the fluxes could be used, it is preferable
ms}ead to relate fluxes to the mass of element j contained in the original pro-
toluh_. In order to compute the fluxes in this fashion, we define the open
chemical system transport function, 1, , as the mass fraction of element Jjadded
to the system during weathering relative to the mass of j originally present in
the protolith. This is the product of V, and C,p,: :

. .
T, o == 10020 :
= C:L o2 Vo 7

. . '
T _Ca!culafgon of the open system mass transport function, 7w

Solving eq. '(7) for m; nux, substituting the resultant expression into eq.
(6), and dividing by p,C; , gives eq. (8). This is the form of the open-system
mass transport function, or mass fraction added or subtracted, we use to com-
pute chemical gains and losses for each sample collected from a soil profile.
'Hence we compute 17, , directly from density and chemical composition data
in combination with interpreted strain:

PG
T}‘W_qu‘p{sr‘w-i‘l')'*—i (8)
. B'n_eﬂy, 7;  values of — 1.0 signify that 100 percent of the mass of element
J originally present in the protolith has been extracted during weathering, A
value of 0.0 indicates that the element has been immobile and has been af-
fected ogly by internal closed chemical system processes, specifically, residual
and strain effects. This does not imply that other elements have been immo-
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bile, however, and they may be part of the open system. Finally, a positive
value of 7, .. for example 0.5, means that an excess of 50 percent of the mass
of element j has been added.

Determination of strain

In order to compute the transport functions for each element of interest, it
is necessary to first compute strain. This can only be done by use of an im-
mobile element. Alternatively, certain geomeiric relationships such as vein
patterns serving as physical strain markers could theoretically be used, but
they are present so rarely, especially above the saprolite, that they are of litile
practical use. Several elements are almost certainly immobile under most near-
surface geological circumstances. Zr and Ti are perhaps the most immobile of
all as the minerals zircon and rutile are generally quite insoluble in ground-
water, though not universally so. To compute strain, we assume that an cle-
ment like Zr has been immobile. It follows then that the flux term in eq. {7}
is zero, and hence the open-system transport term T, , in eq. {8) is also zero.
Therefore, if an element is in fact immobile, eq. (8) can be rearranged to
yield eq. (9) where subscripts j have been replaced by { to indicate an immo-
bile element: .

PG
(g .t 1)=1 (9)
2,.Cip :
Solving eq. (9) for strain gives eq. (10) which is the form we use to com-
- pute strain due to weathering for each field sample:

PpCi.p_l (10)

Ew=—"—

pw Ci. w
Correct application of the technique depends upon establishing the exis-

tence of a homogeneous protolith and immobility of at least one chemical

species, typically Zr or Ti, for use as the index species, 7, in strain determina-
tion. In eq. (10) we sec immediately that strain can result whenever a change
in bulk density, p.. is not exactly compensated by an inversely proportional
change in the concentration of the immobile element, C; ., such that their
product in the denominator remains constant and equal to the numerator
with a value of unity. Certain types of strains are easily visualized using eq.
(9), Imagine root dilation as an example. Because roots typically have a bulk
density and a concentration of immobile elements such as Ti or Zr less than
in rocks, the product p,,C; ., would clearly be kess than the product for the
protolith in the numerator, The overall quotient would be significantly greater
than | so that with subtraction of {, and shown in eq. {10), the resultant
strain would be positive and hence dilational. Conversely, collapse by intense
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dlszoiuuon of m:.ncrals' containing mobile elements would leave the weath-
ered product enriched in immobile elements contained in chemically-resis-

tive minerals. Wiihout a compensating change in density, the calculated strain
would be negative consistent with collapse.

Caleulation of gains and losses

By solvingeq. {7) for M fxs WE see immediately how mass fluxes for each

g

(G
mj. ﬂux""(pp Vp EOG)TJ w (II)

Within parentheses is the mass of element Jcontained in the protolith given
as .tlr}e product of bulk density, volume and concentration. By multiplying this
original mass by the open-system transport function T, w which is the mobile
mass’fraf:txon, the resultant product gives the mass of jj"ﬂux.

This gives the mass flux fora single sample of volume, V,. What is generally
more useful, however, is knowledge of an overall or net mags flux for an entire
soil profile down to the depth investigated.

Overall mass flux of a profile, ra i flux

}Thls 15 accomplished by simply recognizing that since we can compute a
}iglue of 1, ux for each individual sample, we can express ;. nux 45 & function
. af depth, Z, down through the profile. T nux (Z) may be imégraiecf as a func-
= tion of depth .to the depth over which the profile has been sampled, D, ., or
e m: any depth ‘of mterest. We then calculate the overall or net mass ﬂux’, n:"a“;;
M,_ f(').g;fghe entire soil profile to the depth D; .., as given by: m

i c Lol
7y aun(gfem?)=p, 2 [0z (12)

L={}

Ineq. (12} we have expanded the REV term, I, ineq. (11) as
ofa depth, D; ., to which the flux is calculated an:i the gro(ss—s?ecti:)tig?g:g
plan view Qf Fhe profile. This area has been moved 1o the left-hand side of the
equation giving the units of grams per square em. For example, if a profile
had been lf:ach?d of an element j to a depth of 2 m and had an av’erage T wof
—0.5, a protolith density of 2.6, and a concentration of f 00,4%, the avg;zge
mass loss of element j per cm? of soil cross section would be .04 g to the
depth of 2 m. The utility of the planimetric areal reference for these fluxes
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can be appreciaied by considering overail mass balance and weathering rates
in drainage systems including transport in stream discharge (Velbel, 1985).

Mass fluxes in chemically-differentiated soil profiles

In certain chemically-differentiated soils such as Spodos_ols, there may be
depth intervals over which the function, 7, .. (Z), is positive, 2¢10 Of nega-
tive. For example, consider the losses of Al or Fe in the albic zone in relation
to the corresponding gains in the spodic zone. Mass fluxes can be qomputed
individually for each zone using appropriate depth limits of integration in eq.
{12).

Internal chemical changes

We turn now to separating open-system mass transport from two processes
which can be visualized as being largely, though not uniquely, internal in or-
igin in contrast to external processes which eithcr‘imroduce f_ore'ign I:naterzai
or carry constituents away in solution or suspension. The principal internal
processes are residual enrichment and strain effects. A- common method of
expressing overall chemical enrichment is by using the ennch‘n{ent factor,
which is the ratio of the chemical concentration of an element divided by the
concentration of that same element in the protolith, [f the enrichment factor
equals | than there has been no enrichment, If it equals 2, then the concentra-
tion is twice s high as in the protore. However, this does not mean necessarily
that twice as much mass of element j has been added from external sources as

internal enrichment processes may be sufficient to explain increase in con--

centration. Equation (6) is solved for an enrichment factor, C; ./ C; !

Cow_ P | 100 T Rl
Gj-p“ Pw (__81'-w+l) + C}.ppwyp(ei»wi'l)
(1) (2) {(13)

closed system apen syste

This equation represents two distinct contributions to the enrichment fac-
tor of each sample volume referred to here as the “closed” an_d “open’j system
parts labeled as terms 1 and 2, respectively. These will be discussed in order
and related to the overall enrichment factor. The enrichment fa(_:tgr hgs con-
siderable geochemical appeal as it represents change in composition in rela-
tion to the original concentration in a protolith. it therefore automatically
normalizes analyses, both in terms of composition and density. Each of the
terms in eq. (13) are therefore dimensionless ratios being scaled perfectly to
initial properties of the protore.

| £TS000
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Closed-system enrichment

The first term in eq. (13) describes the elements which behave as immobile
constituents during weathering, and hence, the system is closed with respect
to them while being open with respect to mobile elements. The contribution
of immobile elements to the overall enrichment factor is a product of the den-
sity ratio of the protore to that of the weathered material divided by a second
factor, the strain due 10 weathering plus {. The density ratio is the part of
enrichment referred to as residual. Residual enrichment results from disso-
lution and removal of mobile elements with a corresponding reduction in bulk
density and a corresponding increase in porosity {Brimhall and Dietrich,
1987) with no reference to change in volume, as volume change does not
necessarily follow and is expressed by a separate factor.

While transformation of bedrock to soil involves the release and transport
of mobile elements out of the system, elements which remain behind are re-
sidually enriched. In eq. (13} the term with strain plus I in the denominator
is a function of the amount of deformation due to weathering. It is important
to realize that strain can have this effect of inducing enrichment. However,
remembering that dilation corresponds 10 positive strain and collapse to neg-
ative strain, the fact that the strain term in eq. (13) appears in the denomi-
nator means that only the latter will cause enrichment.

Open-system enrichment

The second term in eq. (13) refers to the open chemidal system and in-
volves the mass influx or departure of element j. The greater the mass influx
of a mobile element, then the greater the contribution to the enrichment fac-
tor for that element. It is clear from eq. (13) that the open-system component

. of enrichment adds directly to the closed-system component. By solving eq.

{7) for m; y,,, substituting this expression into eq. (13), and factoring out
the density ratio and strain functions, we can express the enrichment factor
finally as:

Ciw Po !

o fe (47 )

q. p pw (81} w+ 1 ) ’
residual  strain open (14)
enrich- system

ment

For a given element, /, eq. (14} reflects the interactive effects of its closed-
system {immobile) and open-system (mobile) constituent contributions o
the overall enrichment factor. The open-system term refers to the constitu-
ents which move across the boundaries of the system and are therefore mo-
bile. When there are no mobile constituents, mass influx m; g, equals zero
and t, ,, equals zero. The enrichment factor is then simply the closed-system
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product of the density ratio times the strain term. The value of T,  Can, in
addition to being equal to zero, be positive for additions of material or nega-
tive if material leaves the system. If 1, « equals | for example, then the enrich-
ment factor is equal to two times the density ratio times the strain term. This
corresponds to 200% of the mass of element j in the protolith.

Limitations of the method

Although the mass balance method allows useful inferences to be made
about the involvement of pedogenic material from internal versus external
source regions, one of its limitations is that it does not discriminate between
in situ, or parautochthonous, and external, or allochthonous, sources. Sec-
ondly, since mass balance analysis uses characteristics of the protore as part
of the computation of open system enrichment components, the accuracy with
which projections of such properties can be made influences the accuracy of
our conclusions about chemical gains and losses in a major way. Obviously,
our method works best if the protore is as homogeneous as possible and when
we have ready access to the parent material. In deeply-weathered terrains, the
latter condition commonly requires diamond drill cores to characterize the
protolith as soil pits deeper than 25 m are very rare.

FIELD STUDY SITE

In Africa, laterites occur within a wide belt of latosols spanning the equa-
torial regions within 20 degrees north and south latitude. We chose a study
site at Syama in southernmost Mali, West Africa, 20 km east of the Bagoe

<River (Fig. 1). Qur study site at Syama was chosen as it affords ideal oppor-
lunities in several respects. First, laterite profiles can be sampled from top to
‘bottom, including unweathered parent material made available in explora-

- tion diamond drill core. Second, the site is positioned along a regional dust
. trajectory of the Harmatan winds, which provides an opportunity to deter-

mine what'the level of incorporation of allochthonous detritus is into the la-
terites. Third, 15 m deep exploration pits could be easily sampled using piston
coring methods. Fourth, as a lateritic gold ore deposit, the occurrence of par-
ticulate gold in the Syama laterites provides an opportunity to determine how
mineral grains which are clearly autochthonous behave during regolith reduc-
tion; they are physically captive in the soil because of their exceptionally high
density and hence not susceptible to wind ablation.

Fig. 1. Global map showing Precambrian shields {Derry, 1980}, submarine lava greenstone
belts {De Witt et al,, 1988 ), laterite distribution in Africa (Goudie, 1973), ferricrete distribu-
tion in Australia { Goudic, 1973; and other sources: BHP-Uiah International internal reports},
lateritic bauxites (Valeton, 1983), heavy mineral beach sand deposits (Dixon, 1979}, global
dust trajectories emanating from arid and scmi-arid regions (Pye, 1987), kaolinite-enriched
marine sediments { Pye, 1988), and location of study site in Mali, West Africa.
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Bedrock parent material

The bedrock at Syama is a hydrothermally-altered submarine lava or green-
stone, probably originaily a chloritized basalt which upon later mineraliza-
tion was enriched in gold. The accompanying alteration assemblage includes
quartz, albite, ferroan-dolomite and minor white mica controlled by veinlets
containing quartz, graphite, auriferous pyrite, chalcopyrite, trace ¢lectrum and
quartz. The quartz sometimes shows pressure shadows due to intense defor-
mation. Structurally, the bedrock is a sequence of moderately steeply-dipping
metamorphosed Birimian volcano-sedimentary rocks approximately 2 bil-
lion years old. Similar Precambrian greenstone belts occur as linear fault-
bounded grabens in the major Precambrian shields of West Africa, Canada,
Australia, and Scandanavia {Fig. 1}.

LATERITE WEATHERING PROFILES
Sampling

We offer here completed results on our research efforts studying 14 piston
core soil samples taken in January 1988 from a 15 m deep, | m® cross-section
exploration pit at Syama. The pit is referred to as SP-15 and samples from it
are collection number | 147, Pit SP-15 was sampled using a hand-held sliding
hammer piston coring device which takes two 7.6 cm long cores, 4.7 ¢m in
diameter which are sheathed in durable Lexan plastic tubes (Fig. 2) each
with a volume of 132 cm®. The tubes are capped 1o retain soil moisture, thereby
providing oriented samples for chemistry, physical properties, hydraulic con-
ductivity, and micromorphology.

Nearby diamond drill core samples from hole SYD-4 (our sample collec-

tion number 1149) were considered as representative of the fresh protolith-

(protore) or parent material from which laterites developed. Diamond drill

core samples were taken at inclined drill hole depths of 65.7, 86.1, 94.8, and
" 100.8 m which have projected vertical depths below the surface of 46, 60, 66,

and 70 m, respectively. In our calculations, these protore samples provide the

initial state of mineralization upon which all subsequent weathering effects

are assumed to have taken place.
Physical properties

The greenstone bedrock has been weathered to a vertically-zoned sequence
beginning with saprolite above the bed-rock weathering interface (Fig. 3).
Above this, the mottled zone or carapace and hardcap, locally referred to as
the cuirasse, occur in sequence capped by non-indurated gravels. In Figs. 3a~
3¢ we show the variation in bulk dry density, average mineral grain density

2
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Fig. 2. Hand-held piston hammer soil sampler (a} and parts: sharpeng¢d sieel cylinder cup pe-
retrometer (b}, Lexan plastic core barrel inserts (c), threaded cylindet cap {d) which attaches
1o end of {a), and example of a capped soil core {¢}. Sampler is ava;lable through Art’s Manu-
facturing (AMS), 105 American Falts, idaho 83211,

and porosity for 14 samples from pit SP-15 (1147-1 to -14) and 4 core sam-
ples or grant material (1149-1 to -4). The most notable trends in these pro-

- files with depth are the decrease in bulk dry density and dramatic increase in

porosity from 30 to over 60%. Major changes in pore structures occur over
the depth of 15 m. Near surface, in the carapace, many large macroscopic
voids occur which lower the bulk density to well below that of the protore.
However, at depth, within the saprolite, the voids are much smaller, typically
at a submicron level, but more numerous. This lowers the bulk density still
farther. This marked change in pore structure frequency and size has a signif-
icant impact on the saturated permeability of the profile. In Fig. 4 the satu-
rated hydrauiic conductivity of soil cores undergoes an abrupt drop from 0.001
cm/s to less than 0.00001 cm/s at a depth of about 13 m within the saprolite.
This transition from microscopic to submicroscopic pores represents a reduc-

tionf_of between 1/100 and 1/1000 of the hydraulic conductivity higher in the
profile.
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2, Depth of sample pit is shown in comparison to position of diamond drill hole {D.D.H. SYD-
43 core samples of parent material.

Strain calculation from chemomechanical indicators .

In order to determine the chemical gains and losses of elements that have
occurred along with physical changes during weathering, i.t is first necessary
fo ascertain the state of strain of the deformed porous media, Secondly, recall

that in order to determine the net strain, we must identify and use an immo-
bile element in a closed-system constitutive mass balance relation (eq. 10) .

which relates strain to bulk density and concentration. This conceptual con-

stitutive relation approach departs markedly from well-known statistical fac- -

tor analysis methods (Esson, 1983) which (1) normalize muEti-c‘iemeqt
chemical data to immobile index species, and (2) assumes that Zr aqd Ti,
which are the usual choices for these immobile elements, have not bs_een intro-
duced into the profile. Here, instead of relying on empirical normahzgt:on or
on the assumption of immobility of index species, as do past studies, our
strategy specifically addresses the mobility of each element'as indcpend_cn_ﬂy
as possible. Also, we directly determine if introduction of minerals containing
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Fig. 4. Saturated hydraulic conductivity measured on soil cores placed in a permeameter fitted
with muitiple manometers from which the hydraulic gradient can be measured directly and used
10 sobve Darcy's faw for hydraulic conductivity.

so-called immobile elements has occurred. Serious errors in mobility patterns
of all elements can result if an index mineral has in fact been introduced into
a profile. Finally, physio-chemical mass balance technigues also are much
easier 10-understand than the procedural steps in previous soil development
analysis (Barshad, 1964).

ft is worth examining the reasons for the traditional focus in pedogenic
studies on Zr and Ti as possible immobile elements. It is based upon several
lines of reasoning. The fact that these elements, often accompanied by Al, Nb
and V are commonly enriched in the B horizon, where they reach levels many
times their concentrations in bedrock (Esson, 1983), is essentially due to the
refative chemical stability, as evidenced by the preservation of their host min-
erals in sediments or resistance to weathering (Lelong et al., 1976; Birkeland,
1974; Samama, 1986). The underlying reason for the stability of minerals
like rutile, however, comes directly from electronic structure of transition
metals in the Periodic Table. Oxides of these metals have standard state en-
thalpies of formation from the elements which increase systematically from
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left to right across groups within a given period of the Periodic Table as d-
orbitals are successively filled (Brimhall, 1987). The most stable, and hence
least soluble minerals, are those with the lowest enthalpy. These are minerals
containing Ti, Zr, Y, Nb, which are on the left side of the transition metals.

Another line of reasoning used to infer that these elements are immobile is
that the ratio of their concentration sometimes does not vary substantially
throughout a soil profile, implying that they are a “residual” component of
soils. This assumption about constancy of concentration ratios indicating im-
mobility can be erroneous simply because all a constant ratio really shows is
that the two elements have behaved more or less the same, not that they have
been immobile, as they may have been introduced or removed in step.

Introduction and translocation of zircon

In order to identify useable immobile elements, it is therefore necessary to
demonstrate that the principal minerals containing them are immobile or, if
introduced from an external source or by reduction of the regolith volume, an
accurate correction must be made to the total chemical concentration pro-
files, by deducting the mass of the element translocated, thereby yielding the
mass concentration of immobile elements. Several recent studies have ad-
dressed mechanical migration of accessory minerals which are relevant to this
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(Brimhall and Rivers, 1985} is performed on HF acid partial digestion residues. Zr chemistry
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Fig. 6. Photomicrograph showing cumulative soil texture with numerous generations of clay
infilling in their true orientation as indicated by ‘up’ arrow. Progressive development of pores
is cvident in modern, partially-open pores (g and #) which oniap and ¢ress-cut ofder infillings
above microsedimentary unconformilies. Artificial dessication cracks induced during sample
drying in the laboratory are shown in ¢, dand e. ’

problem (Davy, 1979; Brimbhall et al., 1988). Here, we have made partial
acid digestions of samples in hydrofluoric acid which dissolves soluble min-
erals and leaves a residue of zircon and rutile.

We have shown previously that the acids used do not attack zircon and
leave the morphology of zircon and rutile unchanged (Brimbhall et al., 1988).

The volumes of the remaining acid-resitent minerals have then been accu-
- rately measured on a digitizing microscope { Brimhall and Rivers, 1985). Fig-

ure 5 shows the amount of wholerock Zr accounted for by rounded zircon
remaining in the acid residues. Since the parent material does not contain
recognizable zircon, Fig. 5 shows the amount of translocated zircon intro-
duced from the top of the profile. The depth o which this translocation reaches
is limited to 8 m. Less than 1% of the total titanium content of the soils occurs
as rutile, indicating that the titanium profile need not be corrected for
transiocation.

Besides clear cut evidence of zircon translocation, micromorphology re-
veals that there is ample evidence of translocation and accumulation of sili-
cate clays and iron oxide phases as well (Fig. 6) with crescentic clay film
infillings in pores. The abundance of clay pore infillings is shown in Fig. 5,
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indicating a close correspondence of the amount and maximum depth of zir-

- con and clay translocation. Both introduced constituents are limited to the

upper & m, a depth which is only slightly above the permeability step at 12 m.

. The physical explanation why translocated zircon is limited to the upper pro-
~ file is evident in Fig. 7, where we show that zircons with an average size range

within each sample of 30 to 60 microns, are simply too large to fit through

- available pores below a depth of 8 m where the average pore diameter de-

reases from over 60 microns to less than 20 microns.

- Zr profile corrected for translocation
. A Zr profile corrected for translocated zircon (Fig. 5) is shown in Fig. 8
(left panel ) juxtaposed with an uncorrected Ti profile requiring no cerrection

as rutile translocation is negligible. Notice for that samples 7, 8,9, 13 and 14,

the corrected Zr concentration is appreciably lower than the uncorrected as-
say. Sample 3, is anomalously rich in Ti, a fact we attribute {o that interval
confaining a vein structure rich in Au as well as Ti.

Strain profiles

Strain profiles using Zr and Ti, the former corrected for zircon transloca-
tion, are shown in Fig. 9 (left and right panel, respectively) calculated using
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eq. ( 10). Notice that in general the resultant strain curves are similar in many
respects: { 1) large positive strains clearly indicated volume increase (expan-
sion}, {2) three distinct local strain maximas occur at about 2to 7 and 12 m,
and {3) strain appears to be decreasing from 12 m and deeper within the
saprolite. Expansions indicated from the strain calculations are as high as 1,
2 or even more locally, corresponding to 100 or 200% increase in volume.
MNotice that samples 9 and 13, which are highly dilated, are also characterized
by maximum development of clay films.

Besides destiuction of Hthostructure, further corroborative evidence for di-
lational strains can be seen in Fig. 10 which shows goethite pseudomorphs
after pyrite in a state of dilation and separation by pedogenic material.

Internal consistency of strain from Zr and Ti

Reference elements, Zr and Ti can each be used in independent calcula-
tions of strain, and hence the internal consistency of the results can be ascer-
tained by using Zr to evaluate Ti immobility and vice versa. Using the trans-
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Fig. 10. Photomicrograph of expanded goethite pseudomeorph after primary pyrite indicating
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location-corrected Zr data and bulk densities to compute strain, we calculate
the mobility of Ti as its mobile mass fraction, 7, ., .z, using eq. {8) (Fig.
11, left panet). In order to evaluate errors in this transport function and in
strain, we have computed the maximum and minimum value of strain by
using the extreme values of Zr concentration in the parent material. These
extreme values are then used to compute extreme values in tr; (2. Proof
of immobility is established when some portion of the resultant line falls within
the horizontal band formed by the protore samples. Using this error analysis,
Ti appears 1o have been immobile except in sampiles 3, 9, and 13. Alterna-
tively, using Ti as the strain marker, Zr appears to have been immobile in all
samples, again except in samples 3, 9, and 13. Why this small subset of data
appears to indicate local mobility of Zr and Ti, we are not certain. It is possi-
ble though, that the concentration of these elements in the protolith was suf-
ficiently variable locally that the diamond drill core samples we used as par-
ent material are not truly representative everywhere in the profile

INFLUX AND ACCUMULATION OF Al, Fe AND Si

Using the chemo-mechanical strain indicators offered by Zr and Ti, we now
establish the extent of the mobility of Al, Fe, and Si, three of the major con-
stituents in the laterite profile. Chemical profiles for these elements are shown
in Fig. 12. In each case, erratic variation in the concentrations typify the data.
However, when we compute the transport functions for each elements from
eq. {8), the tau profiles which, besides depending upon chemical concentra-
tion, also include bulk density and strain, the profiles become much less er-
ratic and smooth trends emerge. Figure 13 indicates influx and accumulation
of Al, Fe, and Si in samples 9 and 13, a pattern which coincides exactly with
the micromorphologic evidence of translocation of clays and Fe-oxides. Al
and Fe translocation proceeds to greater depth than that of Si which ceases at
about 10 m at the top of the saprolite. Within the saprolite, both Al and Fe
have been introduced as indicated by positive tau values approaching I or
100% of the mass present in the parent material. It is vital to remember that
tau refers to mass additions in excess of increases in concentration imparted
by simple residual enrichment which results from reduction in bulk density
as mobile elements are carried away.

Cumulative soils

The introduction and accumulation of Al, Fe, and Si provides new insight
into the genesis of laterites that are not simptly residual soils. It is necessary to
view their chemistry as being strongly affected, if not dominated, by addition
of material from above, from the top down to well within the saprolite. Cu-
mulative soils; named by Nikiforoff (1949) receive influxes of “*parent ma-
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" the parent material. A value of 0 indicates only residual and deformational effects.

Fe, and Si have been added to the profiles, (2) their transport functions are
directly correlated with net strain, that is, influx and accumulation increase
as the extent of dilation increases. Correlation of influx with strain is real and
is not simply a trivial consequence of the fact that introduction of Al, Fe, and
8i minerals was accompanied by zircon influx because enrichment of Al, Fe,
Si is correlative with dilations which are effectively a rarefaction of immobile
elements rather than concentrating them.
An underlying reason for the correlation of strain with the accumulated
mass {raction emerges in eq. (15) where the first term is simply the volume
of the REV after weathering, V,,, which depends directly on the net sum of all
the mass gains or losses of all the » elements in accord with their respective
mass fractions, 7; .. Recall that these functions are positive for elements added

and negative for elements extracted from the profile:
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PoVot LMinTiwy s
sf.w=( = )(w)-»f (15)

P 4

P

The form used in eq. (15), is equivalent to eq. {2). Clearly, mass additions
can contribute to dilations and mass extractions can cause collapse as the sign
of the individual transport functions, t; ,, may be positive or negative. What
dominates the accumulated strain is then the net accumulations or depletions.

While eq. (15) uses the dependence of volume on mass fluxes 7, ., to illus-
trate how strains can be induced by translocation or dissolution, eq. (16),
instead, emphasizes density changes which are given as total mass change
summed over all mobile elements, », per unit volume, V;:

{ Z:imf,ptj.w
8i‘w=p—w'(j?p+j~T)“l {16}

th_:n this change in density, Ap, is added to the original density of the
protolith, g, and the sum divided by the bulk density of the weathered prod-
uct, g., yields a ratio different than unity, then with subtraction of I, a non-

o ZEI0 strain resuits. Therefore, open-system mass transfer, viewed either as a

volumetric' or. densiometric change, may produce significant accumulated

A% strains in soils,

- Chemo-biomechanical feedback model

We infer that a reciprocal or mutually reinforcing mechanical interaction
between translocation of surficial detritus and deformation has occurred and

. the evidence lies in the observed micromorphological features and the spatial

coincidence and proportionality of influx with dilational hyper-strains. The
main issue to be resolved is then exactly how material influx is related to
deformation. It is apparent that within the upper 8 m, the relatively high
permeability indicates that voids are essentially connected above this transi-
tion to submicroscopic pores. Therefore, avenues for grain translocation may
extend from the surface down to this critical depth. At least some of the voids
are occupied by living roots, which have been observed to depths of 24 m. We
propose that with progressive infilling of available voids, perhaps as roots
decay and mineral dissolution occurs, accumulation of descending solids is
50 extensive that with subsequent root expansion, further root penetraiion,
and or possible shrink-swell cycles, the combined soil skeleton and plasma
cannot remain isovolumetric and incremental expansion occurs. Over an un-
known amount of time, numerous generations of roots, and many scasons,
strain accumulation occurs as the only means of relieving the increasing space

QUANTETATIVE GEOUHEMICAL AVPRUACH TO PEDOUENESES 81

problem caused by continued translocation of mobile detritus or chemical
precipitates into the subsurface.

We view translocated grains as serving the role of a mechanical wedge which
infills vacant space and against which subsurface forces are exerted when root
growth occurs. The combined cffects of weathering, root growth, transloca-
tion, and deformation would appear to be a self-regulated, mutually-reinforc-
ing process involving biomechanical feedback between root growth, translo-
cation, and deformation. Cumulative microsedimentary infilling-structures
contribute to the evolving soil texture, pedoturbation and evolution in chem-
ical composition.

REGOLITH REDUCTION MODEL

Well-known landscape development models have existed { McFarlane, 1976;
Fitzpatrick, 1980) describing weathering profile development by progressive
replacement from a progenitor resembling that currently underlying it (Butt,
1983) as a process of chemical mass wasting which, in combination with slow
physical erosion, Jowers the landscape with time as much of the regolith be-
comes disaggregated and is removed from the surface by fluviatile action. We
suggest here, instead, that subsurface storage and accumulation of local and
foreign detritus may be an important contributing, if not dominant, factor in
regional elevation. Rather than being lowered appreciably by erosion, per-
haps the inferred open-system influxes and resultant dilations cause the sur-
face to maintain a net long-term stability or even undergo n aggradation,
though regolith reduction, escarpment retreat, and lateral transmigration un-
questionably produce local topographic relief. The mobile element solute load
of groundwater discharge departing from the saprolite column may be an im-
portant incipient stage of regolith reduction. In Fig. 15, we present a model
for chemical and physical regolith reduction with a simultaneous influx of
foreign and local sources of detritus.

Volume reduction

The usage of the term residual enrichment may cause confusion unless we
clarify the term, “volume reduction” as it is commonly used. Jensen and
Bateman (1981) refer o residual enrichment as accumulation of ore min-
erals when undesired constituents are removed during weathering with con-
centration due largely to a decrease in volume. Volume reduction can be traced
back to Lindgren (1933) in describing gold enrichment in alluvial deposits
in deeply-weathered terrains where he referred to mass loss as regolith reduc-
tion by removal of gangue mineral constituents. Here, because strain deter-
mination is possible, we may now distinguish residual enrichment from vol-
ume reduction. Residual enrichment results simply from change in bulk
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density, p,/p.,, as pores are created by dissolution of minerals and leaching of

.e.z’st}em

in volume. If volume changes do occur, it is a strain. “Volume reduction” is
then perhaps better viewed, not as a strain, but as a winnowing process caus-
ing a physical separation of constituents from the overlying horizons into two
fractions: those which remain behind and are reincorporated into a soil pro-
file below as mass influxes, and those which are simply removed. We propose
that the term “volume reduction” be replaced by regolith reduction to avoid
further confusion.

BEHAVIOR OF GOLD

We turn now to the behavior of gold in the laterite studied. It is imporiant
{1 ) because it is geochemically rare, it is clearly autochthonous; (2) because
of its extremely high grain density (19 g/cm?®), in addition to its small size in
relation to pore diameters, it undergoes little dispersion; and (3) it is vital to

 soluble constituents, It is separate and not necessanly accompanied by change :
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Fig. 16. Geochemical profile for Au. Analysis by fire assay on one meter channel samples of pit
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define mechanisms of gold enrichment in laterites and to relate its behavior
to that of major elements to better understand the origin of an important new
class of ore deposits. Application of mass balance techniques to gold geo-
chemistry is a very difficult application, however, because of the variability
of gold concentration in the parent material. This should be kept in mind in
evaluating the results.

Gold profile and relation to strain

Figure 16 shows the geochemical profile of Au which has been used to com-
pute the transport function of Au (Fig. 17, right panel} and which is corre-
lated with the strain profile (Fig. 17, left panel). As with Al, Fe and Si, Au
appears to accumulate in dilatant zones, especially in sampies 9 and 13 where
pore infillings are common. At greater depth than 12 m, Au aiso has accu-
mulated, perhaps at the permeability step.
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k gﬁg. 17. Comparison of strain (left) with transporied mass fraction of Au (right ) showing spa-
tial correlation of expansion with accumulation of gold by the proposed dilational regolith re-
duction model. Extremely high transported mass fractions in excess of 5000 result from the
- accumulation of very dense small particles of gold in the pore structures of the faterite as later-

itic weathering progresses down through the gold-bearing pareni material concentrating the cap-

. tive gold in near-surface zones of maximum dilation.

Size and morphology of gold grains

- To understand the transpert and accumulation mechanism of Au shown in
Fig. 17 (right panel), we have studied the size and morphology of gold grains
in protore and weathered material by preparing concentrates. We do this by
partially dissolving 10 g uncrushed samples. This helps ensure that the gold
grains are not damaged mechanically by our preparation. The samples are
placed in Teflon beakers and digested at room temperature by 25 mi of con-
centrated hydrofluoric acid and 5 mi of concentrated nitric acid. These acids
are used to dissolve silicate minerals and more resistant phases as well while
leaving gold grains relatively unaffected. When the acids are spent, we decant
them and add new acids. Finally the resistate sludge is treated with a satu-
rated boric acid solution to remove fluorides. These studies indicate that gold
particles in the laterite are very similar in size to those already occurring in
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the protore so there is little, if any, growth of gold grains during weathering.
We interpret the size and shape data on gold grains to indicate that secondary
gold enrichment was dominated by movement and concentration of gold par-
ticles present initially as microscopic inclusions in primary pyrite within the
protoiith rather than chemical dissolution and reprecipitation, although such
chemical remobilization may have occurred to some extent locally.

CUMULATIVE SUPERGENE GOLD ENRICHMENT BY REGOLITH REDUCTION

We have seen no evidence for any type of transport except for gold particles
migrating mechanically in solution in groundwater, although besides primary
gold, electron microprobe analysis of pyrite indicates an appreciable invisible
submicroscopic gold content which is liberated upon pyrite oxidation. Also
we have not recognized any microscopic features which could be interpreted
as evidence of chemical deposition frem solution. This is borne out by the
transport function profile for Au (Fig. 17, right panel) which is nowhere neg-
ative, implying that there is no possible source region within the present pro-
file from which gold might have been locally derived. We therefore infer that
gold migration by mechanical transport is a significant enrichment mecha-
nism. We postulate then that the degraded regolith was the principal source
region.

In Fig. 18 we envision an idealized sequence of steps in the weathering of a

{
Time :

Surface Regolith Degradation

Surface

A
Primary’ /
Gold

),

F
H
lg :
1

Surfoce

Surface

Exposuro Incipiant Maximum Gotd

of grimary] |Resistate Gold Disperaion

org to Minerai 1 §Accumoialion]Phaso ovar

oxidation | | Trenslocation]Stage Barran
Stage Bedrock

Fig. 18, Series of hypothetical cross sections showing evolution of lateritic gold anomaly as a
primary gold zone is exposed to weathering, regolith reduction, and finally dispersal over barren
bedrock with no primary gold.
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bedrock zone of primary mineralization as degradation of the regolith pro-
ceeds. Once a primary gold anomaly is exposed to the weathering environ-
ment, eie_ctrurp is essentially stable and is not removed from the system by
erosion given its high grain density and small particle size. Instead, it simply
gtccumulates selectively near the surface within a relatively shallow z;)ne where
it moves by translocation down through voids as the regolith is reduced. There
is no remnant of the source region from which the gold has been derived.

Regolith reduction mass balance model

The prop_osed regolith reduction model is parameterized as follows: the
depth to which translocation occurs is Dy, , and the total vertical thickness of
parent material which has undergone weathering to regolith which has been
reduced is Lg, , both given as lengths in their undeformed state. Overall mass

balance qf a chemically inert though not necessarily immobile mineral, leads
to an enrichment factor equation:

C}.w l pp( LR'
Zhw e R ZRip g4
Coo et ip E+DR!‘F+¢;.W) (17)

. Ineq. ( {7 }, the mass _fraction added teo a vertical profile undergoing rego-
o, ;::I_l‘th reeiuc}mn from outside the column, say from lateral or eolian sources, is
given in eq. (*8) as ;. ey Which is the ratio of mass added to that present
2% initially in the'protolith column:

4 ?J w, ext #M
o DrusnGis (18)

M

?he overall transport function, 7, ,, has two components: Ly, /Dy, , describ-
ing the translocation of autochthonous grains down through’ the vérptical pro-
file and ¢; s allocthonous grains which describes influx of grains foreign to
the profile, either nearby para-autochthonous or allocthonous detritus:

Ly
T o st B :
i =T +9; (19)

Rip

_Since two sources of translocated elements are accounted for in eq. (17), .

;LR;. o/ Dr; , has a focussing effect on translocated grains; the greater the
thickness of pro_toiuh reduced or the smaller the depth of accumulation of
transiqcatgd grains, the greater the value of the transport function. Regolith
reduction is imply a mechanical lens which selectively removes certain ele-
ments, and concentrates others effectively. ' }

When the influx of foreign material is negligible, eq. (19) can be reduced
and solved for estimate of the vertical column height of protolith which
underwent weathering and regolith reduction:
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LRJ-I-‘:DRJ-PTJ‘“' (20)

The various sources of gold and other resistate constituents are represented
diagrammatically in Fig. 15. Here we show gold in the protore being enriched
above the bedrock-saprolite interface at a depth of maximum translocation
of gold particles: (1) autochthonous coming from local downward transport
of gold within a weathering profile, (2) parautochthonous coming from nearby
but not vertically above, and for clements other than gold, (3) allochthonous
coming from foreign sources such as eolian dust particles or from fluviatile
transport over substantial distances.

CONCLUSIONS

Using a quantitative strain meter, we demonstrate that local dilations in
excess of 200 and even 300% of the initial volume have occurred. Intensely
dilated samples also have maximum development of clay infillings and max-
imum values of transported mass fraction of chemically-mature, Fe- and Al-
rich autochthonous and parautochthonous detritus derived by reduction of
the regolith column and soil mantle. We propose that the coincidental dila-
tions and mass influx of Al, Fe, and Si result from a reciprocal, mutually rein-
forcing, mechanical interaction between translocation and deformation by root
expansion or shrink-swell cycles. Continued microsedimentary infilling causes
a space problem resolved only by expansion. Relaxation or reversion to an
unstrained state is impossible because of continued cyclic translocation, void
infilling and root growth acting as a growing wedge of accumulating detritus
in the subsurface. Escarpment retreat and regolith reduction release resistates
which are locally transported, recycled and volumetrically focussed in the
permeable near-surface environment to a depth limited by the relative size of
mineral particles and connected pores. Inversion of the landscape occurs as
old duricrust mesas are degraded and new ones develop in ncarby topo-
graphic depressions from recycling of detritus. Lateral dispersion of elements,
such as gold, which come from the local parent material is thereby minimized.

With this study we have gained a clearer glimpse of exactly what role resid-
ual enrichment plays in laterite development. Residual enrichment in a later-
itic weathering profile, is simply due to density changes, and by eq. (14} is
given by p,/p., which has a maximum value of 2.6. It is best viewed as an on-
going in situ modification of parent material which has an increasingly-eclec-
tic character near its top because of increased levels of contamination by sur-
ficial detritus retained locally because of the relatively low erosion rates on
tectonically-stable cratons and the unusually important role of dust deposi-
tion in such areas. Overall then, residual enrichment dominates only the basal
saprolitic portions of laterites, where influx is minimal, Higher up above the
saprolite, the accumulated effects of mineral translocation of detritus of local
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and t_"oreign derivation, as indicated by transported mass fraction in excess of
4 (Fig. | 3 ), dominate the bulk chemistry of many sampies as reflect the abun-
daqce of mﬁilqd pores. The upper portion of the profile may itself be the source
region of det.ntus moving further along a dust trajectory: The migration of
suriic!ai detnt_u_s intp the ocean basins is thereby delayed and widespread cu-
;:;:r:;;i :fll:inuc soils become the long-term repositories of an aged continen-
The principal variables of interest in cumaulative supergene gold enrich-
ment are (1) the amount of protore weathered to form regolith which then
unde'rgoes reduction in mass and volume, and (2) the depth to which trans-
location of detritus from the degrading regolith occurs. These two factors are
expresse:d as 'th.e ratio of the vertical height of protore affected by chemical
weat%wrmg d:_vxded by the depth of secondary enrichment. This has a volu-
metric focyssxng effect and works as a chemical lens taking gold from a large
source region and redepositing it in a smaller volume in an enriched state
Per}taps_ th_e: most significant controlling physical variables on the depth tc;
whlc_h §1gmﬁcaat translocation of Au, Al, Fe, and Si occurs is hydraulic con-
ductmty. In the pit studied, hydraulic conductivity decreases by three orders
of magnitude (a factor of 1000) within the upper part of the saprolite, This
step_ in permeability may relate to depth of common modern tree rooting
Whl?h may be responsible for generating tubules exploited by translocation. ,
Fmglly, we are working towards establishing a standard set of essential
chemical and physical measurements which are scaled automatically to char-

=, acteristics of parent materials by constitutive mass balance relations, Such an

0£50Q

-analytical description of soils lends itself to the formulation of steady-state
fi_fj(d d){namtc q:odeis (Alpers and Brimhall, 1988, 1989) and to their testing
_;__by design and implementation of numerical computer simulations of chemi-
¥ cal mass transport and kinetics following on developments of Helgeson (1968

“and 1971 ) and more recent attempts to coupl i i i
_ ple chemical reaction with
- water fluid flow (Ague and Brimhall, 1989 ). tth ground
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