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Abstract—Relations characterizing the chemical, physical, and mechanical changes resulting from meta-
somatic hydrochemical processes are developed using mass baiance models which formally link chemical
composition to bulk density, mineral density, volumetric properties, porosity, and amount of deformation
(strain}. Rigorous analysis of agueous solute transport effects is then made possible in a variety of porous
media flow environments including chemical weathering, pedogenesis (soil formation), diagenesis, ore de-
position and enrichment, and metamorphism. Application of these linear constitutive relaticns to chemical
weathering profiles shows that immobile and locally mobile chemical elements, with masses conserved on
the scale of soil profiles, can be accurately identified from apalysis of appropriate data arrays and then used
a5 natural geochemical tracers to infer the pature and extent of hydrochemical weathering processes and
volume changes during pedogenesis. Assumptions commonily made in the past about the supposed immobility
of certain elements, e.g., Ti and Zr, become unnecessary. Quantitative differentiation between the effects of
residual and supergene fractionation is then easily made.

These methods are applied to Ni-rich Jaterites developed by weathering of ultramaiic rocks, showing that
during ordinary residual enrichment, Ni is concentrated by as much as 4X protolith peridotite concentrations.
This occurs simply by silicate mineral dissolution and removal of chemical elements other than Ni (2.g..
ME} with a corresponding reduction in saprolite deusity and increase in bulk porosity without significant
deformation, In contrast, laterites with mineable concentrations of Ni which are similarly undeformed (such
as the Nickel Mountain Mine in Riddle, Oregon) have experienced, in addition to residual enrichment,
strong supergene enxichment by fractionation of ore elements between a leached zone from which Ni is
extracted and 2 coraplementary enriched zone positioned farther along the direction of ground water flow.

Soil-forring processes in podzol chronosequences developed on sandy beach terraces of the Mendocino
Coast of California involved soil column collapse of 60 percent by dissolution of silicate minerals in the
albic horizon of Al and Fe leaching, and 70 percent dilation (expansion) in the overlying organic-rich layer
by root growth, The amount of erosion based upon paleosurface reconstructions using the excess mass of
Fe, Al, Pb, Ga, and Cu in the zone of supergene enrichment (spodic horizon) befow the ground water table
indicates that subsurface erosion by dissolutional coflapse is three times that of surficial erosion.

Finaily, using published chemical data for T, Zr, and Cr on major bauxite deposits in Australia where
erosion rates are thought to be low, we infer that there may have been major amounts of dissolutional
collapse to explain the upwards increase of detrital zircon and rutile in weathering profiles.

GLOSSARY OF SYMBOLS Lz, Total thickness of zone leached of element j after de-
. formation, Defined by Ly, = {e + 1)*Lyy,.
Chemical elements Ly, Total current leached column height based upon mass
i Index for immobile chemical elements. balance of supergene element, /.
j Index for supergene elements which are locally mobile
but are reprecipitated with the chemical system of in-
Density

terest.
k Index for mobile slements,

Volume

Distance

B.'.D

Bulk density of protolith.

Ay
s« Bulk density of residually-weathered zone,
p. Bulk density of supergene leached zone,
se  Bulk density of supergene enriched zone.
¥, Representative elementary volume of protolith. #  Average mineral grain density in protoiith.
V. Representative clementary volume after weathering, p; Average mineral prain density.
pge Average mineral grain density in enriched zone.
pg  Average mineral grain density in teached zone.
By,  Original protolith thickness of zone enriched in residual  copeonrrarion
glement 7., :
B,, Thickness of zone enriched in residual element /. ¢, Concentration of immobile element { in protofith (in
Original protolith thickness of zone enriched in super- wt.% or ppm).
gene element /. Ciw Concentration of immobile element { in weathered
B;.  Thickness of zone enriched in supergene clement j, product,
Ly, Total caloulated thickness of protalith zone before de-  C;, Concentration of supergene clement j in protolith,
formation by leaching element j. Defined by Eqn. C;e Concentration of supergene element jinenriched zone.
(4). "2 Concentration of supergene element j in ieached zone.
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Strain

6w Net strain determined using immobile clement ! in
weathered zone.

e Netstrain determined using immobile element / in su-
pergene enriched zone.

¢  Net strain determined using immobile element i in su-
pergene leached zone, '

Porosity

n® Porosity of protolith,

7t Porosity of weathered material.

n. Porosity in supergene enriched zone.
mm Porosity in supergene leached zone.

Mass

md  Total mass of mineral grains in representative elementary
volume of protolith.

m, Total mass of mineral grains in representative clementazry
volume of weathered material.

INTRODUCTION

ABUNDANCE PATTERNS of chemical elements in
weathering profiles and paleosols serve as an infor-
mative though complex link between interrelated
transport processes at the surface of the earth. These
include geochemical, biological, climatological, hy-
drotogical, and geomorphic processes. Chemical anal-
ysis of depth profiles down through soils, saprolites,
and ultimately into underlying rocks is often used to
estimate mobility of elements during weathering (Es-
SON, 1983), and indirectly, to infer paleo-topography,
and paleoclimate (BRIMHALL ¢ aof., 1985; ALPERSand
BRIMHALL, in press), as well as to debate evolution
versus uniformitarianism in the composition of the
earth’s ancient atmosphere (VAN HOUTON, 1982;
HOLLAND, 1984).

Until recently these inferences could in general only
be made qualitatively or semi-quantitatively because
analysis has rested on the assumption that certain con-
stituents such as Ti or Zr remained immobile (ESSON,
1983) and can therefore be used as standards of com-
parison for chemicat gains and losses of more mobile
elements transported further along a fluid flow path.
The term “witness oxide,” e.g., Si(n, is used in this
capacity in the Russian fiterature (RODE, 1970). Sirailar
approaches have been used in metamorphic petrology
(GRESENS, [976), but have been based upon question-
able assumptions such as volume for volume mineral
replacement. Similarly, processes by which laterites and
bauxites form have been viewed as isovolumetric
(MILLOT, 1970}, partly on the basis of textural pres-
ervation, convenience, and for lack of a more rigorous
approach. A distinct improvement in determining
chemical gains and losses of chemical elements came
through consideration of rock density {MEYER et af.,
1968). Nevertheless, although rarely acknowledged ex-
plicitly, several other complications which could cause
incorrect interpretation of the effects of metasomatism
have largely been ignored. These include the effects of

deformation, local variation of metasomatic products
due to heterogeneities in protoliths and lateral fluid
flow (fluid flow which is not paraitel to the sampling
profite). The latter two difficulties have been addressed
in BRIMHALL ef 4/, (1985), through use of geolopical
mass balance models.

While a number of studies of weathering profiles
haveincluded consideration of physical properties such
as bulk density (Nia, 1968; GOLIGHTLY, 1979), very
few indeed have used full formal statements of mass
balance relating chemical, physical, volumetric, and
mechanical properties of weathering products to those
of the protolith (BRIMHALL ¢ al., 1985). The physical
properties discussed here include bulk density and po-
rosity. Chemical properties considered are clement
concentration (wt.% or ppm) and average mineral
density. Volumetric properties refer to the volumes of
the subzones, ie., depleted or enriched parts of meta-
somatic systems. Mechanical properties refer to strain
due to deformation, either through collapse or expan-
sion. Formulation of explicit relationships between
these properties is a substantial departure from past
efforts. It will be shown here that it is no longer nec-
essary to assume that certain chemical species are im-
mobile index species with which to compute chemical
gains and losses from normalized analyses.

This quantitative mass balance approach makes it
then possible to use chemical elements in rocks and
soils as useful geochemical tracers indicative of specific
hydrochemical transport processes during weathering
or supergene enrichment. For our purposes we will
divide the behavior of chemical elements into three
categories. Residual elements are those which are im-
mobile and are not transported by metasomatic fiuids
during weathering. Consequently, they are either re-
sidually enriched as other species are removed in so-
hution or are residuaily diluted as mobile elements be-
come enriched through precipitation. In contrast, su-
pergene elements—Iiterafly meaning “from above” in
the case of descending unsaturated ground water flow—

‘are those elements which are locally moved between

a depleted source region or leached zone where depie-
tion of these elements occurs and a complementary
enriched zone or “blanket” where reprecipitation oc-
curs farther along a flow Hne. Finally, mobile elements
are those which are ieached without secondary repre-
cipitation along the flow path and leave the chemical
system of interest.

In certain instances in which chemical fractionation
effects are very strong, it is possible simply on the basis
of element concentration patterns to assign elements
to one of these categories. More typicaily, however,
rigorous identification of the behavior pattern requires
consideration of the masses of elements contained in
weathering products along a flow path. This involves
more variables than chemical composition alone.

MASS BALANCE EQUATIONS

Simply stated, the mass of a chemical element in a
given volume of rock or soil is given by the product
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of rock volume, bulk density, and metal concentration.
Earlier studies, e.g., GRESENS (1967}, while illustrating
the relationships of composition to volume in meta-
somatic processes, did not fully deveiop the relation-
ships of density to other variables such as porosity,
grain density, and strain in the statement of mass con-
servation. We will demonserate that this is a serious
oversight in a numbser of applications, specifically those
in which density and therefore porosity vary substan-
tially during metasomatism.

Residual enrichment

Residual enrichment of immobile elements, indexed
here on i, occurs by the removal of other, more soluble
{locally mobile) species j, or completely mobile species
k. This effect is shown graphically in Fig. 1 for a rep-
resentative clementary volume. A lkist of symbols is
given in the Glossary. In the absence of lateral {luxes,
the mass of an immobile element (/) contained in the
original protolith or protore (p) volume before weath-
ering, is retained in the rock after weathering (w), as
given by product of volume, concentration, and density
in these two states (Ean. 1).

Vpﬂpci.p = wﬂwcr‘.w ( 1)

‘The representative elementary volume terms in this
expression are three-dimensional. In the context of
svaluating geochemiical profiles, however, this geometry
may be simplified by consideration of only one di-
mension, that is, the vertical thickness of individual
zones within a weathering profile (BRIMHALL et af.,
1985), By doing so, we are assuming the flow path of
descending ground water has been essentially vertical
aver the faw meters of exposed weathering column. In
one dimension, Eqn. (1) may be rewritten as Eqn. (2)
in which 8 represents the columnar height of an ele-
mentary representative volume of protore (p) and its
weathered equivalent (w).

Br’.pp;;cf.p = Bn’,wpr’i,w (2)
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FiG. 1. Diagrammatic representation of mass consetvation -

piven as mass balance Eqns, {2) and (3) describing residual
enrichment of immobile elements during chemical weathering
shown in a one-dimension case of vertical flow. The mass of
element i contained in protolith before weathering is equal to
the mass in the weathered product. Strain during weathering
is given as g, as shown.

‘The column height terms, B;, and B, in Eqn. (2) may
be eliminated by introducing the term ¢, for one-
dimensional steain. [n the case of residual weathering
systems, we define e = (Biw — Bipl/Bip, OF change
in lengih divided by original length, so that B,
= B (eiw + 1). This strain term is indexed for any of
a number of immobile elements i, implying that strain
may be determined from a number of independent
analyses, Substituting B and cancelling the B, terms
in Eqn. (2) leaves Eqn. (3).

PpC(.p = (& + Uﬂwcﬁ.w (3)

In Eqn. (3) the density and concentration térms are
easily measured directly, leaving strain, €;,, as the only
unknown. This is an important analytical result as it
provides a way to use chemical data to determine the
amount of deformation in residual weathering profiles
and soils. Strain in 2 weathering product may then be
calculated from this expression of mass balance using
the concentration of immobile elements and bulk den-
sity data relative to corresponding values in the pro-
tolith. Strain is positive for dilation and negative for
coilapse of the profile. Addition: of material by aeolian
deposition is not addressed in this present treatment.

Supergene enrichment

Mass balance equations for supergene enrichment include
provision for the leaching of elements indexed on J, from a
near-surface zone of thickness Ly, by ground water with re-
precipitation in an underlying zone of enrichment of thickness
B;, such that the leached (3} and enriched {¢) zones are com-
piementary and together maintain overalt mass conservation
of the element j orginally contained in the protore source
region (Fig. 2). This differentiation of the protoiith into two
weathering subsystems in which fractionation of elements in
the protore takes place between two discrete weaihering zones
requires a use of a two-zone notation instead of the single (w)
notation previously derived for residual entichment (Eqns.
1~3). The zones of leaching and errichment of different su-
pergene clements may not coincide. This necessitates the in-
dexing of the thickness terms on clements j. Fractionation
between the zones is described by Eqn. (4}, a closed, chemicat
system, one-dimensional case without fateral fluxes or loss of
clement J through basal discharge.

(0 (2) 3 {4y @
L?)_gpacl.v = Bj.ePch-c - Bl-ppncf.v + L'!‘;.lplcj.l

In Bqn. (4) term | is the total mass of clement j in the
protore before leaching over the vertical column height,
Ly, Term 2 is the mass of element j in the zone of enrichment
which has a thickness B,. Term 3 is the original mass of
element j in the zone of entichment with an undeformed height
of B;,. The difference between terms 2 and 3 is the amount
of element j added to the zone of enrichment by supergene
flow and precipitation of secondary minerals containing ele-
ment j. Term 4 is the mass of element j in 3 ieached state,
either present now in the geochemical profile or eroded away
from the surface.

Defipition of net strain, in this case for each of the two
subsystems, simplifies Eqn. {(4) by eliminating B, and L.
We define steain in the enriched zone as ¢, where e, = (B,
— B,,)/B,, and strain in the leached zone as e, where ¢
= (L, ~ L, )/ L, Solving each of these equations for strain
and substituting back into Eqn. {4) gives Eqgn. (5), the overall
mass balance equation for supergene systems,
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FiG. 2. Diagrammatic representation of one-dimensional mass balance Eqn. {4) for vertical supergene
metal transport and secondary enrichment. Mass of element § leached is equal to the mass of j fixed in the
underiying zone of secondary enrichment in this closed chemical system model in which a protolith volume
becomes differentiated into two refated parts. The uppermost subsystem is leached in element J, and the
lower subsystem positioned further afong a ground water flow line becomes enriched in j. Two strain terms
are necessary. In the leached zone ¢, = (Lp, ~ L, )L7,, and in the enriched zone ¢, = (B - B} Bg.

Lz, 00Csp 7 Bl + DpeCie = ppCipd— Ly en + 11mCy (3)

Egn. (5) describes a composite chemical system closed with
respect 1o element j; that is, all of the element removed from
the zone of jeaching is ultimately fised in the enrichment
zone. This has been shown to be a geologically reasonable
agsumption in earlier studies (BRIMHALL et al,, 1985; CUN-
NENGHAM, 1984) in which the aqueous solubility of secondary
mineral precipitates such as copper sulfides is so low that the
busal discharge fluids contain little if any supergene leachates
below the enrichment zone of the same element, We wili show
that for a variety of elemnents this assumption appears vajid.
While the variables in Eqn. {5) probably vary with time, mass
conservation applies throughout the weathering history of 2
chemical profile, so that Eqn. (5) is valid at any point in time,
even when substantial erosion has occurred (BRIMHALL et al..
1985) and expresses the net redistributive effects of a super-
pene clement. Note that it is immobile elements / that are
used in the strain terms for supergene enrichment of mobile
elements j.

EQUATIONS FOR ENRICHMENT FACTORS
IN NON-DIMENSIONAL FORM

Separation of variables

In order 1o use metals as natural geochemicai tracers with
which to distinguish between various weathering mechanisms
diseussed, it is advantageous to separate chemical effects in
mass balance expressions from those involving physical, vol-
umetric, and mechanical variables.

Non-dimensional form of constitutive relations

We now proceed to derive mass balance expressions in non-
dimensional {ratio) formn. This is useful for two reasons, First,
errors in the analysis are reduced, since changes in chemical,

physical, and mechanical properties are expressed as ratios of
the present vatues to those of the protolith. Measurement errors
are simifar on all types of samples and therefore would tend
to cancel. Second, anatytical solutions to mass balance equa-
tions in ratio form automatically scaie phystochermical effects
in each site with respect to the initial properties of that specific
system. Thus weathering paths originating from even very
different protoliths may be compared.

Residual enrichment

Rearrangement of Eqn. (3) provides‘a usefui non-dimen-
siona form of the equation of mass balance describing the
overall chemical effects of residual enrichment (Eqn. (6)).

a & 3
Co Bt L o (6)
Ci.p Bi.w Pe Ewt 1 pa

Term §, expressed here as a unitless {non-dimensionai) en-
richment factor, is the ratio of concentration of metal { in the
weathered product divided by the concentration of [ in the
protore. This term reflects the change in chemical composition
of the system, Term 2 is 2 function of the amount of net
accumulated strain in the column and hence relates to the
mechanical effects of metasomatism, If there is no deforma-
tion, this term is unity, implying that the rate of increase of
the enrichment factor with density ratio change occurs with
a slope of one. Term 3 is the density ratio of the protore 1o
that of the weathered material and is taken to be the main
physical variable of interest. Motice that there is no explicit
statement of the volumetric properties of the system as no
fractionation into chemical subsystems occurs in residual en-
richment. While the density ratio, Term 3, is easily measured,
its interpretation is facilitated by transforming it into variation
in porosity.
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Porosity is defined as the ratio of voidt volume to total vol-
ume and is determined in soils and rocks by Egn. {7), where
v and p, are bulk sample and average mineral grain densities,
respectively, of weathered material.

n=1-F )
Py

Solving Eqn. (7) for pw and substituting into Eqn. (6) gives
® @ @ W
Ciw I opp 1

Cio Gutlpl—n ®

In Eqn. {8) it is clear that, as in Eqn. (6}, the residual en-
richment factor (term 1} for ah immobile element / can be
interpreted as a function of a single controlling variable, in
this case porosity (7} or, more precisely, 1/{1 — n) (term 4).
‘That is, as the porosity » increases, 1{1 — n) increases as well,
causing the residual enrichment factor to grow with a rate
determined by the amount of deformation of the system and
minerziogic change given by terms 2 and 3, respectively. By
using 1/t ~ n) instead of n, the enrichment factor varies
linearly with density ratio.

Supergene enrichment

Incorporating definitions of the two net strain terms in a
differentiated supergene hydrochemical system, Eqn. (5) can
be solved for the supergene enrichment factor as

0] {2 LR C S S - R v B
G Lme Bip} 1
Cj.p Bj.p (st 1) e BI.D C:i-ﬂ {ec 13 pe

In Egn. (9) the supergene enrichment factor, term |, is &
considerably more complex funciion that in the case for re-
sidual enrichment (Eqn. (6)) and involves the ratio of the
leached zone thickness to the thickness of the zone of enrich-
ment in terms 2 and 3. As in Eqn. {6) a strain term in the
enriched zone appears {term 3) in a product with the density
ratio of the protore to enriched zone, py/p. (ferm 4), Terms
2, 5, 6,7, and % have no counterparts in the residual case
(Eqn. {6)).

Terms 1 and 6 in Eqn. (9) express the chemical compositions
of the two related subsystems. Terms 2 and 5 express the
volumetric properties of the leached and enriched systems.
Terms 3 and 7 are functions of net strain in the enriched and
leached subsystems and express changes in the mechanical
properties. Terms 4 and § give the physical properties. Taken
as a whole, Eqn. {9) describes the redistribution of a supergene
element j from a protore state into the present complementary
leached and enriched zones which together constitute a frac-
tionated closed chemical system with respect to element j.
Fractionation of element j is affected by term 2 which has a
strong focusing effect on metal distribution from the fact that
leached zones are generally much thicker than zones of en-
richment, Consequently, the rate of increase of the enrichment
factor (term 1) with density change (term 4) is much greater
than unity, the slope derived for non-deformational restdual
enrichment {Eqn. (6)). This is one major difference between
supergene and residual enrichment,

Comparison of Eqns. {6) and (%) shows that the expressions
for enrichment factors of residual and supergene processes are
similar in form when the density ratio of protore to enriched
material is viewad as the independent physical variable, The
expressions differ mainly in the term for slope, that is, rate of
change of enrichment factor with density ratio increase. In
residuat enrichment the extent of fractionation of an immobile
species is controlied simply by physical {density or pOTOSILY)
and mechanical (strain)} variables in a single hydrochemical
system. In contrast, supergene fractionation involves variation
in physical, chemical, mechanical, and volumetric properties
of two subsystems. The supergene enrichment expression (Egn.

Po_Be it S B ()

(9} therefore contains an additional term describing the
amount of leaching of mobile elements from the source region
{term 6). This is a second difference in supergene and residual
fractionation systems,
Bulk density terms in Eqn, (9) are transformed in terms of

porosity in Eqn, (10X

0 @ ®m W
,,C,,:»’,:S - (L'ﬁ,‘,"}' Bj‘p i "EE. 1

Cie By et D oge 1-n)

6 (M (3] % [$0]

Ly Gy (et 1) po (E— 1) (10)

in Eqn. (10) gy and pg, are the average mineral grain densities
in the enriched and leached zones, respectively. It is clear that
the supergene enrichment factor increases with volumetric
fractionation {term 2), collapse (¢, term 3), growth of low
density secondary minerals (term 4), and increasing porosity
(term 5% in the enriched zone. The enrichment factor also
increases with the following changes in the source region or
teached zone: continued feaching (term 7), collapse (term 8),
growth of high density minerals (term 9), and porosity re-
duction {term 10).

RELATIONSHIPS OF RESIDUAL AND
SUPERGENE ENRICHMENT

As is evident in Egns, (8) and (10), residual and
supergene enrichment have a number of factors in
common. In fact, it can be shown that residual en-
richment (Eqn. (8)} is related to supergene enrichment
(Egn, (10)} in the limiting case in which the extent of
leaching of a mobile element j is negligible, i.e., Ly,
approaches zero, and Egn. {10} reduces to Eqgn. (8)
describing simple residual enrichment.

In residual enrichment, any one of the following
effects enhance enrichment: increase in rock porosity
through dissolution of minerals containing mobile efe-
ments, formation of low density minerals, and collapse
of the zone of enrichment, In addition to these factors,
however, supergene enrichment involves volumetric
fractionation of elements between two subsystems.
Hence, the relative sizes of these subsystems expressed
as Ly, /B, and the extent of leaching in the source
region C;, is important as well and may even dominate
the enrichment factor.

The main advantage of our methods is that, for the
first time, constitutive mass balance equations provides
a means to determine rigorously the importance of a
number of fundamental physiochemical processes in
complex surficial phenomena.

SELECTION OF FIELD SITES

For application of our methods we have selected
two types of weathering systems differing greatty in the
nature of the protolith: one is composed of non-porous,
highly competent ultramafic rocks and the other of
highly porous and poorty consolidated granular beach
sand. Weathering of the former yielded laterites, of the
latter, podzols. Lateritic soils were chosen because they
are so broadly distributed worldwide and are among
the most weli-studied of all soils due to their consid-
erable economic and agricultural value (WiLsSON, 1983
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GOLIGHTLY, [979, 1981; GRUBB, 1979); podzols were
selected because of the extreme state of hydrochemical
fractionation by leaching of metals (for example, Fe
and Al) from the near surface environment and repre-
cipitation in a deeper enriched zone. Finally, since the
two types of protoliths vary considerably in terms of
their initial porosity and rock strengthy, the opportunity
exists of evaluating the extent of deformational pro-
cesses attending chemical weathering of two very dis-
tinct materials.

Two field sites in Oregon were seiected to investigate
lateritic weathering of ultramafic protores through ap-
plication of the two mass balance models: residual and
supergene enrichment, From the distribution of data
points in the coordinate system relevant to Eqns. (6)
and (9), we can deduce the mechanisms of chemical
weathering, including an estimate of the amount of
deformation, assumning that lateral flow fluxes were
negligible. Nickel was chosen for this mass balance
study as it is an important ore metal and has an abun-
dance high enough to be measured accurately, These
specific field sites were chosen as being ideal for con-
trasting residual and supergene enrichment; otherwise
there is an overall similarity of protolith rock type,
topography, and presumed age of lateritic weathering
between these two nearby laterites {Ramp, 1978).

One site, the Eight Dollar Mountain laterite (RAMP,
1978) is one of over one hundred similar Ni- and Co-
rich laterite prospects (HOTZ, 1964; RAMP, 1978) de-
veloped on ultramafic portions of a major ophiolite in
southern Oregon and northern California (the Joseph-
ine Peridotite). The Nickel Mountain Mine, a much
larger and higher grade deposit (CUMBERLIDGE and
CHASE, 1968), was chosen for our study as published
descriptions include discussion of a supergene vein-

forming Ni-silicate mineral, garnierite.

FIELD AND LABORATORY METHODS

In each geochemical profile we sampled the soil,
saprolite (in place soft weathering products); weathered,
relatively fresh joint blocks (corestones), and unaltered,
ultramafic bedrock where possibie. Samples of known
volurne (about 309 cubic centimeters) of soil and sap-
rolite were obtained using a hand percussion piston
coring device. Samples too hard for this method were
taken intact and returned to the laboratory. Buik den-
sity measurements were made on these samples after
drying by weighing and coating them with molten par-
affin wax followed by immersion in water to measure
their displaced volume. Bulk densities were determined
by mass per unit volume with errors of about 0.5 to
1.0 percent, Average mineral grain densities were de-
termined using an A.S.T.M. method by grinding sam-
ples to less than 200 mesh, boiling them to expell air
bubbles, and determining volume accurately in a 1000
ce volumetric fask, Rock chemistry is discussed later.
All data are presented in Appendices 1 (Eight Doilar
Mountain) and 2 (Nickel Mountain).

ULTRAMAFIC PROTORES
FEight Dollar Mountain, Oregon

A harzburgite (chromite erthopyroxene-bearing ol-
ivine uitramafic} protolith has been weathered to a thin,
1 to 3 meter thick laterite on the top and flanks of a
rounded mountain in the Josephine Peridotite of
southern Oregon. The protolith harzburgite (sample
§100-44 in Appendix 1) containg 0.24 weight percent
nickel and has a bulk density of 2.95 graras per cubic
centimeter. Its grain density is 3.10 and porosity is
0.05, or 5 percent. In all, four soil profiles were sampled
in exposures existing as the walls of exploration
trenches at Fight Dollar Mouniain. All four profiles
are essentially similar in terms of nickel concentration
and density changes. In general, with increasing depth
nickel enrichment factors vary from about 2.5 for pel-
letal {pisolitic) soils to a maximum of 3.5 at a depth
of 2 meters, returning to a value near 1.0 at about 3
meters dépth. Density ratios (o,/p.) increase from 2.5

gram per cc in soils to 2 maximum of about 3.5 at 2

meters, and return to { at 3 meters depth. All values
are shown and identified by sample number in the fol-
lowing fipures and presented numerically in Appen-
dix i.

Compilation of all of our data on the four trenches
at the Eight Dollar Mountain site shows a clear linear
trend of increasing nickel enrichment factor with in-
creasing density ratio of protore to weathered material
(Fig. 3). This data array plots directly over the simple
closed chemical system mass balance model caleulated
from Eqn. (6) for residual nickel enrichment for the
case when the net deformation is zero, (that is, the
strain term <, is equal to a value of zero) indicating
that simple residual weathering occurred. Besides very
little, if any, deformation of a systernatic nature, it is
clear that little if any supergene enrichment ocourred.

The weathering path shown as open arrows in Fig,
3 indicates that protore harzburgite weathers through
loss of mass from fresh hard rock through a corestone
stage to, ultimately, sofi saprolites. However, the data
for soil plot differently than would be expected from
a purely residual weathering profile, since one might
expect soil to be simply the most weathered material.
While the soil is léss dense than the corestones, it is
also more dense and less enriched in Ni than the sap-
rolites on which it rests. The boundary between the
soil and saprolite is abrupt, and the gravel size rocks
in the soil are sometimes much less weathered than
the saprolite immediately below. These observations
indicate that the soil is derived from a mixture of up-
slope, less weathered materials exposed by mass-wast-
ing processes and local weathering products; that is, it
is colluvial.

The same data shown in Fig. 3 are plotted in Fig. 4
in terms of porosity, Porosity varies from essentially
zero in the protolith harzburgite to over 75 percent in
saprolites due to mineral dissolution and removal of
elements other than nickel. Magnesium is the most
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FiG. 3. Data array for the Eight Dollar Mountain deposit
in the Josephine Peridotite ophiolite in southwestern QOregon.
The boxes shown represent data for two samples (solid symbol)
taken at the same depth in the weathering profile. The path
of chemical weathering is from protore harzburgite (diamond
symbol} to saprolite (circles), as shown by open arrows. Soils
plot in intermediate positions because they develop on col-
luvium derived from landskides that expose relatively {resh
peridotite-to-soil forming processes. Closed chemical system
mass baiance lines arc shown for various amouris of defor-
mation, either collapse or expansion. A least squares linear
repression of ail data gives a y-intercept of 0.434, a slope of
0.926, and a correlation coefficient of 0.86, producing a curve
which is very close to the residual enrichment model y-inter-
cept of 0.0 and slope of 1.0. Coincidence of the data array
with the zero deformation curve implies that chemical weath-
ering was dominated by residual enrichment of nickel and
involved little, if any, strain. This is especially interesting as
the bulk dry density of some saprolites is as low as 0.6 grams/
cm?, consistent with exceedingly high porosities due to mineral
dissolution.

extensively leached. It is surprising that such extensive
dissotution has occurred without collapse.

In Fig. 5 the Eight Dollar Mountain data are plotted
in a bulk density and grain density graph contoured
with lines of constant porosity. The data define a dis-
continuous, two-part weathering path that indicates
the relative importance of mineralogical change
{growth of low average grain density minerals, e.g., ser-
pentine) versus simple fracturing and mass loss with
creation of higher porosity without significant miner-
alogical change. [t is apparent that the initial weathering
process is the change from protolith ultramafic rock
to corestone, This represents primarily a small min-
eralogical change, that is, minor fracture-coniroiled
serpentinization with negligible change in porosity. In
contrast, the segment of the path over which corestones
are converted to saprolites occurs through an abrupt

change to lower bulk sample densities and higher po-
rosities.

The gap in our samples is real and resuits from the
simple fact that saprolites are porous and are rendered
soft enough by weathering to be effectively penetrated
by a piston coring device. The abrupt interface between
saprofite and the edge of a corestone is shown in a field
exposure (Fig, 6) where surface relief of the hard core-
stones is obvious. In Fig. 5 the much softer saprolite
spanning a wide range in grain densities reflects the
complex but systematic mineralogical alteration effects
common to laterites.

The relative vertical position of minerals in laterite
profiles have been well studied and have been shown
by GOLIGHTLY (1981) 10 be largely controiled by the
relative incongruent aqueous solubilities of minerals
from the least soluble, e.g. goethite, occurring at the
top, through Mg- and Ni-talc and serpentine with in-
termediate solubilities, and finally to the most soluble,
such as pyroxene and olivine, at the bottom of the
profile.

Nickel Mountain, Oregon

Two protoliths are exposed in the open pit mine at
Nickel Mountain: one a light green peridotite (samples
1100-{A, B, C), and the other a much darker dunite
(samples { 100-2A, B, C) (see Appendix 2). The fresh
peridotite contains 0.23 percent nickel and has a bulk
density, grain density, and porosity of 2.92, 3.00, and
0.01 respectively, based upon measurements of three
large-volume samples. The fresh dunite contains 0.32

POROSITY (n)

024 6 7 8
£ I I T { R
EiGHT DOLLAR MY, //
//
Sl e
S
@ B
S >
5§ s
o 22 f’/%@é &
// Q‘Q, é&\\\
0 &
S 4k &F
= # N
L]
g "
Zk- ot 4
9,
b= .01 Y
Z 2 ’/ T
Wwoag w @ = CORESTONES
% o - - SOILS
o ": & SAPROLITES
d /
s l lr uaé{“l
= HARZ BURGITE
LU PROTORE
s} ] ! ] ] | 1

! 2 3 4 5 8

FIG. 4. Enrichment factor for nickel as a function of porosity
using data from the Eight Dollar Mountain Prospect, Oregon.
Boxes connect samples taken at the same depth.



574 G. H. Brimhall and W, E. Dietrich

EIGHT DOLLAR MT. -
3 -
I Q )
- O?- T
Y e A
g | pOROSITY M
= S
A =04
a |
% sows. & e
= 2 ow 1% 8
27
g b= - n=0-6 '''''' 20 oa7
O 29 e
acs l i 3% I 38
22 sapROLITES T
__________ N7 0.8 T
. SERPENTINES CHLORmITE € e ro
BRUCITE - ar o]
o . 1 [ l i 1 : I
2.4 26 > 8 w ~

GRAIN DENSITY (PQ) {g/ce)

FIG. 5. Variation in bulk density as a function of average grain density and porosity from the Eight Dollar
Mountain Prospect. Laterite residual weathering path is indicated with 2 solid arrow extending from the
harzburgite protolith, corestones, soils, and saprolites as porosity increases from essentiaily zero to over 70
percent, Typical grain densitics of minerals are shown.

percent nickel and has a bulk density, grain density,
and porosity of 2.92, 2.90, and 0.007, respectively.
As at Eight Dollar Mountain, nickel enrichment
factor profiles are similar in the four sites studied and
increase in value from about 3 in pisolitic red soils {o
between 2 to 7 at a depth of 2 meters, attaining a value

Fi1G. 6. Field photograph of the trench wall at Eight Dollar
Mountain site number 2. Relatively unaltered corestones
comprise the resistant unit on the left. Saprolites are much
softer and are sampied using a piston coring device. Vertical
dimension is about 4 meters.

between | and 2 below 4 meters, Similarly, the density
ratio of protore to weathered material increases from
a value of about 3 in the soils to 3.5 at 2 meters, and
atiaining a value of | below 3.5 meters. The data from
four soil profiles from Nickel Mountain are summa-
rized in Fig. 7 using the density ratio as the independent
variable. It is elear from the position of the data in
relation to the residual enrichment line that in addition
to the residual enrichment path shown by open arrows,
there is a well-developed supergene enrichment trend
{Eqn. 9} indicated by solid arrows emanating from pe-
ridotite protore values of density and nickel concen-
tration at a slope mitially much steeper than that of
the residual path. This conclusion is based upon the
much steeper slope for corestones than those saprolite
samples which show a simple residual enrichment
trend. Were this steep slope for enrichment of core-
stones due instead to residual enrichment, several
hundred percent collapse would be indicated. However,
this possibility can be ruled out as parts of these same
profites between joint structures have saprolite data
arrays indicative of simple undeformed residual en-
richment. Also, field inspection gave no indication of
collapse.

Our result supports earlier specuiations about the
importance of supergene processes in providing ore
grade nickel concentrations at Nickel Mountain
(CuMBERLIDGE and CHASE, 1968). Previousty, super-
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FiG, 7. Data array for the Nickel Mountain Mine area,
southwestern Oregon. In addition to a residual enrichment
path of chemical weathering (open arrows) extending from
protore (diamond), strong supergene effects are evident, pro-
ducing Ni contents as much as twice as high as those obtained
at Eight Dollar Mountain 80 km to the north. The decrease
in siope of the supergene array is probably due to residual
enrichment of corestones previously enriched by supergene
transport, resulting in a segmenied weathering path (solid ar-
rows), The stope of the initial supergene weathering path is
given by Lz, /B, + 1, which is the thickness ratio of the zone
of nickel leaching to the zone of enrichment, plus {. The sub-
sequent, fatter slope is much less well-constrained and i
shown as being 1, that is, non-deformational residual enrich-
ment, Samples depicted by asterisks (SP, HS, and 55) represent
saprolitized peridotite, hard saprolite, and soft saprolite, re-
spectively, and are calculated from assay and dry, in situ ton-
nage factor (density) data published on the Upper Ore Body
at Nickel Mountain (CUMBERLIDGE and CHASE, 1968). These
represent 200 ton bulk samples of much larger volume than
other data points which are for samples taken with small, 206
cm?® piston cores and demonstrate that both sampling methods
give compatible results. CS are cored centers of core stones.
These are taken to sample the least altered centers of core
stones.

gene effects were inferred simply from the vein occur-
rence of the green nickel-silicate garnierite. This evi-
dence alone, while important, provides no indication
of the relative contributions of residual and supergene
enrichment., Analysis of individnal profiles reveais that
in some instances, both types of weathering have ac-
curred. Near the main ore body at Nickel Mountain,
supergene effects seem to dominate and are responsible
for enrichments of up to eight or nine times protore
values. Parts of the saprolite and corestones alike are
enriched by supergene processes. Nicke! enrichment
of core siones (Figs. 3 and 7) may be due to several
factors including the proximity of the corestone rinds
to fluids moving through permeable fracture, adsorp-
tion of Ni by Fe-rich rinds, or lateral movement of Ni-
rich fluids. Near the edge of the ore deposit, however,

supergene enrichment is not as pervasive, being more
localized in reddish colored joint and fault fillings and
within corestone samples at depth (Fig. 8).

While profiles studied to date indicate that both re-
sidual and supergene enrichment have occurred at
Nicke} Mountain, we have not recognized any indi-
cation of the zone leached in Ni which must have
overlain the main laterite enriched in nickel. In all
likelihood, the upper part of the deposit has been taken
away hoth by natural erosional processes and through
mining, removing all evidence of the leached zone.

Summarizing our lateritic studies, mass balance
analysis of lateritic profiles provides clear evidence of
the nature and extent of the ground water transport
processes and offers a means of discriminating between
the effects of residual and supergene weathering pro-
cesses. Supergene enrichment is shown to be necessary
to affect sufficient concentration of nickel to warrant
economical mining as at Nickel Mountain. This may
be the primary difference between mineable deposits
and hundreds of laterites formed simply by residual
enrichment of ultramafic rocks.

PODZOLS

Application of mass balance models to podzols
sampled along the Pacific coast several kilometers in-
land from the town of Mendocino, California, within
the Jug HMandie Reserve provide an opportunity to
study both residual and supergene enrichment pro-
cesses. These soils in the Pygmy Forest, developed on

FiG. 8. Field photograph of a highly jointed laterite exposure
at Nickel Mountain, Orepon, site number 4. Reddish peiletal
{pisolitic) soil overlies joint corestones and saprolite. Supergene
transport is controlled by joints.
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beach sands overlying wave cut platforms in graywacke
bedrock. The soils have been the subject of intensive
study by soil chemists and ecologists (JENNY ez al.,
1969; JENNY, 1980) working on chronosequence and
ecosystem evolution. A set of five marine terraces, each
progressively older with increasing distance from the
coast, were formed during intervals of sea level rise.
Each has undergone weathering of essentially the same
type of protolith beach sand under similar climatic and
topographic conditions as sea level dropped and the
terraces became elevated, The first terrace is at 30 me-
ters, with the other older terraces at 58, 100, 140, and
217 meters above present sea level. We present here
an analysis of soil profiles sampled on the fourth ter-
race. Our samples of protoiith (11-7-28, 29, 30 in Ap-
pendix 3} come from Terrace |, and consist of un-
consolidated beach sands within 50 meters of the
ocean. These samples are used as reference materials
and are depicted in the subsequent podzol profiles
(Figs. 9~-11).

The podzol soil profile we have studied in detail is
exposed in a trench. Qur description is summarized in
Fig. 9 using the horizon designations of BUOL er al.
(1980). The profile is separated into albic and spodic
zones. The uppermost horizon is a densely rooted, or-
ganic-rich Al soil. Beneath this zone is a white E, or
efuviated horizon. This is underiain by a purplish A3,
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FiG. 9. Soil profile description of podzol exposure in the
Pygmy Forest of the Mendocino coast, California. The position
of ground water table is from JENNY ef af, (1969). Notice that
in addition to the main ground water table which ascends
during the wet season 10 a depth of close to one meter, there
is a perched water table directly above a zone of low porosity
(Fig. 10}, Metal earichment is confined to these saturated
zones.
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Fic. 10. Depth profile of physical properties of a podzol on
Terrace 4 of the Jughandle Reserve, Mendocino County, Cal-
ifornia, Values of supposed protolith material are shown as
solid bars which represent the range of three samples. The
average is shown with a dotted ling. These are from Terrace
| beach sand deposits {1107-28, 29, 30 and Appendix 3).

The underlying Brair horizon is buff colored, with thin
red bands and hard pan development. A second E ho-
rizon, white with red bands, occurs beneath the Bmir.
It is dense and brittle, suggesting fragipan development
{(E’x). A transitional, B'l horizon, mottled grey and
purple, lies over a stiff, reddish-brown B2’ir horizon.
The typicai unweathered C was not observed. Also
shown in Fig. 9 is the position of the ground water
table (JENNY et al., 1969). In the wet months, it ascends
to a depth of about 1 meter. Above the main ground
water table during the wet months a perched ground
water table forms directly above the impermeable
hardpan of the Bmir layer, We will show that this hy-
drologic regime is clearly related to the geochemistry
and metal transport behavior of the podzol.

Figure 10 shows our data on the physical properties
from the surface to a depth of two meters. Three sam-
ples of sand from Terrace ! (nearest the coast) are in-
cluded to give an indication of the values of bulk den-
sity, grain density, and porosity of the least altered or
protolith material. The uppermost horizon, the Al,
dominated by organic compounds and roots, exhibits
a bulk density increase from very low values at the
surface to a depth of about 0.2 meters. Porosity of the
organic-rich layer decreases to this same depth. From
0.2 to 0.9 meters bulk density is relatively high due to
the low porosity values as average grain density varies
only a small amount. Explanation of this intermediate
set of soil horizons with high bulk density and low
porosity is essential to understanding these podzols.
Below 0.9 meters, bulk density is slightly lower and
porosity is higher than corresponding valunes of pro-
tolith beach sand from Terrace | (dotted line). These
effects are discussed in terms of related changes in
chemical composition.

The chemical profiles corresponding 1o that of phys-
ical properties (Fig. 10) are given in Figs. 1 1A~E. Ata
depth of approximately 0.9 meters abrupt changes in
composition occur. We will use the nomenclature of
soil chemistry for soils (BUURMAN, [984) above this
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Fi6. 11. Chemical profiles for the same samples represented in Fig. 10 All analyses were done by XRF
uniess noted otherwise, as in (11A), where Fe analysis has been performed also by AAS and wet chermistry
for comparison. Al and Si have also been analyzed by wet chemistry to check accuracy of XRF techniques.
CRF results are accurate to about 3 percent of the amount present. (11A) Fe, Al, Ga, Cu, and Pb are alf
leached in the albic zone and are reprecipitated in ihe spodic zone. Compare the position of these enriched
zones with the depth of the ground water tables during the wet season {Fig. 9). Dotted lines are the average
of three protolith samples. Their range is given by a soiid bar. {11B) Silica appears to be slightly enriched
in the albic zone, implying quartz stability. This is not the case, as discussed in the text, and instead results
from the more complete dissolution of other, less abundant elements such as Fe and Al (1tC) Zr appears
10 have little systematic variation. ({1D) Nb and Ti are residually enriched in the albic zone with rutile,

T, as the host mineral.

transition (albic) and those below {spodic). It has been
recognized that many albic horizons have been leached
of Fe and Al which have been transported downwards
and enriched in the underlying spodic zone. Typically
the spodic zone is also enriched in organics, but these
are not so at the site studied. In Fig. 1A we see the
expected leaching of Fe and Al in the albic zone but
we have also discovered that Ga, Cu, and Pb are
leached, with enrichment of all these elements below
this depth down to 2 meters, where protolith concen-
trations are approached. These clements have been
transported by supergene processes. The profile for Si
is shown in Fig. 11B, indicating slight enrichment in
the albic zone and leaching from the spodic. Zr shows
no systematic variation with respect to protolith con-
centrations (Fig. 11C). Figure 11D shows that Nb and
Ti are enriched in the albic zone, from which Fe and
Al have been leached. Finally, in Fig. 11E, we show
that all alkali metals, K, Na, Rb, Ca, Sr, and Ba are

strongly leached from the albic zone, and in some cases
are even leached from the spodic zone. Notice that
within the albic zone proper there is a thin zone en-
riched in Al Fe, Pb, Cu, Ga, and Rb which is depleted
in Si above the main zone of enrichment composing
the spodic zone.

The nature of the secondary precipitates containing
Fe and Al in the spodic as well as the upper thin zone
in the albic horizon is illustrated in Fig. 12. Thisis a
transmitted light photomicrograph of impregnated plus
20 mesh particles in the upper supergene enriched zone.
Large clasts of quartz cemented by ant aggregate of
minute quartz grains and a matrix material containing
the Fe, Al, and Si, determined using the electron mi-
croprobe, are typical. The angularity of the fine-grained
quartz in the dark matrix may in part be due to physical
breaking of grains along fractures. The zones of en-
richment of Fe and Al are the only intervals in which
plus 20 mesh particles occur. The secondary Fe, Al,
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EiG. 12. Reflected light photomicrograph of sample 1107-
11 grain concentrate with specific gravity less than 2.96, greater
than 20 mesh. Matrix material is composed of transported
and enriched Fe, Si, and Al precipitates cementing fine-grained
quartz. This is the Bmir soil horizon shown in Fig. 9 (left)
and corresponds to the upper perched enrichment zone in-
dicated in Fig. 1 1. It corresponds to the perched ground water
table of Fig. 9 (right}.

and i precipitates are invariably white in color and
are easily separated from bulk samples using 2 20 mesh
screen. This is a practical field method for identifying
zones of even the slightest enrichment as the upper or
perched enrichment zone contains these grain aggre-
gaies {(sampies }107-9 through 1107-12 and Fig. 12).

The correlation of the wet season saturated zones
with the upper and lower zones of Fe, Al, Ga, Pb, and
Cu enrichment is not simply coincidental and indicates
a clear hydrological-geochemical link on the leaching
and enrichment processes. Two observations are rel-
evant to explaining this correlation. First, significant
moisture is necessary to produce the organic acids
which act as chelating agents to transport metals. Sec-
ond, saturated conditions must somehow be necessary
for fixation of these supergene metals. The sharp di-
vision between the leached and enriched subsystems
is probably the interface between saturated and un-
saturated conditions during the wet seasons. This in-
terface has been shown in Cu supergene systems 10
control the oxidative release of metals by acid attack
from pyrite oxidation in the presence of oxygenated
ground gasses (BRIMHALL et al., 1985). These soluble
species are carried downward by unsaturated flow and
reprecipitated as sulfides by neutralization reactions
utilizing available sulfide sulfur occurring as pyrite in
the zone of saturation, either within the capillary fringe
or below the ground water table. This secondary re-
precipitation occurs largely because of major reductions
in the oxidation potential as oxygen-rich gases are no
longer present. Minerals such as magnetite, biotite, and
alkali feldspar in the unoxidized protolith buffer oxygen
fugacity at values orders of magnitudes lower than in
the unsaturated zone. The occurrence of a perched wa-
ter table presents two opportunities for this oxidation-

reduction transport and fixation of metals, Such
perched enrichment zones are not UNCORMMON in su-
pergene Cu systems.

Because of the coincidence of the saturated zones
(Fig. 9) in the wet season and the two enriched zones
of the podzols, it is fairly certain that the hydrochemical
fractionation patterns measured here are part of a
transport process which is operative today, although
the soil horizon development to the present state must
have contributed to the progressive modification of the
hydrologic process (JENNY ef af,, 1969). The study of
such contemporary processes presents unigue oppor-
tunities for expanding the present understanding of
transition meta} geochemistry and for measuring rek-
evant fluid flow velocities, hydraulic conductivities,
permeabilities, and hydraulic gradients as well as for
sampling fluids.

The metasomaiic effects in the aibic and spodic zones
can be evaluated beyond this descriptive level by using
the compositional data in conjunction with the mass
balance retationships involving density, zonal volume,
porosity, and strain, In Fig. | 3A we show the behavior
of Al, a clearly supergene element compared with that
of Nb (Fig. 13B) which is one that we show is immobile.
“The former has been redistributed from the leached
albic zone down into the enriched spodic zone, as has
heen the case aiso with Fe. Nb, in contrast, is more
abundant in the albic zone than in the protolith and
ateurs with essentially protolith concentrations in the
underlying spodic zone. The lack of evidence to suggest
coupled depletion and enrichment of Nb as there is
for elements having undergone supergene {ransport
processes indicates that the Nb pattern may result from
residual enrichment. Were there no deformation in
the albic zone, Nb data would plot simply along a linear
path as in the spodic zone. This is ciearly not the case;
the only alternative is to invoke deformation, specifi-
cally, collapse in the albic zone, to explain the Nb pat-
tern. This is quantified, solving Eqn. (8) for strain ¢
yielding

C'i.wi!’gl_'r2 (an
The resuits of this calculation of strain using a com-
bination of chemical, bulk density, grain density, and
volumetric data, is shown in Fig. 14A for Nb and in
Fig. 14B for Ti. The calculation for both elements in-
dicates 60 percent collapse. The root zone has a net
positive strain of about 70 percent based on Nb, which
is probably the result of root growth dilation.
Inspection of heavy mineral separates supporis our
conclusion that both Nb and Ti have behaved as im-
mobile elements throughout the weathering column.
Rutile, a very Ekely host mineral, has been identified
as a ubiquitous phase throughout the columa. While
the rutile grains are rounded, their surfaces do not ap-
pear to be etched. Sphene, another possible Ti-Nb host,
has not been found in the albic zone. Rounded euhedral
zircon which is also ubiquitous, has surfaces which are
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Fig, 13. Comparison of the fractionation factors of Al and Nb which are supergene and residually eariched
elements, respectively. Closed system mass balance strain contours are shown from which Nb enrichments
may be interpreted. Such analysis indicates strong dilational effects in the root and organic-rich zone and
coltapse in the albic horizon, Enrichment of Nb must be residual, as ground water flow is from the albic to
the spodic. Depth of samples is indicated in Fig. 11C. Note sample 9 is from a perched enriched zone within
the albic zone. Sample 14 is eariched in Fe and Al and is part of the spodic zone, but has strong residual
Nb enrichment consistent with large amounts of coilapse.

highly etched, implying that it has been partially dis-
solved. This is consistent with the lack of clear residual
enrichment of Zr in the albic zone. Other heavy min-
erals identified throughout the profile include tour-
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Fi1G. 14. Net strain profiles calculated using Nb and Ti en-
richmentfaciors, Both elements are contained in rutile. Sample
14 is a transitional horizon (see Fig. 9) for soil classification.

maline and garnet. An alternative explanation is that
aeolian additions to the afbic zone have enriched it in
Ti and Nb-bearing minerals. While possible, this in-
terpretation seems less Jikely than the former collapse
hypothesis.

We propose, then, that the calcutated 60 percent
compaction of the albic zone which is born out by
rutile stability has resulted from dissolutional collapse
of the sandy material by organic acids. This much dis-
solution would result in significant reduction in the
grain sizes present. We have tested this hypothesis
through a grain size analysis of all samples, Results for
the size ranges found in the protolith, afbic, and spodic
zones are shown in Fig. 15. Here it is clear that all
samples of the albic zone comain considerably finer
grains than the spodic, where our strain calculations
imply no measurable collapse but simply the creation
of fines through normal pedogenesis.

An estimate of the amount of dissolution necessary
to produce this grain size change can be made from
the mean grain sizes of the cumulative size curves of
Fig. 15. Assuming spherically shaped grains, the re-
duction in mean grain size from 300 microns to 220
microns can be expressed in terms of the mass ratio
of the present average weathered grains of 3.6 X Hid
cubic microns to that of the original grains with 1.4 X
107 cubic microns, or a ratio of 0.40. This mass ratio
is-eguivalent to a mass dissolution of 60 percent of the
grains originally present in the protolith.
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FiG. 15. Cumulative size frequency data showing the pedogenic fine fractions of the albic zone which s
consistent with dissoiutional collapse of the upper weathering zone.

Mass loss equation

This surprising conclusion is confirmed by using a
form of Egn. (8) dertved in terms of mass ratios (Egn.
{12)) where the superscript zeros refer to the properties
of the original protolith.

m @ 3

a 0

my 1 — :

Ef’“':pj;n*%—l——%_‘i (12)
Pg Mg 2

The total mass of mineral grains in a representative
elementary volurrie is given by m, now and m? in the
original protolith. In Egn. (12),term 1,2 grain density
ratio has essentially a mineralogical effect which in the
podzols is quite minor, Having a value of 1.03, since
the mean grain density in the albic zone is 2.39 in
contrast to the original protolith grain density of 2.5
grams per cc. Term 2 is the mass ratio of interest in
evaluating the hypothesis of dissolutional collapse. i
term ! is essentially equal to one, then term 2 may be
viewed as a slope term of a linear curve expressing
strain as a function of change in porosity, and term 3
varies from an initial value involving »° to a present
value of #. In Fig. 16 we use Eqn. (12) to evaiuate the
hypothesis of dissolutional collapse of podzols. K is
clear tliat the estimated amount of dissolutional loss
of mass of about 60 percent from the albic zone is born
out from an analysis of this figure in which between
40 and 70 percent loss of mass is indicated with an
average of approximately 50 to 60 percent. ‘The collapse
inechanism is proven, and unquestionably is a disso-
lution of protolith minerals, predominantly quartz n
the aibic zone. Also apparent in Fig. 16 is an interesting

lack of sirain in the spodic zone, although between 5
and 35 percent raass loss has apparently occurred. This
difference between the apparent mechanical behavior
of albic and spodic zones implies that a certain amount
of dissolution may cccur without initiation of collapse.
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FiG. 16, Physiochemical-chemical strain (¢} as 2 function
of porosity and percent mass dissolution. Protoliths are shown
along the zero strain fine, Root zone data implies dilation
(positive strain). Spodic zone samples are undeformed but
have experienced between 5 and 35 percent dissotution. Albic
zone samples are collapsed and extensively dissolved between
40 and 75 percent by weight.



Metasomatic hydrochemical systems

However, as mass dissolution approaches about 35
percent, collapse occurs.

For the sake of comparison, mass loss calculations
have been done for the Eight Dollar Mountain laterite
where no deformation has been found with our
method, and major differences exist between the initial
porosity of the protoliths: uitramafic rocks versus beach
sands. Using appropriate valaes (#° = 0.05) indicates
that corestones have undergone between ( and 12 per-
cent mass Joss; soils between 50 and 64 percent, and
saprolites between 50 and 64 percent. This dissolation
has taken place without measurable strain, probably
because of the strength of the ultramafic rock, in con-
trast to the loosely consolidated beach sand protolith
of the podzols.

Separation of Si from Fe and Al in podzols

Explanations of the separation of 5i from Al and Fe
have commonly stressed the low solubility of guartz
as the major factor in producing the albic horizon
(CHESWORTH and MACIAS-VASQUEZ, 1985; COEN and
ARNOLD, 1972), as guartz is the predominant mineral
skeletal phase. T'he solubility of minerals such as al-
lophane, imogolite, kaolinite, goethite, and ferrihydrite
are thought to control Al and Fe solubility. Our results
indicating dissolutional coilapse of the podzol weath-
ering column raise some serious questions about the
prevalent view that the albic zone is due simply 10
leaching of Al and Fe, leaving guariz essentially unaf-
fected, Instead, we have found that besides minerals
containing the katter two elements Fe and Al, that §i
as well has been leached extensively, but since quartz
occurs as a more abundant species in the protolith, it
was relatively enriched, as Fe and Al were almost com-
pletely depleted. This conclusion is consistent with
measured natural water compositions in podzols sam-
ples in lysimeters (UGOLINI ¢f al,, 1977), which show
Si to have had the largest elemental loss from podzolic
systems. We conciude that the residual enrichment of
Si is simply the result of the other elemenis having
been leached out more thoroughly. The stark white
color of the albic zone has then, in effect, wrongly fo-
cussed attention on the retention of guartz and the loss
of Fe- and Al-bearing minerals when, in fact, quartz
too has been extensively leached with dramatic defor-
mational defects.

PHYSIO-CHEMICAL STRAINOMETER

The constitutive equations derived herein provide
a means of determining the amount of net strain in
samples affected by reactive aqueous fluids. These de-
velopments eliminate the need for use of gualitative
field estimates of strain using visual methods.

While application of our constitutive equations to
podzols and Jaterites shows the utility of the methods,
a precautionary note is offered to assure the correct
use in future applications. An example is offered to
avoid potential difficulties. As is well known, the nearly
pure silica compositions in the albic zone which are
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responsible for the “ashen” white color of the horizon
are caused by very strong organic acids leaching essen-
tially every major mineral, incloding quartz. As quartz
is the predominant mineral in our beach sands, the
enrichment of SiQ, (Fig, 11B} occurs by the more
complete removal of other minerals. The SiO: enrich-
ment is limited to a2 maximum value of .13, which is
the ratio of 100 percent for a horizon consisting of
pure quartz to the protolith concentration of Si0; of
88 percent. In contrast, trace elements like Nb can be
enriched by large factors and used effectively to mea-
sure accumulated strain. A major constituent such as
$i0, cannot, as it can only increase in abundance up
1o the point when it is the only major constituent pres-
ent as al other major and minor phases are leached
away in the albic zone. Si0; is not, therefore, a good
species with which to determine strain. Furthermore,
it is necessary, and possible with constitutive relations,
to demonstrate that an element used for strain calcu-
lation has been immobile and, in this example, Si has
not been so.

Besides the ground water table having an effect on
dissolution and precipitation reactions, changes in
permeability may control solution residence times.
Near the top of the spodic horizon, permeability is
much less than in the albic zone. This may be a “re-
action” zone.

Imterpretation of the immobile trace
element strainometer

While Eqn. (11) gives the means of computing strain
in metasomatic systems from the combination of
chemical and physical properties, an intuitive rationale
can be easily demonstrated from the definition of strain,
that is, the change in volume divided by the original
volume:

0
My my

V=V, L1 ol —n%)

€ =" w 5 .
P g
pg(1 — ")
Here, the superscripted zeros refer to the initial pro-
tolith states; the remaining terms referring to the pres-
ent weathered producis. Note here that we are not
concerned with the concentration of any specific trace
element, but simply the overall volume change. In
practice, we use Egn. (11) to determine strain, since
the mass terms given in Eqn. (13) are difficult to eval-
nate but serve well for purposes of illustration. Strain
&, Sither positive or negative, results from a significant
difference between the weathered system volume Vr
and that of the original representative elementary vol-
ume Fro. It is seen that each volume term has three
parts: total mineral grain mass, average grain density,
and porosity, These three factors are related in a quo-
tient which reduces {0

(13)

_ mgp(} = n°)

= -1, 14
(110 (1)

G
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In order for a representative elementary volume to re-
main unchanged and unstrained, the quotient must
be equal to one, in which case there must be compen-
sating effects between the factors, If there is mineral
dissolution (m, decrease), either the average grain den-
sity must decrease too or the porosity must increase
to maintain the original volume. If cerentation occurs
and mineral mass increases, then porosity must ob-
viously decrease unless the cement has a high average
demsity. If alteration reactions produce low density
grains, then there must be dissolition or porosity de-
crease. '

Potential applications of the strainometer:
Physio-chemical mechanics

Through this analysis emerges an acute AWAreness
of the possible variety and complexity of heterogensous
metasomatic reactions between aqueous fluids, gases,
and minerals in rocks and soils. It is clear that processes
which are non-deformational would seem rather ex-
ceptional in nature, at least in granufar materials, given
the requirements of special compensating relationships
indicated in Egn. {(14). The common assumption of
volume-for-volume replacement of primary minerals
by secondary assemblages should be questioned, as it
may have in many instances been invoked simply for
the sake of convenience and lack of a true understand-
ing of the real strain history of hydrochemical systems,
We now have a practical means to ascertain strain his-
tories and to relate them rigorously to the strength and
mechanical properties of the wide spectrum of earth
materials which interact with reactive surficial fluids.
The potential is enormous for such applications, in-
cluding anatysis of the effects of loading and compres-
sion of weathering columns, collapse by chemical dis-
solution and weakening of the grain matrix structure,
and dilation by root growth. In basin analysis and dia-
genesis studies, use of empirical relationships expressing
pore volume collapse, such as Athy’s law which is based
simply and solely on correlation of porosity with depth
in sedimentary basins can be improved upon by per-
forming actual strain calculations. Migration of meta-
morphic fluids and metamorphic processes should be
fertile ground for development of knowledge of the
hydro-mechanics of intermediate depth crustal pro-
cesses. With the array of chemical-mechanical pro-
cesses which could be illuminated from these appli-
cations, interrelationships between {ransport processes
could be developed. Below we offer one such example

TABLE {. Pygmy Foren podrol data for supergent etements and physiced rock (soil}
ies used in face © ion (Eqn. (151 Ly, i the current thickness of

lmrhed zane for cleient f.
B, Cis Cre Cis o o i &« 4 Ly,
{m} gy gl (wiee) [C2]
Fe il 0.61% 6.6% 0.i7% 1 LB 6l 0 046 08
Ak 1G4 18%5% 9.5% 0.47% 1.5% B2y 63 0 06 0383
e 105 19Gppm  J2ppm  !1.0ppm 155 1.2% 163 0 946 083
Cu I3 B@ppm 2Wppm  C9ppm L35 E26 1462 O 46 075
Gn 113 36ppm L& ppm tippm 135 126 162 0 06 OIS
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TABLE 2. Calvulated resuits for the amous of leached protolith. Ly, , is the salculsted
value uging Eqn. (5% Ly, i the ipgehed column height eotrected for not sieain, i
o+ Ly . Surface erosion iv given by Ly, - Ly . The main point i that the averagh
antount of mebsurface erosion {10 meters) computed on the tasis of dinsolutions! collapse
indicated by Nb enrichraent bs three times thet of surface erosion (065 mesers) detormined
asing cabess SUpsrEens entiched metals (Fe, Al Ga. Cu. and Pl in the spodic zome. These
quapthits have been converied inl0 average rites using an sssuned 1emace gt of 400.000
years. which is i with zge &5 and iens on the A a1,

e, i, Susface  Raic of Sutfice  Subaurfuce Rate of

tm} (m} Ercsion  Erosion Over Erosion Subgurface
m} 460.000 {ea} Erosion Over
Yeans 400,600 Yesrs
{mmly} {mmfy)
Fe 8.7 3.5 26 00065 52 G013
Al 18 0715 ¢ G Lt 0928
-] 043 020 [:] Q 6.29 007
Cu 28 G678 904 0.0001 118 0003¢
Ga 34 1.4 0.62 0.0015 .05 0.00%2
ANEIIRe 0.65 00056 0 0.005

relating surficial mechanical erosion to subsurface dis-
solutional collapse.

Paleotopography and surface versus
subsurface erosion

Solving Eqn. (5) for the total leached column height
Ly, vields the total leached column height before sur-
ficial erosion for each supergene element j:

— Bf.n(cg"epe(éi.c + 13— Cinttp)

Loy = 13
e Crppp— Cpern + 1) (13)

As developed in BRIMHALL et al. (19835), chemical and
physical data can be effectively used to infer the pa-
leotopography at the time of initiation of subsurface
supergene chemical transport. We now apply these
techniques to podzols and incorporate the deforma-
tional aspects of these hydrochemical systems.

Data used for Fe, Al, Cu, Ga, and Pb concentrations
are given in Tabie 1. Substitution of field and laboratory
data into Fon. (15) yields independent estimates of the
amount (vertical column height) of protolith beach
sand which was leached of each element to yield the
excess mass of the same elements in the enriched zone.
Caiculated results are given in Table 2. The average
amount of surface erosion is calculated as .65 meters.
This average may be somewhat high, and resulis using
Fe are distinct from those of Al, Ga, Cu, and Pb. The
amount of subsurface erosion, that is, landscape low-
ering due to chemical dissolution and collapse of the
albic zone, a strain of minus 60 percent, averages about
2 metess, or about three times as much as that removed
by surface transport. This is an exciting result which
is consistent with the relatively flat surface of the ter-
races and the permeabie nature of the sandy protolith
in which infiltration rates must have been high, at least
during the initial phases of weathering. For the podzols
studied here we conclude, then, that chemical erosion
through deformation must play an important and ap-
parently uniform role in their landscape evolution.

BAUXITES: A PREDICTION

A classical problem of major interest which imme-
diately emerges as being suitabie to mass balance anal-
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ysis is the formation of bauxites. These residual ac-
cumations of Al-rich minerals in warm tropical re-
gions form where it is thought that surface erosion is
slow and the geomorphic processes are in a sufficiently
dynamic state as to promote active leaching with only
minor water table fluctuations (Gruss, 1970). Though
we do not have as vet sufficient field and laboratory
data to offer a quantitative analysis of the amount of
erosion, erosion rates, or deformation attending baux-
itic weathering using our mass balance methods, we
can possibly offer some insight into the formation of
these important deposits and speculate further about
their origin. These comments are offered, then, in part
to stimulate further analytical field investigations which
build upon the excellent published descriptions refer-
enced below.

A large number of insightful observations have been
made on bauxites, but the broad significance of bauxites
in regards to interrelated hydrochemical, geomorphic,
and sedimentological processes can be significantly ex-
panded upon. Specificaily, chemical enrichment pat-
terns of Zr, Ti, and Cr have been published (SADLEIR
and GILKES, 1976) which exceed factors of 3 to 4.5,
indicating strong residual enrichment of these elements
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in stable mineral phases and, quite possibly, exireme
levels of deformational collapse. This prediction is born
out by the high levels of detrital heavy minerais which
in many instances increase in abundance upwards in
bauxitic weathering cotumns (GRUBB, 1970, 1971} in
the Gove profiles of northern Australia. At the Gove
and Weipa desposits in northeastern Australia {GRUEB,
1971) and the Jarrahdale bauxite deposits of the Dar-
ling Range in western Australia (SADLEIR and GILKES,
19776), rutile is a common mineral phase in the dense
fraction, as is anatase, aithough the latter has been in-
terpreted previously as being authigenic as a leucoxe-
nisation product of ilmenite (GrUBB, 1970). We infer
from the available data that significant collapse nay
have occurred during weathering over expansive areas
of Australia and elsewhere where major bauxite de-
posits occur. We base our inferences on a combination
of data which previously would have seemed unrelated
for lack of constitutive relationships.

Furthermore, in light of the thickness of these de-
posits and the implications from our analytical meth-
ods, we infer from the geochemical profiles and heavy
mineral distribution patterns in bauxite that tremen-
dous but as yet unknown thicknesses of protoliths have
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FiG, 17. Comparison of bulk density, grain density, and porosity of five protoliths and their chemical
weathering products: (1) beach sand and podzols (this study); (2) disseminated sulfide ore deposits, eg.,
porphyry copper deposits and leached cappings (CUNNINGHAM, 1984); (3) uitramafic rocks and laterites
{Fig. 5, this study); (4) massive sulfide deposits and gossans (from BLAIN and ANDREW (1977); and (5)
granites and bauxites, Bauxites and gossans are shows only diagrammatically, Weathering paths of each
hydrochemical system are indicated with arrows. The relative importance of pore creation by mineral dis-
solution, mineralogical change, and deformation (shown by straight dashed arrows} can be estimated from
the shape and size of the field of weathering products in relation to the position of the protoliths. In the case
of bauxites, minerals are formed during weathering which have a substantiaity higher density than their
protolith phases. These are indicated crudely with a horizontal ruled pattern for highly porous boehmite

" deposits (N1A, 968).
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undergone chemical weathering to vield the expansive
residual bauxite regions cccurring as elongate belts on
the southwestern and northeastern margins of the
Australian continent. This inference is consistent with
the numerous very large occurrences of mineable con-
centrations of rutile, ilmenite, and zircon and asso-
ciated rare earth elements which are known in beach
sands and recent sediments in coastal regions of
Queensland and western Australia. It is inferred that
these heavy mineral sands may have been derived from
erosion of surficial weathering products enriched in
phases resistant to chemical attack.

COMPARISON OF WEATHERING SYSTEMS

Comparison of the laterite and podzol systems pre-
sented here is made with three other types of chemical
weathering systems of major importance in terms of
density-porosity relations (Fig. 17). Here, the nature
of five protoliths are shown: (1) porous beach sands,
(2) disseminated sulfide ore deposits, (3) ultramafic
rocks, (4) massive sulfide deposits, and (5) granitic
basement protoiiths for bauxites. Protoliths (4) and (5)
are only indicated diagrammatically, as relevant data
are scarce, Weathering products characteristic of each
protore are shown: podzols, leached cappings, laterites,
gossans, and bauxites. The shape and size of each field
of weathering products can be used to infer the relative
importance of mineral dissolution, mineralogical
change towards lower or higher density phases, and
deformation in the weathering paths shown. All five
systems may be enriched by supergene processes, and
differ mainly in the extent of residual enrichment and
deformation. The extremely high porosities and low
bulk densities attained in podzols and iaterites may
cause strong residual enrichment of immobile elements
by factors exceeding five in the zome of leaching of
mobile clements. Leached cappings and gossans, in
contrast, are generally much less porous, are generaily
residually enriched to a Jesser extent, and may be rel-
atively undeformed. Bauxites, while only shown sche-
matically in Fig, 17, present interesting effects which
may in part run counter to the trends of the other
systems, including the development of highly porous
zones with high grain densities. In podzols, laterites,
leached cappings, and gossans, weathering product
minerals typicaily have grain densities which are less
than those of the primary minerals. In contrast, certain
portions of bauxite deposits, described at the Ketro
Mine, Parnassus, Greece (NI, 1968; VALETON, 1972)
are dominated by diaspore {3.4 specific gravity) and
are interpreted as desilicification and dehydration
products.

CONCLUSIONS

Use of constitutive mass balance relationships offers
a means of making unique inferences about the inter-
related surficial processes involving aqueous fluid flow
such as chemical weathering and geomorphic evolu-

G. H. Brimhalt and W, E. Dietrich

tion. Chemical elements can be used to great advantage
in understanding complex hydrochemical systeras and
the relationship of processes occurring at the surface
to those immediately in the subsurface when their be-
havior patterns are rigorously assessed and their mo-
bility interpreted. Most importantly, this approach
helps to put chemical weathering and pedogenesis in
a much needed guantitative framework, both for im-
proving analytical description of natural systems and
also in providing an essential basis on which to for-
miulate hiypotheses which can be tested and generalized,

Acknowledgements—We are grateful to NSF for Geant EAR-
8416790 which provided this unique opportunity for our col-
laboration in the field and the support of the Earth Science
Division of Lawrence Berkeley Lab. All photography was done
by Joachim Hampel, who also performed the XRF analysis
with exacting dedication to accuracy. His efforts are much
appreciated. Professors Hans Jenny and Arnold Schultz kindly
shared their time and experience with the authors at the Jug
Handle Reserve where the podzol work has been done, and
have continued to be a source of inspiration. Professor Charles
Gilbert contributed his considerable petrographic skili to the
analysis of heavy minerals in the podzols. The cooperation
of Hanna Mining Company personnel, especially mine man-
ager John Murphy and engineer Victor Mejia, as well as Jim
Eidel of the {liinois Geological survey were invaluabie.. Mary
Power cheerfully helped in the field sampling effort of the
Eight Dollar Mountain faterite in Oregon. Tim Teague expertly
made thin sections and probe mounts of difficult pedogenic
materials. Discussions with Ron Amundson, Harvey Doner,
and Gene Kelly provided useful perspectives on the podzol
problem. Charlie Alpers provided useful data on massive sul-
fide densities. Simon Somers made most of the porasity and
grain size analyses, and Chris Lewis helped with the XRF
work and performed the AAS Fe analysis of podzols. Joan
Bossart expertly handled the word processing. The final text
has benefitted from helpfiti reviews by M., J. Pavich, D. Nahon
and R. Stallard.

Editorial handling: G. R. Holdren, Jr.

REFERENCES

ALPERS C. A. and BRIMHALL G. H. (in press) Climatic des-
sication——optimal hydrologic, geochemical, and geo-
morphic conditions for supergene enrichment and preser-
vation of ore deposits: An integrated study of La Escondida,
Chile, Bull. Geol. Soc. Amer.

ATHY L. F. (1930) Density, porosity, and composition of sed-
imentary rocks. Amer. Assoc. Petr. Geol, Bull. 14, 1-24.
BLamN C. F. and ANDREW R. L. (1977) Sulfide weathering
and the evaluation of gossans in mineral exploration. Min.

Sci. Eng. 9, 119-150.

BRIMHALL G. H., ALPERS C. and CUNNINGHAM A. B. (1985)
Analysis of supergene ore-forming processes using mass
balance principles. Econ. Geol. 80, 12271254,

BuoL 5. W., HoLE F. D, and MCCRACKEN R. I, (1980) Soif
Genesis and Classification. lowa State University Press,
Ames, lowa, 404 p,

BUURMAN P. (ed.) (1984) Podzols. Van Nostrand Reinhold,
New York. 450 p.

CHESWORTH W. and MACIAS-VASQUEZ F. (1985) Pe, pH, and
podzolization. 4mer. J. Sci. 285, 128-146.

COENG. M. and ARNOLD R. W. (1972) Clay mineral genesis
of some New York spodosols. Soil Sci. Soc. Amer. Proc.
36, 342-350.

CUMBERLIDGE J. T. and CHASE M. C. (1968} Geology of the
Nickel Mountain Mine, Riddle, Oregon. In Ore Deposits
of the United States, 1933~1967 (ed. J. D. RIDGE). Graton-



Metasomatic hydrochemical systems 585

Sales Volume, Amer. Inst. Mining Metail. Petr. Engineers,
New York. 2, 1650-1672.

CUNNINGHAM A. B. (1984) Field and theoretical anatysis of
supergene processes: Ground water figw with chemicai re-
action in the weathering environment. M.S. thesis, Univ.
California, Berkeley, 58 p.

Fsson 1. {1983) Geochemiistry of a nickeliferous laterise profile,
Liberdale, Brazil. In Residual Deposies: Surface Related

Weathering Processes and Materials (ed, R. C. L. WILSON),

pp. $1-99. Geol. Soc. London Spec. Publ.

GOLIGHTLY L. P. (1979) Nickeliferous laterites: A general de-
scription. In Imternational Laterite Symposium  {eds.
D.J. I Evansand R. 5. SHOEMAKER), pp. 3-23. Soc. Min,

Engineers, New York.

GoLioHLy 1. P, (1981) Nickeliftrous laterite deposits. In
Econ. Geol. 75th Anniv. Vol. (I1905-1980) (ed. B. J. SKIN-

NER}), pp. 710-734.

Gresens R. L. (1967) Composition-volume relations of

metasomatism. Chem. Geol. 2, 47-63.

Grips P. L. C. (1970} Mineralogy, geochemistry, and genesis
of the bauite deposits on the Gove and Mitcheil Plateaus,
porthern Australia. Mineralia Deposita 5, 248~272,

GruBB P. L. C. (1971) Genesis of the Weipa bauxite deposits,
MN.E. Australis. Mineralia Deposita 8, 265-274.

GrUBB P, L. C. (1979) Genesis of bauxite deposits in the
lower Amazon basin and Guianas coastal plain. Econ. Geol.

74, 735-750.

HOLLAND H. D. (1984) The Chemical Evolution of the At-
mosphere and Oceans. Princeton Univ. Press, Princeton,

NI, 583 p.

Hotz P, H. (1964) Nickeliferous laierites in southwestern Or-
egon and northwestern California. Econ. Geol. 39, 355~

397.

JENNY H. (1980) The Soil Resource—Origin and Behavior.

Springer, Berlin and New York, 177 p.

JENNY H., ARKLEY R. J. and SCHULTZ A. M. (1969) The
Pygmy Forest-podzol ecosystem and its dune associates of
the Mendocino coast. Madrona 20, 60-74.

MEYER C., SHEA E. P., Gobbarp C. C. Jr, and staff (1968)
Ore deposits at Butte, Montana. In Ore Deposits of the
United States, 1933-1967 (ed. J. D. RIDGE) Graton-Salkes
Volume, Amer. Inst. Mining Metall. Petr. Engineers, New
York, 2, 1650-1672.

MHLLOT G. {1970} Geology of Clays: Weathering, Sedinten-
tology, Geochemistry. Springer, New York, 429 p.

Nia R. (1968} Geologische, petrographische, geochemische
Untersuchungen zum Problem der Bochmit-Diaspor
Genese in griechischen ober Kreidebauxiten der Parnaa-
Kiona Zone. Thesis, University of Hamburg, Hamburg,
133 p.

RAMPL, {1978) Investigations of nickel in Oregor. Misc. Paper
206, Dept. of Geology and Mineral Industries, Portland, Or-
egon. 68 p.

RODE A. A, (1970) Podzol-Forming Processes (trans. from
Russian), Academy of Sciences of the USSR, Dokuchaev
Soit Science Institute, Leningrad, USSR, 387 p.

SADLER §. B. and GILKES R. J. (1976) Bauxite in relation to
parent material, J. Geol. Soc. Austratie 23, 333-344,

UGoLNt F. €., MINDEN R,, DawsON H. and ZACGARA iR
(1977} Ar example of soil processes in the Abies Amabilis
zone of the central Cascades, Washington. Soil Sci. 124,
291-302.

VALETON L (1972) Bauxites, Elsevier, Amsterdam, 226 p.

VA HOUTON F. B, (1982) Ancient soils and ancient climates.
tn Climates in Earth History, pp. 112-117. National Acad-
emy Press, Washington, D.C.

WILSON R. C. L. ted). (1983) Residual Deposits: Surface Re-
lated Weathering Processes and Material. Blackwell, Lon-
don, 259 p.

APPENDIX 1. Physical and chemical properties of samples from Eight Doltar Mountain, Oregon. Abbrevia-
tions of sample types are: sp « saprolitel HE
sample least altered interior portion of core stone; p.h

s0ik; €& » COTEStORE; LGS = COTCU-COTSSIONE using 1-inch diamond drilf to
» harzburgite protolith,

Criie

Sample Pit epth  pu oy ~£~’— Criw o Porosity Type  Surfitce
b g
Number Number  (m} glee  gfec % 7 Slope
(degrees)

1100-68 4 213 498 - 300 L2 4,69 - sp < 10
110009 4 295 .00 2.87 295 120 4.62 0.65 sp < 10
1100-10 4 107 1.49 290 198 D62 2,38 0.4% sk < i
110051 4 1.34 .14 237 259 088 3.38 .60 sp 17
110012 4 1.4 Li§ 81 .50 096 3.69 0.58 p 134
1EO0-13 4 .84 262 - 110 0.3 .19 - cs HY
1100-14 4 184 099 240 298 079 304 0.59 P 17
1160-15 4 77 L2 A9 244 069 2.65 0.5% sp 17
F100-16 4 037 122 99 42 078 3.00 0.5% s 17
110017 4 199 300 304 098 041 1.58 4.02 o8 1
1100-F7cs 4 7209 322 o~ 092 031 1.19 - wes 17
1100-18 4 288 298 106 099 033 127 .03 [ 17
10319 3 005 130 194 .27 069 2.65 0.56 st 10
1500-20 3 0.95 102 .76 239 044 3.23 0.64 sp 14
11G0-21 3 .95 099 276 298 Q.82 1Lis 0.64 sp 10
110022 3 1.86 0.63 260 468 117 4.50 0.76 24 10
£100-23 3 .86 070 252 427 15 404 0.72 sp 10
1100-24 3 293 085 306 347 096 3.69 6.72 sp 10
110025 3 253 086 279 343 0488 3.38 0.70 5p Hil
1E00-26 3 646 272 - 1.68 0.9 il - cs 10
1100-27 P4 0.0% 1a4 275 B4 057 249 0.62 st &
F1040-28 2 005 114 291 159 047 .81 .61 st )
F100-29 2 (1A 0.87 272 339 LoD 385 0.68 sp b
1100-30 2 091 0.82 80 3.60 106 4.08 1A h 4 &
1100-31 2 .83 079 %9 373 LGB 4.15 0.74 5p [
1100-32 2 .83 093 .32 307 076 292 Q.67 5 6
F100-33 2 287 303 303 694 04 1.58 0.00 =3 &
1§00-34 2 274 083 280 355 0.4 2.85 89.70 sp [
£160-35 H o5 109 314 271 D72 277 .66 sl i
[160-36 1 1,65 092 278 321 080 3.12 0.67 p 23
E10D-37 1 04 L0182 292 LGB 4.15 0.64 p 21
1100-38 1 3,74 0.8% 303 331 108 445 0.7 sp 2}
110039 1 320 078 297 393 087 3.35 0.75 sp 21
110840 1 126 260 287 L3 049 1.88 G.10 <5 2l
| 10-40cs 3 3.26 2,84 - 1.04 024 092 — -3 2%
1160-41 H 326 289 368 102 Gl6 1.GO 006 -3 il
1100-44 - 295 L  —~ 026 - - ph -
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APPENDIX 2. Physicsl and chemical properties of samples from Nickel Mountain, Oregon.  Abbreviations are
the same 85 APPENDIX |, except that p,p » peridotite protolith and p,d » protolith dunite.

Sample Site  Depth . o *SE' Chitw g:" Porasity Type Surface
- i
Number Number {m} glee  glee % n Slope
tdegrees)
1500-1A Pit ~ 293 295 — 023 - 001 ap
LE0-5B Pit - 304 306 - 0.24 - 13434 op
H0e-1C Pis o 303 299 - 0.23 - 0.00 op
[HG-2A it - 2.8y 283 v 032 - 0.02 pd
[100-2B Pit - 303 194 - .33 - 0.00 p.d
Lig0-2C 318 - 285 A% — 0.2 B .08 nd
E10-45 ] 0.26 092 285 326 055 2,36 0.68 ] is
110046 3 05 080 LTI 375 0 4T 330 8.70 sp 13
110047 { 059 0.84 268 3357 473 13 0.69 sp 15
[1610-48 t 158 059 256 508 0 i 0,77 sp 15
1 100-49 l 1,18 072 246 417 0386 1.69 0.7 st 15
1100-50 H 176 072 240 417 076 3126 070 sp 15
1100-51 i 1,76 075 244 400 076 3.26 0.69 sp [$]
F100-52 H 245 1.85 247 1,62 1600 429 0.25 [ i5
£300-5208 H 245 2.86 - 1.05 04t 1.76 - -] 15
EHD-53 i 1.76 226 249 133 045 119 0.56 o 15
1100-33cs i 176 298 — 100 029 i.2¢ - ces 15
1160-54 2 166 070 250 429 L36 5.84 0,72 sp H
1100-55 2 166 070 138 429 L4 6405 &7l sp 5
1100-56 2 27 D87 247 345 086 369 0.65 sp 5
1 10-57 2 2.7 0.6 246 443 1.03 4.42 0.73 sp 5
1100-58 z 347 202 284 1A% 0467 292 3.29 2] 5
1100-58cs 2 3487 .39 ~ 125 02% .24 - oS 5
£ 100-60 2 - - - _ wn - — - e
£100-61 3 034 082 277 366 084 3.61 0.70 sl 20
FI60-62 3 3.49 0.83 267 361 .66 6.87 0.69 5P 20
£100-63 3 3.49 0.89 268 337 L51 6,48 067 5p 20
£ 100-84 3 1.5% 035 2601 353 L2% 5.54 0.68 p 20
§100-65 3 1.59 082 268 3.66 174 1.47 0.69 sp 0
10366 3 2.27 105 245 286 LSS 6.65 0.57 sp 20
1100-67 3 2.2 149 222 201 L3) 5,48 0,33 [ 20
1100-68 4 4.0% 097 278 309 088 3.78 0.65 sk 28
1100-68 4 249 108 248 2.78 081 348 0.57 s 28
1100-70 4 2.49 095 254 Li6 051 227 0.63 p 28
1EO0-TE 4 132 0.86 246 349 073 3.38 0,66 sp 28
110672 4 33 9.94 - L9 0486 3.69 .62 sp 28
1H36-73 4 387 258 288 L6 954 232 .41 ip I8
1I00-74 4 184 2.3F 269 130 074 318 14 [ 28
110675 4 296 1.0% 248 275 072 309 4.56 il 8
1100-76 4 3.18 248 238 121 48 3.48 0.00 [ 28
1100-76cs 4 318 .72 — 140 0.57 245 — oS 28
1100-77 4 1.26 092 242 326 OM 3.5 9.62 sp 28

APPENDIX 3, Physical and chemical data fbr the Pypmy Forest podzols, Soil types are shown in Fig. 9 using
the scheme of BUOL ¢7 al. (198G). Protolith beach sands from Terrace | near the coast are indicated by a {(p} (sam-
ples 1107-28.29,30). Al analyses are by XRF, Joachim Hampel anaiyst, using pressed pifls for traces and minor ele-
ments, fused glass phates for major tlements,

Sample  Depth o, P -~ Porosity Type Fe Al Ga Cu Py
Mumber  {m} n % % (ppm}  (ppm)  (ppm)

1197-01 157 Lt 246 132 0.53 BYir  1.50 9.29 12.0 34.1 358
110702 t6d 144 208 107 0.31 By 695 8.42 9.3 4.0 28.0
119703 72 105 244 147 0.57 B2t 4.40 6.5t 1.6 2B.B .5
1704 605 096 124 6] Q.55 Al 0.089 0476 og 1.8 10.3
110705 024 181 242 085 .26 E 0080 037 0.9 0.0 106
11o7-06 004 138 235 112 .42 At G022 0.6l [: X1} 0.0 HE
1918 424 179 2352 0.86 0.29 E 0.32 0.274 0.0 28 Hi2]
1107-08 004 L7 32 132 0.46 At 0.45 0.267 0.0 8.6 HE)
18709 036 130 209 119 0.38 Al 0.89 4.52 10.3 8.9 114
1107.10 043 168 245 092 0.32 Bmir 061 2.2t 9.3 6.2 18.5
1107-3F 043 1465 4% 094 034 Bmir Q.44 194 5.9 8.6 5.3
110712 043 182 250 085 - 027 Benir  0.53 228 6.2 2.4 6.9
1197-13 065 173 151 089 0.31 E'x 0077 0332 2.0 0.0 10.2
1lo7-14 089 108 226 1.43 0.52 Bl .23 H R 710 24.5 46.7
110715 1.08 123 224 126 0.45 B2 8.05 H S 9.5 2.t 284
i197-16 103 130 146 119 0.47 Brir 3.28 125 137 kLN 36,3
10717 067 186 251 083 0.26 EX 010 0.337 - - -

{107.28 - 143 148 - 0.43 p 0.62 2.46 3.5 4.9 17.9
P107.29 - .58 L% - 0.37 p 0.57 310 4.4 10.7 17.0
1107-30 - 1.63 153 —~ 0.36 [ 0.63 1.50 2.8 8.4 226




